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Preface 

The problem of water, energy and climate change is among the most urgent priorities of our societies because 
these are essential to their socio-economic development. Efforts should be made to improve the quantity but 
also the quality of water directly linked to the consequences on health. The techniques used are highly energy 
dependent, some regions lack this energy necessary to allow the population to have sustainable access to water.
Additionally, nanomaterials and membranes grow rapidly and affect many aspects. Hundreds of products 
already use nanomaterials and membranes. Membrane technologies offer new opportunities for technological 
innovation and widely used in water treatment, environmental protection and desalination.
This symposium is organized by the Moroccan Membrane and Desalination Society (MMDS), which is a 
Moroccan Non-Governmental Organization (NGO), created in May 2005 by a group of specialists, researchers 
in membranes technologies, water treatment and desalination, from universities and industries. The sym-
posium is also organized by the Laboratory of Materials, Membranes and Environment (LMME) – Hassan II 
University of Casablanca and the Laboratory of Advanced Materials and Process Engineering – Ibn Tofail 
University of Kenitra. This symposium aims to bring together academics, researchers and stakeholders from 
all activities sectors in the fields of nanomaterials and membrane science. 
We would like to thank the scientific committee and the organizing committee for the great work already ac-
complished. We would like to express our sincere gratitude to our sponsors and of course to the participants 
for their contribution in making this event a high-level scientific event. 

Saad Alami Younssi 
President of the Moroccan Membrane  
and Desalination Society
Director of the Laboratory of Materials,  
Membranes and Environment  
Hassan II University of Casablanca, Morocco



* Corresponding author.

Presented at the Second International Symposium on Nanomaterials and Membrane Science for Water, Energy and Environment (SNMS-2021), 
June 1–2, 2022, Tangier, Morocco

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2021.27542

240 (2021) 2–13
November

Characterization of ion transfer and modeling of fouling in nanofiltration 
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a b s t r a c t
The first goal of this study is to provide a better understanding of the transfer mechanisms involved 
by nitrate, fluoride, chloride, and sulfate ions contained in nitrated brackish water. This part of the 
study is done by Spiegler-Kedem-Katchalsky (SKK) model that relates permeate flux to the rejec-
tion of the four anions by using a polyamide NF90 and BW30 membranes and leads to distinguish 
diffusion and convection phenomena. Secondly, the transport parameters determined using the 
SKK model (reflection coefficient s and solute permeability Ps) are used in the steric hindrance pore  
(SHP) model to calculate the structural characteristics of the NF90 membrane. The results show that 
the permeabilities of ions in nanofiltration (NF) membrane are greater than that of reverse osmosis  
(RO) and, reflection coefficients (s) are almost similar for both membranes. For the transfer process,  
the mechanism is convective and diffusional for the NF membrane, whereas for the RO membrane 
it is diffusional. The estimated average of rp and Ak/Δx for NF membrane are rp = 0.16 nm and Δx/ 
Ak = 25.50 × 10−7 m. Thirdly, this study is completed by a fouling investigation which is based on two 
experiments carried out separately. The first one is performed by studying the permeate flux decline 
vs. time. Based on the insight gained from these experiments, Hermia model is applied to determine  
exactly the type of fouling phenomenon. The second experiment for fouling investigation is based 
on the determination of different pure water permeability. The experimental data is applied to the 
resistance in series model to calculate the total resistance (Rt) related to both membranes, NF90 and 
BW30. The results of both fouling models obtained complemented each other and reveal the prob-
lems caused by the accumulation of deposits on the membrane surface. The results indicate that RO 
membrane is severely fouled than the NF membrane and, the fouling mode responsible for permeate 
flux decline for both membranes is the cake fouling.

Keywords:  Modeling; Transfer mechanisms; Fouling; Spiegler–Kedem–Katchalsky; Steric hindrance 
pore model; Hermia model; Resistance in series model
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1. Introduction

Nanofiltration (NF) and reverse osmosis (RO) are 
membrane processes widely used for nitrate removal and 
groundwater desalination thanks to their high efficiency 
and energy saving compared to conventional techniques 
[1–3]. Rejection and permeability in NF and RO membranes 
depend on the properties of the applied membrane (the 
number of pores, their form, and surface roughness) and 
the initial composition of the feed solution. The separation 
mechanisms in the NF membrane involve both steric and 
electrostatic partitioning effects between the membrane 
and solutions. Indeed, NF membranes retain molecules 
with a larger molecular weight than the molecular weight 
cut-off, which is a consequence of the steric exclusion 
effect whereby molecules larger than the membrane’s pore 
size are rejected by the membrane. So, because of electro-
static interactions of ions with the charged surface of the 
membrane, NF membranes exhibit high retention of poly-
valent ions compared to monovalent ions. For RO mem-
branes, the transfer is governed by the solute-membrane 
interactions which are the consequence of the physical and 
chemical structures of these two entities [4–7].

Several studies have shown that NF membrane proves, 
in some applications, its competition to RO membrane, 
certainly allowing lower rejections but having the advan-
tage of using lower transmembrane pressures (TMP) and 
higher solvent fluxes than those used in RO [8–12]. Despite 
the existence of several studies comparing NF and RO mem-
branes in the treatment of water contaminated by nitrates 
and brackish groundwater desalination, these studies focus 
on the reduction of the nitrates in water without taking into 
account the transfer mechanisms of ions involved [13–15] 
or, they concentrate only on the fouling study [16–18]. 
To our knowledge, there are no studies that address both, 
the transfer mechanisms of ions and the fouling phenom-
enon of NF and RO membranes to treat nitrated effluent. 
In addition, according to  literature research, the modeling 
of fouling applied on nitrated groundwater is a subject that 
is not widely addressed, on the contrary for wastewater 
treatment, this axis is widely studied and examined [19,20].

In order to understand and predict the transfer mech-
anisms of NF and RO membranes, it is necessary to dis-
pose of reliable modeling tools linking the characteristics 
of the membrane to their transfer and fouling properties 
with respect to the effluent to be treated. Several mod-
els are proposed in the literature to describe the trans-
fer mechanisms in NF and RO membranes [21–24]. Each 
model has been developed with specific conditions; they 
are based on diffusion, adsorption, ion-exchange, ion cou-
pling, concentration polarization, or other mass transfer 
mechanisms. Membrane fouling, which is the most critical 
and common problem in membrane processes, refers to  
the phenomenon that suspended colloidal particles or dis-
solved macromolecules which are deposited on the mem-
brane surface or adsorbed in the membrane pores in the 
process of membrane separation, resulting in the reduction 
or blockage of the membrane pores and decrease of mem-
brane flux [25–27]. This phenomenon reduces the produc-
tivity of the membrane in terms of rejection and flux, and 
therefore contributes to the increase of energy expenditure 

and washing frequency, and presumably to the reduc-
tion of lifetime of membranes. The fouling phenomenon 
and its associated mechanisms of NF and RO membranes 
are generally investigated by using the Hermia empirical 
and the resistance-in-series models [28,29]

The first objective of this study is to analyze and pre-
dict the nitrate, fluoride, chloride, and sulfate anions rejec-
tion and understand the transfer mechanisms involved in 
two commercial membranes: NF90 and BW30 supplied by 
Dow Filmtec. Spiegler–Kedem–Katchalsky (SKK) model 
is used to predict reflection coefficient and solute per-
meability parameters. In addition, the steric hindrance 
pore (SHP) model is applied to calculate the structural 
characteristics of the NF membrane. The second objec-
tive focuses on the assessment and identification of the 
fouling phenomenon for NF90 and BW30 membranes in 
the treatment of nitrated brackish water. In order to iden-
tify the type of fouling, the permeate flux as a function of 
time is modeled by using the Hermia model. To quantify 
the resistance of the different fouling (internal and exter-
nal), the resistance-in-series model is adopted. This model 
allows determining the total resistance of the membrane 
(Rt) after filtration from the value of the permeate flux 
measured on the basis of Darcy’s law. This study is carried 
out on the real underground water of Bejaâd city which 
is located in the region of Chaouia-Ouardigha, Morocco. 

2. Theory

2.1. Nanofiltration/reverse osmosis flux and rejection

The performance of the NF and RO membranes is 
measured in terms of rejection R and flux Jv which are 
defined by the following equations: 

R
C
C
p

f

� �
�

�
�
�

�

�
�
�
�1 100  (1)

where Cp and Cf are the permeate and feed concentrations, 
respectively.

J V
t Av � �
�  (2)

where V is the volume of permeate collected in a given 
time interval t, and A is the membrane area.

2.2. Membrane mass transfer models

Generally, a mass transfer model aims at relating mem-
brane performance (in terms of solute and solvent flux, 
and observed rejection) to operating conditions (driving 
pressure and concentration driving forces). This work is 
focused on two models:

2.2.1. Spiegler–Kedem–Katchalsky (SSK) model

The SKK model, based on irreversible thermodynam-
ics was developed in 1966 [30]. In this model, the trans-
port of solutes across a membrane is described using the 
principles of non-equilibrium thermodynamics where the 
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membrane is viewed as a black box. This approach makes 
it possible to characterize the membranes in terms of 
only the reflection coefficient σ and solute permeability Ps.

From this postulate, it is then possible to express the 
solvent flux Jv and the solute flux Js as follows:

J L Pv p� �� �� � � �� �  (3)

J P C C J Cs s m p v m� �� � � �� �1 �  (4)

where Lp is the membrane permeability to solvent, ΔP is 
the pressure, Δπ is the osmotic pressure due to the solute, 
s is the reflection coefficient of the solute by the mem-
brane, Ps is the permeability of the solute, Cm is the  solute 
concentration at the membrane surface, Cp is the solute 
concentration in permeate.

The real rejection can be calculated by this theory as 
follows:

R
J
P
v

s

real

exp
= −

−

− −( )

















1 1

1 1

σ

σ σ
 (5)

The reflection coefficient is a measure of the degree of 
separation of the membrane. s = 0 means no rejection and 
s = 1 means rejection equals to 100%.

As seen from Eq. (4), the solute flux is the sum of the 
two terms one is diffusive the other is convective [31]. In 
general concentration difference on the membrane side 
and the permeate results in transport by diffusion, and 
the convection occurs because of the pressure gradient 
on both sides of the membrane. To assess the convective 
and diffusive contributions during solute mass transport 
in the membranes studied, the following expression was 
used [32,33]:

J J C C Jv p vdiff conv� �  (6)

where (Jdiff = Ps (C0 – Cp)) and (Cconv = (1 – s) Cm).
Eq. (6) can be expressed as follows:

C
J
J

Cp
v

� �diff
conv  (7)

2.2.2. Steric hindrance pore model

To give a physical meaning and to interpret s and Ps 
of the SKK model, several models have been used in the 
literature among these the SHP model. The SHP model 
developed by Nakao and Kimura in 1982 explains the 
interaction between the solute molecules and the mem-
brane surface [34]. This model was used for the sepa-
ration of aqueous solutions from a single organic solute 
by ultrafiltration membranes and subsequently was used 
successfully for NF membranes [35]. According to this 
model, s and Ps are given as:

� � � �
�

�
�

�

�
�

�
�
�

��

�
�
�

��
1 1 16

9
2S qF  (8)

P DS
A
xs D
k=





∆

 (9)

where:

S qD � �� �1
2  (10)

S q qF � �� � � �� �2 1 1
2 4  (11)

and

q
r
r
s

p

=  (12)

SD and SF are the averaged distribution coefficients related 
to the steric effect of the solute in conversion and diffusion 
conditions, respectively. D is the diffusivity; q is defined as 
the ratio of solute radius rs to pore radius rp; Ak/Δx is the ratio 
of membrane porosity to membrane thickness. The Stokes 
radius used for calculations are calculated by the Stokes-
Einstein formula Eq. (13), and presented in Table 1.

D
K T
r

b

s

�
6��

 (13)

Kb is the Boltzmann constant, Kb = 1.38 × 10−23 J K−1; 
T is the temperature, K; µ is the water viscosity at absolute 
temperature T, µ = 1.005 × 10−3 Pa.s; D is the diffusivity, m2.s−1

In an infinitely dilute solution, there are several meth-
ods for the prediction of the diffusion coefficient D. In this 
study, the Petr Vanýsek method was adopted [36].

On the other hand, another structural property which can 
influence the permeability is the porosity of the membrane. 
The structural parameter, Ak/∆x can also be determined 
using the SHP model. Lp is expressed by Hagen-poiseuille 
in the SHP model and defined as:

L
r
A
x

p

p
k

=







2

8
∆
µ  (14)

2.3. Modeling fouling

To accurately predict fouling in the membranes stud-
ied, mathematical fouling models are used. The Hermia 
model is one of the most complete fouling prediction 
models and contains four different fouling mechanisms, 

Table 1
Stokes radius of major anions used for calculations

Anions Stokes radius (nm)

NO3
− 0.114

Cl− 0.121
F− 0.146
SO4

2− 0.231
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namely full blockage, intermediate blockage, standard 
blockage, and filter cake formation. In addition, the series 
resistance model derived from classical filtration theory 
is used to calculate the hydraulic resistance caused by the 
fouling on the membrane.

2.3.1. Hermia model

Hermia proposed models which separately describe 
the different modes of membrane fouling (29). These mod-
els made for frontal filtration were modified by Field et al. 
[37,38] who inserted a deposit erosion parameter to take 
into account of the effect of the shear created by the recir-
culation of the permeate in the case of tangential filtration 
[39]. Hermia proposed four fouling models allowing a bet-
ter understanding of the fouling mechanisms that occur on 
the surface of the membrane and/or inside its pores. Table 2  
gives the filtration laws established by Hermia.

2.3.2. Resistance-in-series model

When filtering real water, a decrease in the permea-
bility of the membrane is observed over time, due to the 
fouling phenomenon; this is induced by the increased resis-
tance to filtration. Darcy’s law can be changed by introduc-
ing series resistors. The overall hydraulic resistance (Rt) is 
defined as the sum of the resistance of the membrane (Rm), 
that due to the concentration polarization layer (Rc) and the 
additional resistance due to fouling (Rf) [40].

J
R R Rv
m c f

�
� �� �
PTM

�
 (19)

with:

R R Rf � �rev irrv  (20)

The fouling resistance Rf is a combination of the resis-
tance caused by reversible fouling Rrev and irreversible 
fouling Rirrv.

R
Lm
p

�
1

0�
 (21)

R
Lt
p

�
1

1�
 (22)

R R
Lm f
p

� �
1

2�
 (23)

R R
Lm
p

� �irrv
1

3�
 (24)

µ is the viscosity of pure water (Pa·s); Lp
i is the permeability 

to pure water of the membrane (m Pa−1 s−1); L0
p is the perme-

ability to pure water of the membrane before processing 
the raw water, L1

p is the permeability to pure water of the 
membrane after processing the raw water, L2

p is the per-
meability to pure water of the membrane after rinsing the 
membrane with water, L3

p is the permeability to pure water 
of the membrane after chemical cleaning of the membrane.

3. Materials and methods

3.1. NF and RO setup 

The experiments were performed on an NF/RO pilot 
plant (E 3039) supplied by TIA Company (Technologies 
Industrielles Appliquées, France) shown in Fig. 1. The 
applied pressure over the membrane can be varied from 5 
to 70 bar with manual valves. The pilot plant is equipped 
with two identical pressure vessels operating in series. 
Each pressure vessel contains one element. The pressure 
loss is about 2 bar corresponding to 1 bar of each pressure 
vessel. The two spiral wound modules are equipped with 
two commercial membranes of one type. Table 3 gives the 
characteristics of the membranes used. 

3.2. Characteristics of the feed water

The analytical results of the feed water give the results 
shown in Table 4. This water is real slightly brackish 
water which is not in conformity with sanitary standards 
because of the high concentrations of nitrate (50 mg/L) [41]. 

3.3. Operating conditions/analysis

After the run, the membranes were cleaned with alka-
line and acidic cleaning solutions according to the manufac-
turer’s recommendations. Pure water permeability is deter-
mined by plotting flux jv vs. TMP. The hydraulic properties  
of the studied membranes are analyzed by measuring water 
flux as a function of TMP. Samples of permeate were col-
lected and water parameters were determined analytically 
following standard methods previously described in [42].

4. Results and discussion

4.1. Prediction of the permeability

Fig. 2 shows the dependency of TMP on flux through 
both membranes. The results indicate a linear relationship 

Table 2
Filtration laws established by Hermia (1982)

Filtration laws Cake formation Intermediate blocking Standard blocking Complete blocking

Flux expression J
J

K J t
p �

�� �
0

0
2

1
22 1cf

 (15) J
J

K J tp � �� �
0

0 1ib

 (16) J
J

K J t
p �

�
�

�
��

�

�
��

4

2

0

0

1
2

2

sb

 (17) J J K tp � �� �0exp cb  (18)
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between the water flux and the TMP. This is explained by 
Eq. (3) because separation in NF/RO is a pressure-driven 
process. As the TMP increases, thereby increasing the 
driving force, this leads to an increase in the flux. High 
fluxes of NF membranes at low pressure confirmed that 
NF membranes can be used as in energy saving compared 
to RO membranes. The permeability of NF membrane is 
higher than RO membrane because NF membrane has a 
looser network of polymer compared to RO membrane. 
The permeability of the membranes tested does not vary 

significantly during the experiments, therefore the mem-
branes can be considered stable during the experiments 
Table 5.

4.2. TMP effect on ion rejections

As shown in Fig. 3, rejections of sulfate and fluoride 
are almost similar for the two membranes. In contrast, 
for nitrate and chloride rejection, RO and NF membranes 

Fig. 1. Diagram and picture of the nanofiltration pilot plant. T: tank; P: feed pump; V: pressure regulation valves; M: NF/RO module; 
Pe: permeate recirculation; R: retentate recirculation; H: heat exchanger; 1: pressure sensor; 2: temperature sensor.
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Fig. 2.(a) Pure water flux and (b) raw water flux vs. TMP.

Table 3
Characteristics of the used membranes

Membrane BW30 LE4040 NF90

Area (m²) 7.2 7.6
Pmax(bar) 41 41
pH 2–11 3–10
Max. temp. (°C) 45 45
Materials Polyamide Polyamide
Cl2 tolerance ppm 0.1 0.1

Table 4
Characteristics of the feed underground water

Parameters Feed water

Conductivity (µs/cm) 1,330
NO3

− (mg/L) 119
Cl− (mg/L) 536
F− (mg/L) 1.2
SO4

2− (mg/L) 230
Hardness (F°) 30.66
Alkalinity (F°) 30
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Fig. 3. Rejection of (a) nitrate, (b) chloride, (c) fluoride and (d) sulfate vs. TMP.

Table 5
Permeability of membranes with different feed solutions

NF90 BW30

Pure water Raw water Pure water Raw water

Permeability (L m−2 h−1 bar−1) 6.72 4.80 3.15 2.54
Adj. R-square 95.53 98.13 95.81 99.19

exhibit different values. The same figure shows that ion 
rejections increase as a function of TMP. The increase in 
TMP leads to an increase in solvent flux. In this case, the 
ion fluxes remain unchanged due to the rejection of ions 
by steric/charge interactions which leads to a dilution 
of the permeate. Therefore, a high rejection is observed 
for all the studied ions [43].

4.3. SKK model

Fig. 4 shows the variation of the experimental and 
modulated rejection using the SSK model for nitrate, chlo-
ride, fluoride, and sulfate as a function of permeate flux. 

The solute rejection increases with permeate flux for the 
four anions. This behavior is due to the preferential pas-
sage of water through the membrane. Through nonlin-
ear fitting, the values of s and Ps are obtained by using 
Eq. (5). The obtained results are presented in Table 6. These 
results show that RO membrane exhibits a higher nitrate 
rejection than NF (sRO > sNF). On the other hand, the perme-
ability of nitrate ions in the NF membrane is greater than 
that of RO (Ps (NF) > Ps (RO)). Similar results are obtained 
for the other ions in terms of Ps, but for sRO and sNF, the 
results obtained are almost similar. Similar results were 
found for NF and RO by Tahaikt et al. [44] and Zouhri et 
al. [45]. The Ps values depend on the type of ions. Strongly 
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solvated sulfate anions lead to lower Ps values compared to 
less solvated monovalent anions Ps(SO4

2−) < Ps(F−) < Ps(Cl−) 
< Ps(NO3

−) [31]. For each ion, the s-value depends on the 
order of the hydration energy. This parameter is higher for 
sulfate than other anions F−, Cl−, NO3

−. From Fig. 4, it appears 
that the model obtained with the estimated parameters 
significantly explains the rejection behavior of both mem-
branes. There is also a perfect fit between the theoretical 
model and the experimental results.

The obtained data allows distinguishing the diffu-
sion and convection phenomena. According to the SKK 
model, both membranes have high reflection coefficients 
σ, a high reflection coefficient indicates that the convection 
transport is very low, and the predominance of diffusion 
contribution is reserved especially for RO membrane.

To confirm the mechanism of diffusive and convec-
tive transfer of ions in both membranes, the concentra-
tion in the permeate is plotted as a function of the (1/Jv) in 
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Fig. 5. The intercept allows to know the concentration in 
the permeate due to convection Cconv and the slope allows 
to determine the flow of solute transported by diffusion 
Jdiff Eq. (7). The Cconv and Jdiff values obtained are presented 

in Table 7. According to these results, the Cconv of ions are 
low and the value obtained by NF membrane is greater 
than that RO membrane. The Jdiff of ions are greater for 
NF than for RO. In RO membrane, since values of CConv 

Table 6
Calculated Ps and s for tested membranes

Ions Parameters Ps,s and their R-square NF90 BW30

NO3
− Permeability to solute Ps (m/s) 7.45 × 10−7 8.92 × 10−8

Reflection coefficient s 0.94904 0.98351
Adj. R-Square 0.99 0.99

Cl− Permeability to solute Ps (m/s) 4.46 × 10−7 1.00 × 10−7

Reflection coefficient s 0.96339 0.97963
Adj. R-square 0.99 0.99

F− Permeability to solute Ps (m/s) 4.18 × 10−7 0.80 × 10−8

Reflection coefficient s 0.97661 0.97887
Adj. R-square 0.99 0.99

SO4
2− Permeability to solute Ps (m/s) –1.26 × 10−10 –5.33 × 10−11

Reflection coefficient s 0.99794 0.99799
Adj. R-square 1 1
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are very low, the transfer is governed by diffusion. For 
NF membrane, it appears that the transfer mechanism 
is more convective than for RO membrane. Based on the 
slope (Jdiff) results, the characteristic of the pure diffusion 
phenomenon is important for NF. Overall, the NF transfer 
process is convective and diffusional, whereas for the RO 
it is diffusional. Calculated values of Cconv tend towards 
zero for both membranes. These results show that the 
properties of the mass transfer for NF membrane stud-
ied are close to those of the RO membranes. Finally, the 
two membranes studied involve convection and diffusion 
transfer mechanisms, both acting separately, but additively 
on the transfer, and with a low contribution of convection.

4.4. SHP model

NF differs from RO by its porous structure. Therefore, 
it is essential to determine the structural characteris-
tics of this membrane, in order to appreciate the trans-
fer mechanisms involved. Table 8 summarizes the values 
of q, rp, and Ak/Δx for the NF membrane by SHP model.  
q is calculated by Eqs. (11) and (14). rp and Ak/Δx are cal-
culated respectively by Eqs. (12) and (14). The value 
of q for ions is close to 1 indicating the high rejection of 
these ions. The ratio Ak/Δx increases with the increase 
in the Stokes radius of the ion. The estimated aver-
age of rp and Ak/Δx for NF membrane are rp = 0.16 nm, 
Δx/Ak = 25.50 × 10−7 m. Fatehizadeh et al. [43] investigated 
fluoride rejection by NF90 obtained rp = 0.12 nm and 
Δx/Ak = 4.784 × 10−4 m. The pore radius obtained by our 
study and that of Fatehizadeh et al. is significantly lower 
than that of the virgin membrane. This can be expressed 
by the fact that any kind of material deposited inside 
the pores results in the reduction of the pores radius. In 
another study conducted by Curatas-Uribe et al. [46], the 
authors found rp = 0.41 nm for lactose rejection. The rp cal-
culated in this study (0.16 nm) is smaller than that found 
by these researchers (0.41 nm), rp = 0.16 nm seems to be 
in line with the performance of NF90 and its structure 
which exhibiting small pore size and low porosity.

4.5. Membrane fouling study

Fig. 6 shows permeate flux vs. time for NF and RO  
membranes. According to this result, permeate flux 
decline for both membranes by 69% and 49% for NF and 
RO respectively for a (t = 3.9 × 103 s). Firstly, the permeate 
flux decreases rapidly due to concentration polarization, 
resulting in an accumulation of rejected solutes or par-
ticles in a mass transfer boundary layer to the membrane 
surface. The retained particles create a concentration 
gradient at the membrane surface which prevents the sol-
vent from flowing through the membrane. This concen-
tration polarization phenomenon is reversible and does 
not affect the intrinsic properties of the membrane. Then 
a slight decrease is observed until (t = 1.4 × 103 s). Finally, 
the flux becomes stationary due to the fouling phenome-
non, which results in the deposition of particles on the 
membrane surface, or by adsorption of particles inside its 
porous structure. Unlike concentration polarization, fouling 
can cause an irreversible loss of membrane permeability.

4.5.1. Hermia model

In order to determine the fouling mode responsible 
for permeate flux decline, the study is performed on the 
two membranes in semi-batch mode configuration. Then 
the expressions of the flux relating to the four fouling 
mechanisms of the Hermia model Eqs. (15)–(18) are consid-
ered. More precisely, we study the variation of the permeate 

Table 7
Calculated Jdiff and Cconv of studied anions for NF90 and BW30 
membranes

Ions Parameters Jdiff,Cconv 
and their R-square

NF90 BW30

NO3
− Jdiff (L/h m2) 7.33 0.00452

Cconv (mol/L) 7.33 × 10−5 5.41 × 10−7

Adj. R-square 95.75 85.90
Cl− Jdiff  (L/h m2) 0.02153 0.00914

Cconv (mol/L) 4.10225 × 10−4 2.45455 × 10−4

Adj. R-square 95.96 88.19
F− Jdiff(L/h m2) 9.32 × 10−5 1.92 × 10−5

Cconv (mol/L) 1.08 × 10−6 1.28 × 10−6

Adj. R-square 90.59 64.06
SO4

2− Jdiff (L/h m2) – –
Cconv (mol/L) – –
Adj. R-square – –

Table 8
SHP parameters of NF90

Ions q rp (nm) Δx /Ak (m)

NO3
− 0.897 0.12 9.59 × 10−8

Cl− 0.914 0.13 1.12 × 10−7

F− 0.932 0.15 1.49 × 10−7

SO4
2− 0.98 0.23 3.52 × 10−7
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Fig. 6. Permeate flux vs. time for NF and RO membrane.
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flux as a function of time, we set the value of the initial flux 
J0 and we optimize the Ki parameters. Fig. 7 shows exper-
imental and modeling data using the Hermia model for 
NF90 and BW30. Ki parameters obtained from modeling 
of fouling according to the Hermia model are collected in 
Table 9. For both membranes, analysis of the optimized 
values of Ki parameter reveals that Kcf values are higher 
than those of Ki. Also, the R-square of Kcf is the largest 
(exceeds 94%), which shows good accordance between the 
experimental and modeled results. This result indicates 
that the cake fouling mode is predominant. Calculate Kcf 
for BW30 membrane is higher than the value calculated 
for NF90 membrane. The value of Kib is higher compared 
to the values of Ksb and Kcb; this finding means that fou-
lants particles have larger diameters than the pores of the 
membrane. In this case, foulants particles superimpose on 
the membrane surface pores or form a cake on its surface. 
Thus, Kib further promotes the cake formation; the foulants 
particles are more deposited in the pores, the cake layer  
thickness increases.

4.5.2. Resistance in series model

To complete the fouling study, resistance in series model 
is used to quantify the resistance of the various fouling and 
to determine the resistance responsible for flux decline. 
Table 10 shows the collected value of different types of 
resistance during NF90 and BW30 filtration. The membrane 
resistance Rm is higher for BW30 which is a RO membrane, 
since these membranes are considered dense. RO membrane 
presents some interstices that allow the passage of the sol-
vent. So there are more obstacles for the solvent to cross 
RO membrane compared to partially porous NF membrane.

The concentration polarization resistance (Rc) and the 
fouling resistance (Rf) for the BW30 membrane is higher 
than that obtained in NF90 membrane which means that 
RO membrane is severely fouled than NF membrane. 
RO membrane is known for its high rejection of total dis-
solved solids (TDS) which generate a great concentration 
polarization on the membrane surface compared to NF 

membrane. In the fouling phenomenon, foulants particles 
in NF90 membrane are distributed between those which 
penetrate the pores and those which are deposited on the 
surface of the membrane are spread between those which 
enter the pores and those which are deposited on the surface. 
While for BW30, foulants particles deposed on the surface 
of the membrane, which causes faster and greater fouling.

From Table 10, the percentage of Rc from the share of 
total resistance is 17.83% and 11.51% for NF90 and BW30, 
respectively. At the same time, the percentage of Rf from the 
share of the total resistance is 10% for NF90 and 6.47% for 

Table 9
Calculated Ki values for NF90 and BW30 membranes

NF90 BW30

Ki R-square Ki R-square

Kcf (s m−2) 71.29 × 104 94.37 4.420 × 106 95.91
Ksb (s−1/2) 33.04 × 10−3 93.46 99.22 × 10−3 93.62
Kib (m−1) 9.06 94.12 35.40 95.56
Kcb (s−1) 1.13 × 10−4 92.34 2.74 × 10−4 89.65

Table 10
Calculated resistances values for NF90 and BW30

Resistance (m−1) NF90 BW30

Rt 7.40 × 1013 1.39 × 1014

Rm 5.34 × 1013 1.14 × 1014

Rc 1.32 × 1013 0.16 × 1014

Rf 0.74 × 1013 0.09 × 1014

Rrev 0.68 × 1013 0.06 × 1014

Rirrev 0.06 × 1013 0.03 × 1014

Rm/Rt 72.16% 82.01%
Rc/Rt 17.83% 11.51%
Rf /Rt 10% 6.47%
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Fig. 7. Experimental data fitting with Hermia model for (a) NF90 and (b) BW30 membranes.
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BW30. These results indicate that Rc has a greater share of 
the total resistance than Rf. This greater polarization con-
centration resistance could result from the increased cake 
of the fouling layer. In addition, the percentages of the two 
resistances observed are greater for NF membrane than 
that calculated for RO membrane, this could be associated 
with the higher permeate flux of NF membrane in com-
parison with RO membrane.

Finally, the calculated resistances show also that pre-
dominately fraction of fouling in both NF90 and BW30 mem-
branes is reversible and only a small fraction will require 
chemical cleaning to be removed.

5. Conclusion

SKK model allows to predict ions rejection by cal-
culating the permeability of solutes and the reflection 
coefficient. Also, this model provides information on the 
convective and diffusion transfer mechanisms of ions 
in the membrane. Rejection of the studied ions by NF90 
and BW30 membranes in the treatment of water contami-
nated by nitrate is almost similar. The SKK model shows a 
good agreement between the theoretical fit model and the 
experimental data. This study shows that σ and Ps depend 
on the nature of anion. In addition, the transport mecha-
nism in NF90 is convective and diffusional, whereas, for 
BW30, the transport is mainly diffusive. In parallel, the 
most drawbacks of this model are attributed to the lack of 
explanation of the nature of the membrane structure and 
its ignorance of the impact of concentration polarization 
which is the seat of solute-solvent interactions.

The SHP model provides additional information about 
membrane characteristics (pore radius, porosity, and 
thickness) which contributes to understanding the trans-
port mechanisms involved in the NF process, but this 
model is limited by the fact that it only takes into con-
sideration the steric effect of the membrane but without 
taking into account the electrostatic interactions between 
the solute and the membrane surface. The membrane 
characterization study shows that the estimated aver-
age of rp and Ak/Δx of the NF membrane are rp = 0.16 nm 
and Δx/Ak = 25.50 × 10−7 m.

The fouling modeling is evaluated using the Hermia 
and the resistance-in-series models. The Hermia model 
shows a good agreement between the experimental and 
model results. In addition, it provides a good explication of 
the fouling type involved during the membrane filtration 
experiment. It reveals that the cake fouling mode is predom-
inant for both membranes. Also, the fouling study is com-
pleted by using the resistance-in-series model. The results 
show that RO membrane is severely fouled than NF mem-
brane and the predominately fraction of fouling in NF and 
RO membranes is reversible and only a small fraction will 
require a chemical cleaning to be removed. These two models 
are complementary for a good understanding of fouling. 
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a b s t r a c t
High levels of fluoride in the aquatic environment are often detected in several countries, in par-
ticular Morocco. Due to the adverse health effects of these ions (dental and bone fluorosis), the 
World Health Organization (WHO) has set the maximum permissible concentration in drinking 
water at 1.5 mg/L. The objective of this work is to study the influence of initial concentration and 
pressure on the removal of fluoride (F–) ions by nanofiltration (NF) from groundwater doped 
with NaF. Three membranes are tested namely NF90, NF270 and TR60. To understand the trans-
fer mechanisms in these three NF membranes and for different initial concentrations, the solute 
flow by convection and the flow by diffusion are calculated. In addition, two mathematical mod-
els are used. The Spiegler–Kedem model is applied to determine the reflection coefficient σ and 
the solute permeability coefficient Ps at different initial concentrations. The Steric Hindrance Pore 
(SHP) model is applied to determine the mean pore radius for the membranes studied. The results 
show that there is no significant effect of the initial concentration and the applied pressure on the 
concentration of fluoride ions in the permeate for the NF90 membrane. On the other hand, the 
other two membranes NF270 and TR60, exhibit similar behaviors with respect to fluoride ions. 
A value exceeding the allowed limit of F– is observed from 6 ppm for NF270 and from 5 ppm for 
TR60. The Cconv and Jdiff increase with the increase in the initial concentration of fluoride ions. NF270 
and TR60 membrane involve diffusion and convection mechanisms. For NF90 the diffusion mech-
anism is predominant. The reflection coefficient σ obtained for NF90 is close to unity; the TR60 
and NF90 behave a little differently, with an increase in the fluoride content. The pore size (rp) 
determined by the SHP model, follows the following order:

r r rp p pTR60 NF27 NF90( ) > ( ) > ( )0

Keywords:  Fluoride removal; Nanofiltration; Mass transport mechanisms; Spiegler–Kedem model; 
Steric Hindrance Pore Model
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1. Introduction

Water is an essential natural resource to support life 
and the environment which we have always believed to 
be abundantly available and free from nature. However, 
the chemical composition of the surface or subsoil is one 
of the main factors on which the suitability of water for 
domestic, industrial or agricultural purposes depends [1]. 
Recent UNICEF and World Health Organization (WHO) 
reports have confirmed that 748 million people have no 
access to safe water of proper quality, while more than  
1.8 billion people use water contaminated with feces for 
potable purposes [2].

The presence of several natural and anthropogenic ele-
ments and compounds, such as fluorides, arsenic, nitrates, 
sulfates, iron, manganese, chlorides, selenium, heavy metals 
and radioactive substances may significantly affect water 
quality and cause harmful health effects [2–4].

Fluoride is one of the trace elements essential for nor-
mal human growth [5]. However, the excessive ingestion 
of fluoride through drinking water causes dental, skel-
etal, and non-skeletal forms of fluorosis [6,7]. Fluoride 
in drinking water can be either beneficial or detrimental 
to health depending on points concentration. The WHO 
accepted the maximum fluoride concentration in drink-
ing water as 1.5 mg/L [1]. On the contrary, excess concen-
tration (3–6 mg/L) of fluoride can have an adverse effect 
on bones and dental (dental and skeletal fluorosis [8]. 
Besides, fluoride anions also exert adverse influences on 
the nervous system, digestive system and urinary sys-
tem [9]. In many regions of Morocco, the fluoride content 
exceeds acceptable standards. In the plateau of Ben Guerir 
(Centre of Morocco), the harmful effect of dental fluoro-
sis is widespread among the population supplied directly  
from wells [10].

Hence, in this direction, over the years, a plethora of 
conventional methods have been implemented for defluori-
dation of water namely as adsorption [3,9,11], ion-exchange 
[12], electrodialysis [9], precipitation/coagulation [13] and 
driven pressure membrane technologies [10] have been 
implemented.

Among these membrane-based technologies, nanofil-
tration (NF) stands to be one the most effective to remove 
a number of other contaminants also from groundwater at 
a relatively low transmembrane pressure (TMP) [14]. Many 
researchers have studied the rejection of different salts 
using different types of NF membrane and showed that 
the rejection values depend on the type of NF membranes 
used [15]. In a previous study, Tahaikt et al. [16] reported 
the usage of “dense” NF membrane such as NF70 and NF90 
and “loose” NF membrane including NF270, NF400, and 
TR60 for fluoride rejection from model solutions.

Tahaikt et al. [10] compared the effectiveness of remov-
ing fluoride from water using three commercial polyamide 
NF membranes: NF90 (FilmTec, USA), NF270 (FilmTec, 
USA) and TR60 (Toray, Japan). They showed that fluoride 
rejection depends on the initial fluoride content in the 
feed. This rejection exceeds 74% for NF270 and TR60, and 
for NF90, the rejection exceeds 98% with less dependence 
on the initial fluoride concentration in the feed. Shen and 
Schäfer [17] studied fluoride and natural organic matter 

removal in a small stirred laboratory cell. They conducted 
experiments with 22 samples of natural waters from Tanzania 
and 6 NF/reverse osmosis (RO) membranes. The fluoride 
concentration in the studied samples was ranged between 
2.6 and 239.9 mg/L. The Dow FilmTec (USA) NF90, BW30 and 
BW30-LE membranes showed the highest fluoride rejection 
(>95% and up to 50% recovery). This result was attributed 
to size exclusion due to fluoride ion hydration. Ben Nasr 
et al. [18] compared fluoride rejection performances of two 
commercial NF membranes (NF5 and NF9) from ground-
water. The authors showed that NF5 and NF9 membrane 
exhibit widely different fluoride rejection, 57% and 88% 
respectively. The fluoride ion concentration in permeate was 
observed to be 1.45 mg/L (F– rejection: 57%) and 0.38 mg/L  
(F– rejection: 88%), respectively. According to a previ-
ous study [19,20], the “dense” NF membranes are recom-
mended for surface and groundwater treatment because 
they remove a high percentage of salts and organics whereas 
the “loose” NF membranes are appropriate in water treat-
ment where only good organic matter rejection is expected 
with partial softening.

Shen et al. [21] carried out field trials with brack-
ish water (BW) from a borehole located at a rural school 
in northern Tanzania, characterized by high salinity lev-
els (TDS = 3,632 mg/L) and very high fluoride concentra-
tions ([F–] = 47.6 mg/L). Experiments were conducted with 
a solar-powered pilot-scale unit. Both RO membranes and 
NF90 membranes were able to remove the fluoride to com-
ply with the WHO limit of 1.5 mg/L, whereas NF270 could 
not comply with this limit (fluoride in permeate: 14.2 mg/L) 
due to the fact that it is a “looser” NF-membrane in com-
parison to NF90. Tahaikt et al. [10] studied the performance 
of three different membranes, NF90 and two RO membranes 
(BW30 and TM710) with an industrial pilot. For an initial 
feed concentration of 2.32 ppm and for conversion rates of 
84% for NF90, 80% for TM710 and BW30LE, the content of 
F– in the obtained permeate did not exceed 0.5 ppm (0.5 ppm 
for NF90, 0.3 for TM710 and BW30LE).

Presently, the retention mechanism of the NF mem-
brane process is complicated and not yet fully known. 
Extensive work has been done and is still being conducted 
to investigate transfer and retention mechanisms including 
NF processes modeling. Many models were constructed 
to describe and predict the flux and retention of various 
charged and uncharged species by NF membrane and can 
be used for the determination of membrane characteris-
tics including effective thickness, porosity ratio, pore size, 
membrane charge density, and prediction of the NF pro-
cesses performance [8].

The objective of this work is based on the performance 
of three NF membranes, namely TR60, NF270 and NF90 
in the reduction of fluoride ions, for different initial con-
centrations. The Kedem–Katchalsky and Spiegler–Kedem 
models are applied to determine the solute flow by con-
vection and the flow by diffusion and the model constants, 
namely the reflection coefficient σ and the permeability 
coefficient Ps [22,23], in order to determine the influence of 
the initial fluoride ion content on these constants; for the 
three membranes used. In addition, the Steric Hindrance 
Pore (SHP) model is applied to determine the radius 
of the pore.
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2. Method and analysis

The experiments are carried out on an nanofiltration/
reverse osmosis (NF/RO) pilot installation (E 3039) supplied 
by TIA Company (Technologies Industrielles Appliquées, 
France). Fig. 1 gives the diagram of the pilot installation 
used. The TMP is varied from 5 to 40 bar with manual 
valves. The pilot plant is equipped with two spiral wound 
modules operating in series.

The module contains one element. The pressure drop 
is approximately 2 bars corresponding to 1 bar of each 
module. The configurations tested are: single pass, double 
pass and batch configuration provided. Table 1 gives the 
characteristics of the commercial membranes used.

The experiments are performed at 30°C. After analysis, 
the membranes are cleaned with alkaline and acidic clean-
ing solutions according to the manufacturer’s recommen-
dations. Studying the performance of membranes tested in 
a wide range of concentrations, experiments are conducted 
on groundwater doped with NaF to reach 1, 5, 10, 15 and 
20 ppm fluoride. The characteristics of untreated water are 
shown in Table 2.

Samples of permeate are collected and fluoride ion 
concentrations are determined potentiometrically using a 
selective electrode and using an ionometer type HANNA 
Instruments, GLP Microprocessor pH/Ion Meter, Model 
pH-301. Other water parameters are determined analytically 
following standard methods previously described [10,16].

Parameters are tracked such as ion rejection (R) and 
permeate flux (Jv) are defined by the following analytical 
expressions:

R
C
C
p

o

= − ⋅1 100  (1)

J
Q

Sv
pm m s

m s

m
3 2 1

3 1

2
⋅ ⋅( ) =

⋅( )
( )

− −
−

 (2)

where Co, Cp, S and Q are the feed concentration, the perme-
ate concentration, the area and the volume flow, respectively.

3. Mathematical models

3.1. Kedem–Katchalsky and Spiegler–Kedem models

To determine the diffusive and convective transfer 
mechanism terms, Kedem–Katchalsky and Spiegler–Kedem 
models have been proposed.

3.2. Mass transfer mechanism

The NF membrane is the seat of two transfer mecha-
nisms: diffusion and convection. Therefore, the balance 
tells us that the flow of solute Js is given by the following 
relations:

J J J Cs p= + ⋅diff conv  (3)

J C Js P p= ⋅  (4)

Fig. 1. Schematic diagram of the nanofiltration/reverse osmosis pilot plant. T: tank; M: nanofiltration module; P: permeate 
recirculation; R: retentate recirculation; H: heat exchanger; 1: high-pressure pump; 2: pressure sensor; 3: pressure regulation 
valves.

Table 1
Characteristics of the membranes used

Membrane Area (m2) Salt rejection (%) Pmax (bar) pH Material

NF90*4040 7.6 97% 41 3–10 Polyamide
NF270*4040 7.6 >97.0% 41 3–10 Polyamide
TR60*4040 6.8 – 10 3–10 Polyamide

Salt rejection based on the following test conditions 2,000 ppm MgSO4, 77°F (25°C), and 15% recovery rate at the pressure 4.8 bar.
Salt rejection based on the following test conditions 2,000 ppm NaCl, 77°F (25°C), and 15% recovery rate at the pressure 10 bar.
Salt rejection based on the following test conditions 2,000 ppm NaCl, 77°F (25°C), and 15% recovery rate at the pressure 15.5 bar.
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By dividing each member by Jp we obtain an affine map 
[Eq. (5)] with Cp the y-intercept and Jdiff the slope of the line, 
given by the following relation:

J
J

C C
p

Pdiff conv⋅








 + =

1  (5)

To better understand the phenomena of material transfer 
through NF membranes, other parameters were determined 
from the model proposed by Spiegler–Kedem (SK).

The SK model which is based on irreversible thermo-
dynamics considers the membrane as a “black box”. By 
introducing the local transport coefficients, SK obtained the 
following equations:

J L dp
dx

d
dxv p= − −







σ
π  (6)

J P
dC
dx

C Js
s

s v= − + −( )1 σ  (7)

where Lp, p, x, π, P‾, Cs and σ represent respectively the hydrau-
lic permeability, the pressure, the distance, the osmotic pres-
sure, the local permeability of the solute, the solute con-
centration in the membrane and the reflection coefficient. 
According to Eq. (7), the solute flux is the sum of diffusive 
and convective terms. Transport of the solute by convection 
is due to an applied pressure gradient across the membrane. 
The concentration difference on the membrane side and the 
permeate result in transport by diffusion.

The integration of these equations combined with the 
relation of the rejection and by considering the limiting con-
ditions of the problem (for x = 0, Cm = Cf and for x = Δx, Cm = Cp) 
lead to the following relations:

J L Pv p= −( )∆ ∆σ π  (8)
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where F
J

P
v

s

=
−( )







exp

1 σ
.

where ΔP: TMP, ∆π: difference in osmotic pressure on either 
side of the membrane (bar), Co, Cp, Cm: concentrations in feed, 
permeate and in the membrane respectively, Lp: hydraulic 
permeability of the membrane, σ: reflection coefficient, Ps: 
solute permeability and Δx is the membrane thickness [14].

The following assumptions were made while using the 
SK model in this research:

• The driving forces are pressure and concentration 
gradients.

• The model predicts the transport of the solute and sol-
vent through the membrane irrespective of the type of 
solute, charge, solvent, and membrane [24].

3.3. Steric Hindrance Pore model

The SHP is a model correlating structure to transport. 
The parameters which were described by the preceding 
analytical equations are not the only ones to give rele-
vant information on the behavior of membranes of NF. 
The SHP model has been proposed to determine the pore 
size rp and the ratio of porosity and membrane thickness 
AK/ΔX. NF membrane characteristics such as pore size, 
effective thickness/porosity ratio, and membrane charge 
density are evaluated by a solute (uncharged) and salt 
rejection experiments using pore models such as the SHP  
model [25].

The structural parameters of the membranes were 
estimated using the SHP model developed by Nakao and 
Kimura for the separation of aqueous solutions from a sin-
gle organic solute by ultrafiltration membranes and have 
subsequently been used successfully for NF membranes 
[8]. Depending on the model, transport of spherical ions 
through cylindrical pores by frictional forces and steric 
effect are taken into account. According to this model, the 
membrane parameters σ and Ps are given in the following 
equations:

σ = − +






1 1 16
9

2S qF (  (10)

P D S
A
XS D
K= ×





diff ∆

 (11)

Table 2
Characteristic of the feed water

Parameter Feed water Moroccan Guidelines WHO Guidelines

Temperature, °C 29 – 25
Turbidity, NTU <2 <5 –
pH 7.41 6–9.2 6.5–8.5
pHs 7.80 – –
Electric conductivity, µS/cm 1,492 2,700 –
Hardness, mg/L CaCO3 440 500 500
Alkalinity, mg/L CaCO3 320 200 –
Fluoride, mg/L 1, 5, 10, 15, 20 1.5 1.5
Sulfate, mg/L 116 200 200
Chloride, mg/L 560 350 250
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S qD = −( )1
2

 and S q qF = −( ) − −( )2 1 1
2 4

 (12)

q
r
r
s

P

=  (13)

where SD and SF are the steric hindrance factors for diffusion 
and convection respectively. Ddiff is diffusion constant, AK/ΔX 
is the ratio of membrane porosity to membrane thickness, 
rs is the Stokes radius of the solute, and rp is the pore radius.

4. Results and discussion

4.1. Influence of the initial concentration and the applied pressure

Fig. 2 gives, for the membranes tested and for differ-
ent initial feed concentrations, the variation of the per-
meate concentration of fluoride as a function of TMP, and 
gives the variations of the average flux, conductivity and 
pH of the permeate, in all the defluoridation operations.

Analysis of these results shows that: the permeate flux 
increases almost linearly with TMP according to Darcy’s law.  
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Fig. 2. Variation of (a) the permeate flux, (b) electric conductivity and (c) pH and of permeate fluoride concentration as a function of 
TMP for different initial feed concentrations.
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Pressure improves the driving forces and overcomes the 
resistance of the membranes [7] resulting in the passage of 
solute through the membrane. Hence rejection increases 
with increasing TMP [11]. In this illustration, NF270 exhib-
its the maximum flux, followed by TR60 and NF90. This 
order is attributed to the nature of the membranes, NF270 
and TR60 have porous structures while NF90 is almost 
denser [6]. The permeate flow follows the following order: 
NF270 > TR60 > NF90.

A small variation in pH is observed for the three 
membranes (Fig. 2d). However, pH values found for NF90 
are slightly smaller than that found for TR60 and NF270, 
this is related to the ratio (HCO3

–/CO2) which determines 
the pH value.

The electric conductivity of the NF90 permeate is very 
low; remineralization of this water is mandatory if this 
water is intended for drinking. On the other hand, for the 
TR60 and NF270, the mineralization obtained is satisfactory.

For the three membranes studied, for the same TMP, 
the fluoride passage in the permeate increases with the 
increase in the initial fluoride content in the feed. In addi-
tion, for the same initial feed concentration, the fluoride 
passage in the permeate decreases with increasing TMP, 
except for NF270, a slight increase is observed for TMP 
greater than 10 bar. NF90 rejects almost entirely fluoride 

regardless of the initial fluoride content of the feed water. 
For NF270 and TR60, the fluoride content obtained is sat-
isfactory for initial feed fluoride concentration less equal 
or less than 6 ppm. If this concentration is greater than 
6 ppm, additional treatment is necessary to bring the 
fluoride contents back to standards.

4.2. Mathematical models

4.2.1. Mass transfer mechanism

Fig. 3 shows the variation of the concentration of 
fluoride ion in the permeate as a function of the inverse 
of the permeate flux according to the equation [Eq. (3)]. 
The results of Fig. 3 will allow us to understand and 
determine if the mechanism of fluoride ion transfer in 
the studied membrane is whether diffusive or convec-
tive and to investigate the influence of the initial fluoride 
feed content on these mechanisms. The intercept allows 
to know the concentration in the permeate due to convec-
tion Cconv and the slope allows to determine the flow of 
solute transported by diffusion Jdiff. This representation 
distinguishes and experimentally quantifies the two types 
of flow. This model allows the separate quantification 
of the different components of the material transfer of a 
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Fig. 3. Permeate concentration of fluoride as a function of the inverse of the flux, for different initial feed concentrations.
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solute through NF and R membranes [26]. Table 3 gives 
the values of Jdiff and Cconv for NF270, TR60 and NF90.

As shown in Fig. 3, the variation of the concentra-
tion of fluoride ions in the permeate as a function of the 
inverse of the permeation flow is linear. According to the 
values in Table 3, Cconv and Jdiff increase with the increase 
in the initial feed concentration of fluoride. These results 
show that NF270 and TR60 involve two different mecha-
nisms of transfer, both acting separately, but additively 
in the global transfer. In comparison TR60 membrane is 
more diffusive than NF270, this also means that NF270 
is more convective than TR60. In addition, the values of 
Cconv are almost close to zero which shows that the diffu-
sion mechanism is predominant. Here is the classification 
order Cconv and Jdiff for the studied membranes:

C C C Fconv conv convNF27 TR6 N0 0 90 0> > ≈

J J Jdiff diff diffTR60 NF NF> >270 90

Plotting the evolution of Cconv and Jdiff as a function of 
the initial concentration of fluoride ions shows how these 
two parameters are influenced by the initial fluoride con-
tent. Fig. 4 shows the variation of the solute flow by con-
vection and the flow by diffusion, as a function of the initial 
concentration for the three membranes tested.

As shown in Fig. 4, Jdiff and Cconv vary linearly according 
to the initial feed fluoride concentration. The behavior of 

NF270 and TR60 are similar, and the slopes of the curves 
are almost equal. On the other hand, values of Jdiff and Cconv 
at the origin are different. For NF90, whatever the initial 
feed fluoride concentration, Jdiff and Cconv remain almost 
unchanged.

4.2.2. Spiegler–Kedem model fitting

This model is applied for two purposes. The first is to 
investigate the influence of initial feed fluoride concentra-
tion on the permeability of this ion across the three studied 
membranes, and the second is to quantify the contribution 
of each transfer mechanism of fluoride. A summary of the 
calculated transport parameters (reflection coefficient (σ) 
and the permeability of solute (Ps)) are collected in Table 4.

Fig. 5 shows the variation of the rejection as a func-
tion of the permeate flux at various initial concentrations. 
The result shows a good fit between the experimental 
and fitting results calculated by the SK model for all the 
membranes.

Fig. 6 shows the variation of the two determining param-
eters of the SK model, the permeability of fluoride ions and 
the reflection coefficient as a function of the initial concen-
tration of fluoride for the three studied membranes. As  
shown in Fig. 6, the behavior of these two parameters is 
linear.

The increase in the content of fluoride in raw water 
causes a slight decline in the permeability of fluoride 
for the three studied membranes but this decline is more 

Table 3
Cconv and Jdiff values obtained at different initial feed fluoride concentration

Initial feed concentration 1 ppm 5 ppm 10 ppm 15 ppm 20 ppm

NF90
Cconv (ppm) 0.01181 0.03452 0.05825 0.06905 0.06462
Jdiff (m3 L/h) × 10–3 0.9609 0.79609 1.23609 2.63798 4.64016
R-square 0.78 0.76 0.71 0.68 0.82

NF270
Cconv (ppm) 0.6484 0.81336 1.84701 2.78556 3.18161
Jdiff (m3 L/h) × 10–3 19.67247 21.78385 22.5336 47.28266 129.27804
R-square 0.90 0.95 0.82 0.85 0.80

TR60
Cconv (ppm) 0.39761 0.57203 1.03841 2.1923 3.43423
Jdiff (m3 L/h) × 10–3 5.01555 43.68273 68.39789 85.3242 108.83
R-square 0.70 0.90 0.81 0.77 0.78

Table 4
Calculated values of σ and Ps by Spiegler–Kedem model

Initial feed fluoride concentration 1 ppm 5 ppm 10 ppm 15 ppm 20 ppm

NF90
Ps (m3/m2 s) × 10–7 3.312057 0.60228 0.47514 0.312057 0.72782
σ 0.98434 0.99186 0.99321 0.99339 0.99564
R-square 0.99 0.99 0.99 0.99 0.99

NF270
Ps (m3/m2 s) × 10–6 – 1.44494 0.6692 0.43388 0.32159
σ – 0.75739 0.87876 0.91918 0.939
R-square – 0.97 0.99 0.99 0.99

TR60
Ps (m3/m2 s) × 10–6 3.72726 4.62735 3.2596 2.8355 2.8136
σ 0.55651 0.89426 0.89029 0.8355 0.80197
R-square 0.97 0.99 0.99 0.99 0.99
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pronounced for TR60 and NF270 than for NF90. The average 
fluoride permeability calculated for the membranes follows 
the following classification order: TR60 > NF270 > NF90.

The calculated reflection coefficients are almost equal to 
unity for NF90. For the other two membranes, a slight increase 
of σ is obtained for NF270 whereas, for TR60, σ decreases 
with the increase of initial concentration of fluoride.

The reflection coefficient σ obtained for the three mem-
branes follows the following order: NF90 > NF270 > TR60. 
High reflection coefficients indicate that convective 
transport in the NF90 membrane is almost completely 
hampered. For TR60 and NF270 both mechanisms are 
present with a predominance of diffusion. In reality, the 
separation mechanism is very complex, in addition to the 
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diffusion, the mechanism includes the dielectric exclusion 
effect which is caused by the interactions of the ions with 
the bound electric charges induced by the ions at the inter-
faces between the media of different dielectric constants, 
in particular, the membrane matrix and the solvent [27].

4.2.3. Steric Hindrance Pore model

Generally in NF membranes, the high rejection of the 
fluoride anion is mainly attributed to steric and charging 
effects [24] at least. The pore size (rp) remains among the 
parameters which can illustrate the details of the permeabil-
ity of the solute through the membrane. The pore radius is 
determined from the SHP model.

Table 5 gives the mean values of the pore radii for the 
three membranes studied. Only the value of NF90 is in 
agreement with the value found in the literature which is 
0.12 nm [24]. Luo and Wan [21] found that the rp of NF270 
is 0.43 nm, which is higher than the value obtained by our 
calculations (rp = 0.148 nm, whereas the value calculated 
for TR60 is 0.167. We note that the average of rp obtained 
for the membranes tested follows the following order:

r r rp p pTR60 NF270 NF90( ) > ( ) > ( )

For NF270, the difference between the calculated value 
of the pore radius in this work and in the literature could 
be explained by the electric interaction between solute 
and membrane charged surface, a phenomenon that has 
been neglected in the Kedem–Katchalsky, Speigler–Kedem 
and SHP models..

For NF90, the obtained result may be justified by the 
structure of the NF90 which is close to that of RO mem-
branes. The diffusion transport mode of salts through this 
membrane explains the pore radius value calculated which 
is in agreement with that found in the literature. In addi-
tion, this value shows that the contribution of the effects 
of the electric interaction in the rejection is minimal.

5. Conclusion

In this work, three NF membranes were studied on 
real water doped with NaF at different fluoride ion con-
centrations. The performance comparison of these mem-
branes is carried out to remove fluoride ions in continuous 
mode. NF90 rejects almost all fluoride ions regardless of 
the initial fluoride content of the feed water and gave sat-
isfactory results for fluoride removal. For NF270 and TR60, 
satisfactory fluoride content is obtained for initial fluo-
ride concentration less than or equal to 6 ppm.

The calculated values of Cconv and Jdiff increase with the 
increase in the initial concentration of fluoride ions. NF270 
and TR60 involve two different mechanisms: diffusion and 
convection. For NF90 the diffusion mechanism is dominant. 
The classification order of Cconv and Jdiff for the membranes 
studied is:

C C Cconv conv convNF TR NF270 60 90 0> > ≈ .

J J Jdiff diff diffTR NF NF60 270 90> >

To study the dependence of the fluoride transfer through 
these membranes with the initial fluoride concentration 
detailed description of membrane transport was given by a 
modification of the Spiegler–Kedem equations. The mem-
brane transport parameters are determined by fitting the 
Spiegler–Kedem equation for each membrane. Theoretically 
obtained values show a good correlation with the exper-
imental values. It was shown that the influence of electric 
interaction in the pores is negligible. The two parameters 
of the model (σ, Ps) are slightly influenced by the increase 
in the initial concentration of fluoride ions. The calculated 
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Fig. 6. Permeability fluoride and reflection coefficient as a function of initial feed fluoride concentration for the three membranes.

Table 5
Values of the pore radius for the three membranes studied (rp)

rp (nm)

NF90 0.129
NF270 0.148
TR60 0.167
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average solute permeability Ps follows the following order: 
TR60 > NF270 > NF90.

For the calculated values of reflection coefficient σ, only 
NF90 has an σ almost close to unity. The classification order 
for the three membranes is: NF90 > NF270 > TR60

The classification order for pore size (rp) calculated from 
the SHP model for the three membranes is:

r r rp p pTR NF NF9060 270( ) > ( ) > ( )
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a b s t r a c t
The purpose of this article is to develop an effective hybrid method for treating Oum Azza landfill 
leachate (Rabat, Morocco). The treatment system studied is membrane bioreactor technology (MBR) 
which consists of biological treatment associated with a unit of ultrafiltration for the retention of 
the biomass followed by a reverse osmosis (RO) filtration step in order to achieve the Moroccan 
discharge limits. The performances of RO on the advanced treatment efficiency are investigated 
in tube pressure configuration mode, in order to achieve high quality of permeate with higher 
recovery rate and minimization of brine discharges. At the end of this study, it can be concluded 
that the performance of the MBR can achieve the reduction in 5-day biochemical oxygen demand 
and chemical oxygen demand of the order of 87% and 76% respectively. The permeate analy-
sis at the outlet reverse osmosis shows that the controlled parameters are below legal standards 
Moroccan of direct discharge in nature, especially total dissolved solids content.

Keywords:  Landfill leachate; Hybrid process (MBR/RO); Post-treatment; Water recovery; Brine 
management

1. Introduction

Landfill leachate (LFL) is a potential source of pollu-
tion of water resources and may cause serious public health 
problems if they are discharged into water courses without 
any prior treatment [1–3]. Nowadays, the treatment of LFL 
has become every time a great challenge especially due to 
the fact that environmental regulations have become more 
stringent. LFL is highly variable and heterogeneous with 
a very complex composition [4–6]. The composition and 
concentration of contaminants are mainly influenced by 

the age of the LFL [7,8]. The high concentration of refrac-
tory organic matter, ammonia, polluting/toxic organic and 
inorganic compounds, elevated pH levels and color, taken 
together with the high variation in composition and vol-
ume generated, make the treatment of LFL a real challenge. 
The most common systems used in the treatment of this 
effluent are based on biological processes. Biological pro-
cesses are very effective when applied to young leachate, 
but their efficiency decreases with an increased leachate age 
[9,10]. In particular, conventional biological systems cannot 



25N. Elfilali et al. / Desalination and Water Treatment 240 (2021) 24–32

significantly treat old leachate, which contains recalcitrant 
contaminants resistant to biodegradation.

Moreover, with progressively more strict discharge 
standards being implemented in most countries, especially 
concerning total dissolved solids (TDS), membrane bioreac-
tor (MBR) effluents may still require post-treatment [11,12]. 
A combination of membrane processes as a finishing step 
for MBR effluent allows for greater efficiency in pollutant 
removal [13].

Many published works have focused on hybrid pro-
cesses for LFL treatment. When reverse osmosis (RO) is 
used downstream of a biological treatment, the elimination 
of chemical oxygen demand (COD) is of the order of 98% 
and that of N–NH3 is close to 100% [5–14]. Moreover, RO is 
widely recognized for its excellent capacity to remove pol-
lutants that enables LFL treated biologically to meet strict 
discharge standards [5–15]. Results of preceding studies 
[16,17], of the MBR/RO combined process, show that the 
elimination of organic pollutants was higher than 97% and 
the reduction of inorganic pollutants ranged from 43% to 
97% depending on treatment conditions. Likewise, Chen 
et al. [18] examined the transformation and removal of 
dissolved organic matters (DOM) in mature LFL by using 
MBR/RO process. The results showed that this hybrid 
method eliminates 99% of COD, 99.9% of N–NH4

+ and 99% 
of total nitrogen (TN). Elimination of UV254 and UV280 
absorbance, which represent the degree of aromaticity 
of DOM in LFL and others wastewaters reaches 93%.

Therefore, Naz and Lan [19] and Renou et al. [5] men-
tioned that RO, either as a main step in a LFL treatment 
chain or as a single post-treatment step has shown to be 
an indispensable means of achieving high purification, 
removal of hazardous metals and potential water recov-
ery. In others study, Ribera-Pi et al. [20] investigated the 
combination of a MBR as pretreatment of LFL followed by 
RO. In this configuration, electrodialysis reversal (EDR) 
was used to treat RO brine stream. They indicated that 
MBR removed inorganic carbon concentration up to 92% 
and nitrogen and SS up to 85% and 99.9% respectively. 
Thereafter, RO rejected 95% of the most pollutants of MBR 
effluent and achieved 84% of the global recovery rate along 
with operation. The RO brine was further concentrated by 
the EDR unit achieving an average recovery rate of 67% 
throughout the operation. The overall average recovery rate 
of the pilot plant system was greater than 90%. However, 
although hybrid technologies have been developed trying 
to be economically attractive [21,22].

For the purpose of this study, the landfill of Oum Azza 
is chosen from many other landfills in Morocco. Currently, 
this landfill produces 480 m3/d of leachate, which is sus-
pected of causing environmental pollution of groundwater 
and surface water as well as ambient air by the propagation 
of very bad toxic and allergenic odors [23]. The LFL treat-
ment process adopted in Oum Azza is based on biological 
treatment using aerobic and anoxic basins, followed by RO. 
The main problem encountered is the inefficiency RO plant 
allows a recovery ranging from 40% to 50%, leading to the 
accumulation of large quantities of brine. The brine is stored 
in basins, and the capacity of these basins is rapidly exceeded.

The objective of this work is to develop an effective 
hybrid method for treating Oum Azza LFL while minimizing 

the environmental impact of this method. The hybrid 
method adopted in this study is a combination of MBR and 
RO (MBR/RO). Firstly, the leachate will be treated by using 
MBR technology. Then, and in order to remove the high level 
of LFL TDS, RO membrane filtration will be employed as a 
post-treatment.

The performances of RO on the advanced treatment 
efficiency are investigated in pressure vessel configura-
tion, in order to achieve high quality of permeate with a 
higher recovery rate and minimization of brine discharges.

2. Materials and methods

2.1. LFL site

LFL used in this study is collected from the landfill tech-
nical center of Oum Azza. The site of Oum Azza is located 
in the Rabat-Salé-Kénitra (RSK) region about 30 km in the 
southwest of Rabat City (capital of Morocco) and covers an 
area of 110 ha.

Fig. 1 gives the map localization of the Oum Azza land-
fill [24]. In 2007 Oum Azza was the only controlled landfill 
in the country. Nowadays, it receives almost 50,000 tons/y 
of household and similar waste (HSW) coming from 13 
municipalities in the RSK region. These wastes are composed 
of more than 60% of very wet organic waste (50%–60% of 
water) and have a low calorific value of less than 900 kcal/
kg [25]. It generates a large quantity of leachate and the 
estimated average is around 480 m3/d [26]. The chemical–
physical characteristics of raw LFL are listed in Table 1.

2.2. Characterization of raw leachate

Physicochemical characteristics of Oum Azza LFL 
listed in Table 1 show that this effluent contains high lev-
els of COD, 5-day biochemical oxygen demand (BOD5), 
and total suspended solids (TSS). In addition, LFL contains 
a higher concentration of other parameters, such as elec-
tric conductivity (E), chloride, nitrogen, sodium and phos-
phorus. Distinctly, the BOD5/COD ratio is around 0.17, so 
this leachate is classified as intermediate leachate with a 
medium biodegradability [27].

Samples of the incoming and treated leachate are taken 
periodically for each treatment cycle. Physical and chemi-
cal analyses are carried out for several parameters such as 
COD, TSS, BOD5, electrical conductivity, total nitrogen, total 
phosphorous, inorganic compounds in accordance with 
standard methods [28,29]. These parameters are measured 
daily. While COD, TN and total phosphorous (TP) are mea-
sured with reagent kits (HACH DR4000, USA) twice per 
week [29]. Hydraulic retention time (HRT) is calculated on 
the basis of the influent flow rate and volume of the reactor 
tank. The aeration rate is measured using a flow meter.

2.3. Experimental model

The advanced system used in this study is a pilot-scale 
hybrid MBR-RO system. It consisted of eight main compo-
nents, including an inlet tank, an anoxic tank, an aerobic 
tank, an ultrafiltration (UF) membrane module, an inter-
mediate tank, a RO unit, permeate and brine tanks. Fig. 2 
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summarizes the schematic diagram of the whole process. 
The raw leachate is stored in the storage tank. Afterwards, 
the leachate is routed to MBR. This latter is composed of the 
anoxic tank as being the first stage and of the aerobic tank 
being the second stage and subsequently, the sludge is sep-
arated from the leachate treated by an ultrafiltration (UF) 
membrane. The MBR system removes organic compounds, 
and the treated leachate is stored in the intermediate tank 
(Fig. 2). To complete the purification of the treated leach-
ate, removing salts and residual organics, the effluent is 
treated by a RO pilot. The permeate is then stored in a tank 
to be reused for different purposes and the brine is stored in 
another tank.

2.4. MBR system description

In this study, the laboratory pilot used is an external 
MBR supplied by Deltalab/Cossimi Co., France. Membrane 

Fig. 1. Oum Azza landfill localization map [24].

Table 1
Raw leachate characteristics

Parameters Average value

Color Dark brown
pH 8.14
Temperature (°C) 27
E (mS/cm) 20.9–30.85
COD (mg O2/L) 4,985–7,433
BOD5 (mg O2/L) 895–1,250
TSS (mg/L) 387
BOD5/COD 0.17
TN (mg/L) 725–1,025
TP (mg/L) 28.97–53.65
Na+ (mg/L) 3,605
Cl– (mg/L) 3,475

Fig. 2. Schematic diagram of MBR/RO process for LFL treatment.
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filtration is done on an external UF membrane. The MBR 
setup is composed of an activated sludge tank with two 
components setting in succession. The first is an anoxic 
reactor and the second is an aerated one. After the bio-
logical treatment, the mixture feeds a membrane module, 
which is equipped with a tubular UF membrane. This 
membrane is used to separate solid sludge and liquid 
influent, the sludge and large size particles are rejected 
by the UF membrane, and water, salts and small size par-
ticles pass through the membrane. Then, the obtained 
MBR permeate is directed to the RO stage to complete 
the purification and to comply with discharge stan-
dards. The scheme of the MBR configuration is depicted 
in Fig. 3. Fig. 4 shows pictures of MBR and RO laborato-
ry-scale pilots used for the treatment of Oum Azza LFL.

2.5. MBR start-up

2.5.1. Acclimatizing of the sludge

During the first step of operation, the aerobic reactor 
is operated and fed by an activated sludge taken from a 
wastewater treatment plant WWTP situated in the National 
Office of Electricity and Drinking Water (ONEE) in Rabat. 

The reactor is continuously aerated using an air compres-
sor to maintain dissolved oxygen concentration above 
2 mg/L to supply oxygen for biomass. To adapt the acti-
vated sludge to the leachate, glucose, is provided as a sub-
strate to help biomass to acclimatize easily to the complex 
leachate and to grow sufficient biomass for stable operation 
of the aerobic reactor. After that, low volumetric loading 
of diluted leachate is gradually introduced into the reac-
tor, while aeration is maintained continuously for several 
days until the microorganisms could tolerate a high COD 
concentration of leachate. Being a second step, the inter-
nal recirculation of the mixed sludge liquor is carried out 
continuously from the aerobic tank to the anoxic tank in 
order to maintain a constant concentration of biomass 
throughout the biological treatment.

2.5.2. Operating conditions of the MBR

The MBR laboratory-scale pilot is composed of an 
anoxic bioreactor (20 L made of plexiglass) and an aero-
bic bioreactor (40 L also made of Plexiglass) and an ultra-
filtration tubular membrane module. Table 2 gives the 
membrane characteristics. Ceramic UF membranes are by 

Fig. 3. Schematic diagram of external MBR. (A) Feed tank, (B) Anoxic tank, (C) Aerobic tank, (D) ultrafiltration module, 
(1) Peristaltic pump, (2) Recirculation pump, (3) Air compressor, (4) Filtration pump.

A   B   
Fig. 4. Picture of (A) MBR pilot and (B) RO pilot.
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far widely used through the physical removal of particles 
from the liquid in the size range of 0.01–0.1 µm, because 
of their potential advantages including physical strength, 
chemical and thermal stability. Pressure sensors and pres-
sure gauges are placed at the recirculation pump outlet 
just before the membrane module inlet, at the outlet of the 
membrane module and in the permeate collection circuit. 
The operating transmembrane pressure (TMP) is 1.30 bar.

The raw leachate is fed from a storage tank to an 
anoxic reactor by a peristaltic pump, the feed flow is 
regulated with two-level sensors to maintain a constant 
working volume of liquid in the reactor. Afterward, the 
effluent is pumped to the aerobic reactor. Sequenced aer-
ation is done by four diffusers placed at the bottom of the 
aerated reactor, providing the necessary oxygen for good 
treatment. The aeration cycles are fixed by the oxygen 
transmitters to control the air blowing. Furthermore, an 
internal recirculation of the mixed liquor sludge is con-
tinuously done from the aerobic tank into the anoxic tank. 
Table 3 gives the operating conditions of MBR. The UF 
membrane is cleaned after each use following the man-
ufacturer’s recommendation. However, the membrane 
filtration unit is disassembled from the setup before start-
ing the chemical cleaning of the membranes. Prior to the 
cleaning exercise, the membrane module is rinsed two 
to three times with tap water for removing the sludge 
layer and solid particles deposited on the membrane 
surface. Then, citric acid solution and alkali solution 
are prepared and put in the cleaning tank, each solution 
recirculated through the membrane for 20 min [30].

2.6. Experimental set-up of RO

The effluent from the MBR is post-treated by a RO 
unit. RO experiments are performed on an industrial pilot 

NF/RO provided by the company TIA (Applied Industrial 
Technologies, France). This pilot was described in detail 
in previous papers [31,32]. The pilot is equipped with two 
identical modules in series. The experiments are conducted 
using RO membrane (SW TM810). The main characteris-
tics of this membrane are shown in Table 4. After the run, 
the membrane is cleaned with alkaline and acidic cleaning 
solutions according to the manufacturer’s recommendation.

3. Results and discussion

3.1. MBR efficiency

The LFL originated from the Oum Azza is treated by 
a MBR. Its efficiency in the treatment of Oum Azza LFL is 
presented in Table 5.

As shown in Table 5, MBR may provide an excellent 
pretreatment for subsequent RO stages. Thus, the rejec-
tion of tested pollution indicators varies significantly 
during the MBR step. It is generally higher than 85% for 
TSS and BOD5, for phosphorus and nitrogen rejection is 
approximately equal to 60%. In the case of TN, this low 
rejection is a result of limited nitrification and denitrifica-
tion efficiency. The high rejection obtained for COD (76%) 
shows high efficacy of the MBR process in the treatment 
of leachate heavily loaded with organic matter in com-
parison to other systems. Moreover, a slight reduction of 
conductivity, chloride and sodium content after biological 
treatment, 26%, 20%, 15% respectively is observed. A part 

Table 2
Characteristics of the UF membrane

Membrane material Ceramic

Module Tubular
Provider Pall Exekia
Membrane area 0.45 m2

Cut-off 15 kDa
Membrane length 1,178 cm
Diameter of the channels 6 mm
TMP 0.05–1.35 bar

Table 3
Operating conditions of MBR

Parameters Values

pH 7
T (°C) 20–35
Dissolved oxygen (mg O2/L) 2–5
SRT (d) 30
MLSS (g/L) 16
HRT (h) 72

Table 4
RO membrane characteristics

Membrane SW TM810

Type Spiral
Area (m2) 7
P max (bar) 69
pH 1–11
Max. temp. (°C) 45
Material Polyamide
Salt rejection (%) 99.75

Table 5
Effectiveness of MBR treatment

MBR/UF effluent Rejection (%) MLDSa

pH 7–8 – –
Color Brown –
E (mS/cm) 15.48–22.8 26 2.7
COD (mg/L) 1,196–1,784 76 120
BOD5 (mg O2/L) 116.5–162.5 87 40
TSS (mg/L) 38 89 30
TN (mg/L) 292.2–413 59.7 40
TP (mg/L) 11.70–21.7 59.6 15
Na+ (mg/L) 2,884 20 –
Cl– (mg/L) 2,953.75 15 –

aMoroccan Liquid Discharges Standards (MLDS, 2018).
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of this decline may be due to the elimination of ammo-
nium and the racking of excess sludge, which are regu-
larly withdrawn from the processing system. In addition, 
improvements in the color and conductivity of treated 
water by MBR are not obvious. Therefore, the leachate 
still did not meet the effluent discharge of Moroccan stan-
dards and the effluent at the outlet of MBR treating LFL 
is characterized by a low BOD5/COD ratio (lower than 
0.1) indicating the presence of refractory organic matter. 
Hence, additional treatment is required. An interesting 
idea would be to use the RO unit stage to complete the 
treatment started by MBR to achieve the direct discharge 
standards requirements. It should be noted that the main 
advantage of the MBR process is that it reduces the impor-
tance of biomass sedimentation, thus allowing a signifi-
cantly smaller tank to be used for the bio-treatment pro-
cess. The second main advantage of MBR is that the treated 
water quality is better than from a conventional process 
since the membrane barrier removes essentially all par-
ticles above the pore size rating of the membrane [33]. 
However, the propensity of the UF membrane to fouling is 
the major constraint of this filtration step.

3.2. UF permeability and membrane cleaning

The variation of permeability with operating time is pre-
sented to assess the ultrafiltration membrane fouling behavior 
in MBR. The characteristics of the used membrane are listed 
in Table 2. The operating TMP has maintained at 1.30 bar 
thanks to the periodical cleanings performed. Thus, the UF 
stage of MBR is held under appropriate filtration conditions 
and no major issues are detected. Fig. 5 gives the variation of 
monitoring permeability and the TMP as a function of time. 
The permeability (LP) is calculated from Eq. (1) as follows:

L
J
PP
P=

∆ TM
 (1)

where JP is the permeate flux (L/m2 h), and ΔP is the TMP 
(bar).

As indicated in Fig. 5, the membrane permeability varies 
through the process between 8.4 and 19 L/m2 h bar. The flux 
remains constant and the UF membrane permeability is sta-
ble. The decline in the permeate flux is particularly caused 
by the degree of membrane fouling during the continuous 
operation. Wisniewski and Grasmick [34] and Defrance et 
al. [35] indicate that such behavior in MBR is attributed 
primarily to suspended materials (biological flocs), while 
Bouhabila et al. [36] attribute UF membrane fouling in MBR 
to colloidal materials. However, an analysis of those studies 
enables one to extend the hypothesis that fouling is a result 
of the contribution of the various sludge fractions depend-
ing on membrane characteristics, hydrodynamic condi-
tions, and biomass characteristics. The maintenance chemi-
cal cleaning is performed after 50 h of operation for fouling 
control as indicated in Fig. 5. The downtime for effective 
membrane cleaning took 1 h in this study. After cleaning the 
membrane, higher permeability values are observed, indi-
cating when chemical cleaning is carried out successfully.

3.3. RO Treatment of the MBR permeate

The permeate obtained by the MBR process is post-
treated by the RO unit in order to improve MBR permeate 
quality and to achieve the required Moroccan discharge 
limits. In this configuration treatment, the multistage 
design of the SWTM810 membrane processes is consid-
ered. Fig. 6 shows a cascade design of membrane modules 
arranged in series, for the purpose of illustrations. The 
brine of the first module serves as the feed to the second 
module, and all modules are arranged in the same mode. 
Each module consists of two membranes. All permeates are 
collected as product water.

RO experiments are performed at operating pressure 
varying from 58 to 54 bar. The global recovery rate of the RO 
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unit is around 84% generating a total volume of brine stream 
of 46.9 L from the 290 L of MBR leachate permeate treated 
in the RO step. However, TPM increase is mainly due to the 
increase of TDS in RO feed and thus to the increase of osmotic 
pressure. This phenomenon accentuates the tendency of 
membrane fouling although it did not hamper the preser-
vation of the permeate flow. Alternatively, a pressure vessel 
configuration is considered adequate to minimize the brine 
discharge volume and to increase the overall recovery rate of 
the hybrid system. It should also be noted that the quality of 
total permeate water is improved to satisfy the water quality 
regulations for (irrigation or industrial process). Three tests 
are performed on MBR leachates permeate by RO. The main 

operating conditions and electric conductivity rejections are 
collected in Table 6.

Fig. 7 shows the performances of RO membrane on the 
rejection of several compounds of LFL and it indicates that 
the permeate quality of RO unit, is largely improved, rejec-
tion of the most pollution indicators is greater than 95%. 
Indeed, abatement of electric conductivity reaches 98% with 
a recovery above 84%. The RO permeate quality obtained 
with a pressure vessel of three membrane modules meets 
all discharge Moroccan standards. Thus, considering the fol-
lowing industrial reclaimed water uses: process and clean-
ing water, and cooling towers and condensers, the obtained 
permeate could be reused within landfill facilities decreasing 

Fig. 6. Cascade design of membrane modules arranged in series. TP: Total permeates, TB: Total brine.

Fig. 7. Performances of RO membrane on the rejection of several compounds of LFL.

Table 6
RO unit operating conditions and performances

TMP (bar) Flux (L/h) Recovery (%) Feed conductivity (µS/cm) Permeate conductivity (µS/cm) Rejection (%)

RO1 58 3,698.12 44.15 22,000 476 97.83
RO2 56 2,445.85 38.15 35,000 642.23 98.78
RO3 54 1,754.58 27.87 57,000 1,483.56 98.12
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water consumption of the landfill and contributing to close 
the water circular economy loop.

4. Conclusion

The performances of an integrated method of MBR/
RO have been investigated to treat Oum Azza LFL. The 
previous study has highlighted that Oum Azza leachate 
is characterized by a high concentration of indicators pol-
lutants. Distinctly, The BOD5/COD ratio is around 0.17, so 
this leachate is classified as intermediate leachate with a 
medium biodegradability. The treatment of LFL by MBR 
shows that it is enabled to reduce biodegradable organic 
matter. On the other hand, it diminishes the fouling phe-
nomenon of UF which is still the main limitation of the 
MBR performance. On the contrary, MBR offers a poor 
reduction of TDS. RO placed downstream of MBR com-
pletes and perfects the purification started by MBR. 
Optimization of RO, in terms of water recovery and TDS 
rejection, provides significant performances of recovery 
rate up to 84% and TDS rejection up to 98%. Lastly, the 
water quality at the outlet of the RO step is significantly 
improved to be reused in the landfill Technical center Oum 
Azza for irrigation or for industrial purposes to reducing 
water consumption and contributing to close the water 
circular economy loop. The advanced hybrid treatment 
MBR/RO of LFL seems to be a viable solution for lessen-
ing environmental risks and obtaining a higher recovery 
value, but it is limited by its operating cost. Previous stud-
ies have estimated the operating cost of MBR/RO hybrid 
systems [37] and MBR/NF/RO systems [38] for the treat-
ment of LFL at 3.86 USD/m3 and 4.55 USD/m3, respectively. 
A detailed technical economic study of this MBR/RO 
hybrid process and its comparison with the current LFL 
treatment process at the landfill technical center of Oum 
Azza will be the subject of the next paper.
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a b s t r a c t
The Oum Azza Landfill, which is located in the suburb of Rabat, receives daily 2,500–2,800 t of 
solid waste and produces 660 m3/d of landfill leachate. The leachate treatment plant of Oum Azza 
includes a biological pretreatment (aeration tank and anoxic tank followed by a bag filter), and a 
membrane processes by reverse osmosis (RO). A low RO recovery rate and frequent stops caused 
by membranes fouling have been observed, this behavior is mainly due to the poor quality of the 
effluent after pretreatment. To address this problem and improve the physico-chemical quality of 
the effluent upstream of the RO processes, we consider in this paper the feasibility of ultrafiltration 
(UF) separation as a pretreatment. The purpose of this study is to evaluate and compare the per-
formance of three ceramic UF membranes with different pore sizes (0.02, 0.05 and 0.1 µm). The 
transmembrane pressure (TMP) and circulation velocity effect on the quantity and the quality of 
permeate and on the removal efficiency of chemical oxygen demand (COD) and suspended solid 
(SS) are performed. The pretreatment of the leachate by UF shows that the SS and COD retention 
increase with TMP for all the tested membranes and reach, for a circulation velocity of 0.5 m/s, the 
maximum values of 85%, 77% and 72% respectively for COD and 70.4%, 62% and 55% for SS. On 
the other hand, the study shows that circulation velocity has no influence on the physico-chemical 
quality of the permeate in the range of the applied TMP. However, for an applied TMP, the flow rate 
increases with the circulation velocity. The results obtained show a clear improvement in effluent 
quality compared to the conventional pretreatment used in the leachate treatment plant of Oum 
Azza but pollutants indicators contents are still high and the effluent cannot be directed to the RO 
unit. Three methods are proposed to perfect the quality of the effluent at the entrance of the RO unit.

Keywords: Landfill leachate; Pollutant load; ultrafiltration; Ceramic membrane; Membrane fouling

1. Introduction

Fast urbanization, population growth and a strong
change in production and consumption patterns gener-
ate significant volumes of waste, both in liquid and solid. 

With a population of 34 million and an urbanization 
rate of over 60%, Morocco has not escaped the inexora-
ble growth in the quantity of waste produced which has 
reached 5.5 million tons of urban household waste and 
which will reach 9.3 million tons in 2030. At the national 
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level, the total production of waste reaches more than 7 mil-
lion tons/y according to the National Household Waste 
Program (PNDM) [1], with a predominance of organic 
matter (70% causing 18% of the country’s total greenhouse 
gas emissions). The industry generates more than 1.5 mil-
lion tons annually, of which 256,000 t are hazardous waste. 
Finally, medical waste represents 6,000 t/y [2]. This waste 
has increased in volume, variety and toxicity, endangering 
public health, and the environment.

In 2008, morocco launched the National Household 
Waste Program whose objective is to meet the challenges 
of sustainable management of household and similar waste 
and to be part of the modernization process of this sector. 
It aims to ensure the collection and cleaning of house-
hold waste to reach a collection rate of 90% in 2022 and 
100% in 2030 [1].

Morocco has moved from a policy of burial and clo-
sure and rehabilitation of wild landfills to the development 
of sorting, recycling and recovery sectors [1].

A landfill is a source of several sources of environmental 
nuisance such as: emission of odor, noise, dust, production 
of biogas and especially landfill leachate (LFL).

LFL is defined as the water that percolates through the 
waste, during this percolation, the liquid is loaded bacte-
riologically and chemically by mineral and organic sub-
stances, this is what is commonly called “landfill juice”. 
The composition of buried waste, their degree of decom-
position, their humidity rate and the age of the discharge 
are the main parameters influencing the composition of 
LFL [3–5]. The massive production of this “landfill juice” 
generates risks of pollution of soils, rivers and groundwa-
ter. It is therefore necessary to collect and treat it before 
discharge into the natural environment [6–8].

To overcome this problem, several processes drawn from 
wastewater treatment technology have been applied to treat 
LFL: aerobic and anaerobic biological degradation, chemical 
oxidation, chemical precipitation, coagulation- flocculation, 
activated carbon adsorption and membrane-based processes 
[9,10].

Coagulation–flocculation is one of the physical- 
chemical water treatments that has a long history and that 
is widely used for LFL treatment. Adsorption processes 
are also used for the treatment and it works in a way that 
leachate attaches to the surface of the absorption material 
and is removed from the liquid. Dissolved air flotation 
is another treatment technique but that is not much used 
in LFL treatment. Chemical oxidation consists of adding 
a strong oxidizing agent such as hydrogen peroxide or 
ozone that breaks the organic contaminants into carbon 
dioxide and water.

There are some biological treatment methods that aim 
at minimizing organic matter and nitrogen in the LFL. The 
biological treatment is simple and efficient, among these 
methods are: sequenced batch reactor, moving bed bio-
film reactor, constructed wetlands, aerated lagoons.

Nowadays, membrane-based technologies have become 
popular for water treatment purposes [11,12]. They are 
increasingly used for the treatment of groundwater, sur-
face water or wastewater. Thus, many researches currently 
deal with the integration of these membrane processes in 
the LFL treatment, some of these membrane processes are 

microfiltration (MF), ultrafiltration (UF), nanofiltration 
(NF) and reverse osmosis (RO). In 2017 Pertile et al. [13] 
investigated the use of MF in the treatment of LFL. The 
treatment allowed an abatement rate of 43% for chemical 
oxygen demand (COD) and 63% for biochemical demand 
of oxygen (BOD5). A few years earlier, Pi et al. [14] per-
formed a study on LFL treatment by UF using the 1 kDa 
membrane which reducing 86% of COD. Şeyda Özyaka et 
al. [15], by coupling two membranes (MP005 and ZW-UF), 
achieved a COD abatement rate of 33.54%. In the same way, 
Trebouet et al. [16] opted for different NF membranes for 
the treatment of LFL. With the MPT-31 NF-membrane, 
they reduced 80% and 98% of BOD5 and COD respec-
tively. Recently, Sabah et al. [17] treated LFL with RO, and 
obtained high abatement rates for COD (98%) and BOD5 
(97%). In 2001, Ahn et al. [18] treated LFL by coupling 
membrane bioreactor and RO, they reduced 97% COD and 
BOD5, 99% of suspended solids (SS) and 99% of ammoniacal 
nitrogen (N–NH+

4) and nitrate nitrogen (N–NO3
–).

In a similar study carried out by Bohdziewicz et al. [19] 
and Hasar et al. [20], they found that COD was reduced by 
99%. In other study based on a combination of activated 
sludge and RO, Li et al. [21] reported that the removal rate 
of COD, ammoniacal nitrogen and SS reached 99%, and 
the removal rate of nitrate nitrogen and nitrogen nitrite 
was less than 97% and 82.7% respectively.

Baumgarten and Sayfried [22] combined two techniques: 
biological contactor with RO, this combination led to a 
great result in the elimination of organic parameters, such 
as BOD5 (>99% elimination), COD (99%) and total organic 
nitrogen (97%). The same efficiency was observed for inor-
ganic substances: ammoniacal nitrogen, total inorganic 
nitrogen, lead (Pb) and chloride ion (Cl–).

Pirbazari et al. [23] investigated the combination of UF 
and biologically activated carbon for LFL treatment, they 
obtained rejections in the range of 95% to 98% for total 
organic carbon and 97% for organic pollutants. However, 
these membrane processes are particularly limited by 
fouling due to the high pollutant load of the leachate.

The Oum Azza LFL treatment is performed in two 
stages: the first one is a biological pretreatment which con-
sists of an aeration basin and an anoxic basin followed by a 
pocket filter, and the second stage is a membrane-based pro-
cesses RO. The monitoring of the performances of the plant 
showed that the recovery rate of the RO is low, which leads 
to frequent stops for cleaning the fouled membranes due 
to the poor effluent quality after pretreatment. To address 
this problem, Ibn Tofail University and the Pizzorno 
Group have collaborated to study the feasibility and the 
efficiency of UF as pretreatment upstream RO processes.

The objective of this work is to study and compare the 
performances of three UF ceramic membranes of different 
pore sizes, as pretreatment of Oum Azza LFL. The choice 
of ceramic membranes over polymeric membranes is justi-
fied by several advantages: distinct pore size distribution, 
higher porosity, better separation, higher flux, chemical 
stability, higher hydrophilicity, long lifetime and reduced 
fouling [24]. The influence of the transmembrane pressure 
(TMP), the circulation velocity and the membranes cut-off 
on the physico-chemical quality of the permeate and on the 
abetment of the most pollution indicators have been studied.
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2. Materials and methods

The LFL is periodically taken from the controlled 
dump of Oum Azza (110 ha) which is located in the com-
mune of Oum Azza at 20 km from Rabat. This controlled 
Technical Landfill Center (CTC) was created in December 
2007. The center receives significant tonnages ranging from 
2,500 to 2,800 t/d of household waste from the three trans-
fer centers: Rabat, Temara and Salé. The daily quantity of 
landfill leachate (LFL) produced in the landfill is 660 m3/d.

Fig. 1 illustrates the stages of operation of the Oum 
Azza Landfill Plant.

Samples collected are transported to the laboratory 
to be analyzed and treated within hours following the 
collection.

Experiments are performed on a UF laboratory pilot 
supplied by the French company TIA (Technologies 
Industrielles Appliquées). It consists of a feeding tray with 
a capacity of 50 L and two pumps: one for circulation and 
the other for filtration (Fig. 2). The tangential speed of recir-
culation is in the range of 0.5–6 m/s. The TMP varies from 
0 to 10 bar.

Table 1 gives the main characteristics of the mem-
branes used. After UF tests, the membranes are cleaned 
with alkaline and acidic cleaning solutions according to the 
manufacturer’s recommendations.

Permeate samples are collected and leachate parameters 
are determined analytically following standard methods:

COD (NF T90-101), BOD5 (NF T90-103), and ammo-
nium ion (NH4

+) (NF T90-105) measurements are made 
according to AFNOR standards (1994). Determination of 
SS (NF T90-105-2) is carried out according to the AFNOR 
standards (1997).

Ion chromatography is used to determine the con-
centrations of chloride ion (Cl–), nitrate ion (NO3

–) and 

phosphate ion (PO4
3–). Bicarbonate ions content is measured 

by the alkalimetry method. Potassium ion (K+), sodium ion 
(Na+), calcium ion (Ca2+) and magnesium ion (Mg2+) cations 
have been analyzed by atomic absorption spectroscopy.

Other parameter is the Retention R (%) which is 
defined according to Eq. (1):

R
C C
C

P%� � � �
�0

0

100  (1)

where CP and C0 are permeate and initial concentrations 
respectively.

3. Results and discussion

3.1. Characterization of the raw LFL

The main LFL analysis are presented in Table 2. The 
sampling campaign was achieved during January 2019. 
As shown in Table 2, all the pollution indicator contents 
exceed the discharge limit values [25].
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Fig. 1. Operating stages of the Oum Azza Landfill Plant.

Table 1
Characteristics of the membranes

Characteristics UF 1 UF 2 UF 3

Pore size (µm) 0.02 0.05 0.1
Nature Ceramic Ceramic Ceramic
Surface (m2) 0.35 0.35 0.24
Maximum pressure (bar) 10 10 10
Maximum temperature (°C) 100 100 100
pH range 3–11 3–11 3–11
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These analyses show a strong organic pollution which 
results in high load of BOD5, COD, SS and a high elec-
tric conductivity. The average temperature of 18.6°C is 
fairly characteristic of the month during which the sam-
ples were taken and this recorded value is much lower 
than the value recommended for the (general limit value 
of discharge). Oum Azza LFL potential hydrogen (pH) is 
8.5, value which is in the range of Moroccan release limits. 
This slight basic character has been emphasized in sev-
eral works on Moroccan landfills [26–29]. One of the most 

features of this LFL is its high electric conductivity which 
is around 30 mS/cm. This value exceeds the standards of 
treated wastewater. Similar values were mentioned by 
different researchers working on LFL of Zalaghi et al. 
[27] and Khalil et al. [28] in Morocco.

Due to this high electric conductivity decision-makers 
and stakeholders have opted for the treatment of Oum 
Azza LFL by RO. Indeed, it is the only technology capable 
of providing a very significant reduction in total dissolved 
solids (TDS); this is why RO is currently the main seawa-
ter desalination process worldwide. However, the effi-
ciency of RO in the treatment of LFL is largely dependent 
on the performance of the pretreatment. If the pretreat-
ment is not very refined, the RO membranes will be quickly 
fouled, and flows will drop, which leads to the implemen-
tation of osmosis membrane washing sequence with high  
frequency.

For COD, the value obtained, 8,000 mg O2/L, exceeds 
largely the limit value of discharges (500 mg O2/L). This 
high value indicates a very high organic load and shows 
that these liquid effluents are in the reducing conditions 
(oxygen drop). Similar values of COD are reported in dif-
ferent studies on Moroccan LFL. [27,29,30]. For BOD5, the 
content measured is 4500 mg d’O2/L. This value is very high 
compared to the limit value of discharges (100 mg d’O2/L).

And finally, analysis of SS reveals a content of 
4,000 mg/L. This concentration is slightly higher than 
the limit value fixed by Moroccan Liquid Discharges 
Standards (MLDS, 2018).

3.2. Pretreatment of LFL by UF

3.2.1. Membrane permeability

Fig. 3 gives the variation of pure water flux as a function 
of TMP for the three membranes. The circulation velocity 
and temperature are respectively fixed at 0.5 m/s and 25°C.

As shown in Fig. 3, the permeate flow varies linearly 
with the TMP in accordance with Darcy’s law for the three 
membranes. On the other hand, this flux increases lin-
early with the pore size of the membranes within the range 
of pressure studied. The obtained permeabilities of the 
three membranes are presented in Table 3.

3.2.2. Influence of pore size

Fig. 4 illustrates the evolution of flux and electric 
conductivity of the permeate and retention of COD and 
SS for as a function of pore size of the membranes. The 
circulation velocity V = 0.5 m/s is considered as the min-
imum value that can be issued by the laboratory pilot. 
The TMP is 5 bar, which is the medium pressure, and a 
temperature is maintained at 26°C. Results show that the 
permeate flux increases with the membrane pore size. The 
highest flux is obtained with the membrane that has the 
greatest pore size (100 L/h.m2, 0.1 µm), the lowest flux 
is obtained with the membrane that has the lowest pore 
size (46.79 L/h.m2, 0.02 µm) and for the third membrane, 
with intermediate pore size (0.05 µm), the obtained flux 
is 27 L/h.m2. These fluxes are lower than those obtained 
with pure water (Fig. 1) as result of concentration 

Table 2
Physico-chemical and organic characterization of leachate and 
Moroccan discharge limit values

Settings Value Domestic discharge 
limit values [25]

pH 8.5 5.5–9.5
Temperature (°C) 18.6 30
Electric conductivity (mS/cm) 30 2,700
COD (mg d’O2/L) 8,000 500
BOD5 (mg d’O2/L) 4,500 100
SS (mg/L) 4,120 100
NH4

+ (mg/L) 150 –
HCO3

–  (mg/L) 12,810 –
Cl– (mg/L) 3,650 –
NO3

– (mg/L) 4.1 –
PO4

3– (mg/L) 4.9 –
Ca2+ (mg/L) 7.6 –
Mg2+ (mg/L) 230 –
K+ (mg/L) 6,000 –
Na+ (mg/L) 4,800 –

H M

P2

P1

Pe

R

T

Fig. 2. Diagram of the ultrafiltration pilot plant. T: Tank; P1: Feed 
pump; P2: Filtration pump; M: Ultrafiltration module; Pe: Perme-
ate recirculation; R: Retentate recirculation; H: Heat exchanger; 
1: Pressure sensor; 2: Temperature sensor.
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polarization by the retained compounds and the fouling 
of membranes. In general, membranes, which have small 
pore sizes fouling up quickly due to the particles having 
molecular weights between 500 and 1,000 Da, which are 
widely present in LFL [31]. On the other hand, pore size of 
UF membrane has no influence on the electric conductivity 
of the ultrafiltrate, only a TDS retention of 6% is exhibited 

by the membrane with the lowest pore size (0.02 µm). 
Indeed, TDS is distributed equally between permeate and 
retentate of UF, which means that the electric conductivity 
will be practically the same in permeate and retentate.

Retention of COD and SS decreases with increasing 
pore size of membranes. The highest retentions of COD 
(85%) and SS (70.4%) are obtained with membrane hav-
ing the lowest pore size (0.02 µm), intermediate retention 
values of COD (74.14%) and SS (58.96%) are exhibited by 
the membrane with intermediate pore size (0.05 µm) and 
the lowest retentions of COD (69%) and SS (49.53%) are 
obtained with the membrane of the highest pore size 
(0.1 µm). Particle size influences the removal efficiency as 
ceramic membranes with smaller molecular weight cut-off 
(MWCO) show better retentions.

3.2.3. Influence of TMP and velocity of circulation

3.2.3.1. Influence of TMP

For the three membranes and for a velocity of circula-
tion V = 0.5 m/s, Fig. 5 gives the variations of permeate flux, 
retention of COD and SS, electric conductivity and pH as 
a function of TMP. The effect on flux is studied in order to 
find the optimum TMP and control the membrane fouling.

Following to the results obtained in Fig. 5a, the per-
meate flux of the three membranes increases with TMP 
and tends towards a plateau which indicates the limiting 
flux. This limiting flux value becomes independent of the 
pressure when the clogging layer is formed.

For the two membranes of UF 0.05 and 0.1 µm, the 
limiting flux is observed at an applied TMP of 5 bar. On 
the other hand, with the 0.02 µm UF membrane, the limit-
ing flux which is the lower one (29 L/h m2) is observed at a 
TMP of 2 bars. For the other membranes 0.05 and 0.1 µm, the 
limiting fluxes reach respectively 46.79 and 100 L/h m2.

As the pressure increases beyond a certain thresh-
old value, the flux becomes constant and independent of 
pressure.

Table 3
Permeabilities and R-squared of the three ultrafiltration 
membranes

Permeability (L/h m2) R-squared

UF 0.02 µm 80 1
UF 0.05 µm 225 0.99
UF 0.1 µm 398 0.99
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Fig. 3. The evolution of the water permeates flux as a function 
of TMP at 25°C.
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The optimum TMP is preferably 80% of the limiting 
pressure: Popt = 1.2 bar for the UF membrane (0.02 µm), 
Popt = 1.6 bar for (0.05 µm) and Popt = 2.5 bar for (0.1 µm).

Concerning the influence of TMP on retention of COD 
and SS (Fig. 5b and c), it appears that initially retention 

increases with TMP and then tends towards a plateau that 
means the limit retention.

As the TMP increases, more pollutants accumulate on 
the membrane surface, forming a gel layer and clogging 
the pores, which increase filtration resistance due to higher 
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compression of pollutants. Depending on the polarization 
model of the gel, the existence of limiting flux is related to 
concentration polarization that occurs when the feed solu-
tion containing suspended and soluble solids (colloids) 
passes through the membrane. The formation of a vis-
cous, gelatinous layer is responsible for additional resis-
tance to the permeate flux in addition to that of the mem-
brane [32] which explain the increase in retention. The 
highest retentions of COD and SS are obtained with the 
membrane having the smallest pore size, since with these 
membranes the concentration polarization conditions are 
quickly reached. This result is in accordance with the con-
vective transport mechanism that governs transfer through  
UF membranes.

As shown in Fig. 5d, TMP has no impact on electric 
conductivity of the permeate since the UF membranes used 
are porous and allow the mineral salts to pass through the 
membranes. Electric conductivity is almost the same and 
have the same in the feed, permeate and retentate.

Fig. 5e shows that the pH of permeate remains almost 
stable with the increase of TMP [33,34].

3.2.3.2. Influence of circulation velocity on the permeate flux

In general, the increase in tangential velocity decreases 
the thickness of the concentration polarization layers on the 
surface of membrane. It also makes it possible to reduce 
the deposition of large particles in suspension which are 
more easily trained. Finally, it generates shear forces in the 
vicinity of the membrane, leading to an increase in ultra-
filtrate flow. This is why the study of the influence of cir-
culation velocity is crucial for the three membranes, in 
order to determine the best operating conditions.

As shown previously, membrane with the higher pore 
size exhibits the higher flux. For the three studied mem-
branes. The evolution of the permeation flux as a func-
tion of TMP for different circulation velocity is illustrated 
in Fig. 6. At equal TMP the increase of circulation velocity 
improves the permeation flux across membranes.

At equal circulation velocity, the increase of TMP 
enhances the permeation flux until it reaches a limiting 
flux, a plateau. This limiting flux disappears as soon as 
the circulation velocity reaches 6 m/s.
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An increase in circulating velocity leads to an increase 
in permeate limiting flux across UF membranes. Depending 
on the film model, an increase in recirculation velocity 
improves the hydrodynamic conditions by reducing the 
concentration polarization layer thus avoiding the formation 

of the fouling layer and enhancing the mass transfer coeffi-
cient resulting in an increase of the permeation flux [35]. 
At the higher circulation velocity (6 m/s), the permeate lim-
iting flux is not reached meaning that in these conditions, 
ongoing hydrodynamic conditions reduce concentration 
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polarization and allow continuous leachate renewal at the 
solution-membrane interface for the three studied mem-
branes. This of course has an energy cost since circulation 
requires energy. For this reason, a compromise must be 
found between the circulation velocity and the permeation 
flow across the membranes.

3.2.3.3. Influence of circulation velocity on permeate quality

Fig. 7 gives the evolution of the COD and SS retention 
as a function of circulation velocity for different TMP for the 
three membranes. Results show that for each applied TMP, 
retention of COD and SS exhibited by membranes remain 
stable independently of the change in circulation velocity. 
Circulation velocity has no influence on the retention of 
COD and SS and consequently on permeate quality. Thus, 
for the UF membrane with porosity of 0.02 µm and for a 
TMP of 5 bar, the change in circulation velocity from 0.5 to 
6 m/s does not affect retention values of COD and SS which 
remain invariant, 85% and 70.4% respectively. The same 
phenomenon is observed with the other two membranes.

According to these results, as confirmed previously, 
circulation velocity greatly affects the permeation flux, dis-
rupting the establishment of concentration polarization. 
But it does not affect COD and SS retentions for the three 
membranes which are related to the inherent structural 
properties of UF membrane (pore size) and the size of the 
particles retained.

Regarding the obtained quality of permeate, average 
retention of 70% of the COD and 60% of the SS have been 
achieved.

So, the choice of the working circulation velocity must 
be a subject of depth reflection in the process of optimiz-
ing LFL pretreatment by UF. A low velocity seems to be 
penalizing in terms of filtration quantity performance and 
a strong propensity to concentration polarization and foul-
ing. Inversely, a high circulation velocity (between 4 and 
6 m/s) will provide better permeation flow rate with stable 
retention as mentioned previously. But this flow improve-
ment will be thanks to additive energetic consumption. 
The choice of operating TMP and circulation velocity must 
be the subject of a compromise only capable of sustaining 
working conditions and guaranteeing stability in terms of 
filtration performance.

The objective of this work is to study and compare per-
formances of three UF ceramic membranes in the pretreat-
ment of the fresh Oum Azza LFL, raw effluent, which has 
not undergone any pretreatment, in order to improve the 
quality of the effluent at entrance of RO plant and reduce 
the membrane fouling and washing frequencies. The pre-
treatment consists to reduce the pollutant load of LFL, in 
order to improve the physico-chemical quality of the efflu-
ent upstream of RO. The results obtained with a single stage 
show a clear improvement in the quality of the effluent 
compared to the existing pre-treatment provided by the 
operators of Oum Azza. This improvement will which will 
reduce the RO membrane fouling and washing frequen-
cies. However, the abatements of the major pollutants are 
far from guaranteeing protection of membranes accord-
ing to RO manufacturer recommendations. Three options 
are proposed to further improve the effluent quality at the 

outlet of UF step: (i) UF treatment with two or three stages, 
(ii) introduce a conventional pretreatment step before UF 
with one stage, (iii) replace UF by membrane bioreactor 
by treating the effluent at the outlet of the biological reac-
tor. The investigation of this options is ongoing and the 
results will be published soon.

4. Conclusion

Treating the LFL by UF reduces a large part of organic 
pollution, however the TDS of these leachates still very high 
(close to 35 mS/cm). So, to meet the Moroccan discharge 
standards in terms of TDS, RO seems to be the unique pro-
cess capable to responding to this constraint. This technol-
ogy is known to be cost expensive and RO membranes are 
sensitive to fouling.

The aim of this work was to study the feasibility of UF 
membranes in the reduction of pollution indicators of Oum 
Azza LFL with the ultimate goal of replacing the current 
pretreatment in work at Oum Azza by UF separation.

This study shows that, increasing the applied TMP for 
the three membranes causes a rise in permeate flux until a 
limiting flux and improve the retention of COD and SS, 
but it has no influence on TDS.

Moreover, the velocity of circulation has no influence 
on the retention rate of COD and SS. On the other hand, the 
permeate fluxes and the limiting fluxes have been improved 
with the increase in the velocity of circulation.

A clear improvement in effluent quality compared to 
the conventional pretreatment used in the leachate treat-
ment plant of Oum Azza but pollutants indicators contents 
still high and the effluent cannot be directed to the RO  
unit.
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a b s t r a c t
The present study aims to explore the feasibility to apply a sequential process combining Fenton-
like and adsorption onto local Moroccan bentonite clay for the treatment of the stabilized landfill 
leachate of Fez City (Morocco). The stabilized landfill leachate was firstly treated using a homog-
enous Fenton-like (FL) process using FeCl3 as a catalyst source. The pretreatment of landfill 
leachate using the FL process was performed under the optimal conditions: [Fe3+] = 250 mg L–1, 
[H2O2] = 1,000 mg L–1, pH = 3, and contact time = 30 min, then the pretreated and neutralized leach-
ate was treated by adsorption process on natural bentonite clay using the optimal mass 5 g L–1 
and pH = 7. The experimental data of adsorption kinetic were well fitted to the pseudo- second-
order model, while the isotherms data were in good correlation with the Langmuir model. The 
Fenton-like process reduced the chemical oxidation demand (COD) by 72% and the adsorption 
process enhanced further the COD removal efficiency to 85%. These findings represent a 
further contribution towards developing a promising technology for landfill leachate treatment.

Keywords: Landfill leachate; Fenton-like; Advanced oxidation processes; Chemical oxidation demand 
removal; Adsorption; Natural bentonite

1. Introduction

Leachate production is one of the greatest environmen-
tal challenges faced by many countries. Morocco one of 
the concerned countries considers the management of this 
dangerous effluent a matter of public concern. Therefore, 
many studies have been conducted on various landfills of 
Morocco, for several years to assess the different environ-
mental aspects related to this issue. Asouam et al. [1] and El 
Mouine et al. [2] reported the geological and hydrogeolog-
ical investigations of the controlled discharge of Tamelast 
(Agadir City) and the uncontrolled landfill of Tadla plain, 
respectively.

Moreover, many studies have been performed for the 
environmental impact assessment of landfill leachates, 
typically, on the quality of the groundwater: Oum Azza 
landfill Rabat [3], the uncontrolled dumping site of El 
Jadida City [4], Mediouna Site of Casablanca [5,6], the wild 
dump leachates of the region of El Hajeb [7], the landfill of 
Kenitra City [8], the uncontrolled landfill of Tadla plain [2]. 
On the other hand, Charkaoui et al. [9] studied the feasi-
bility of composting the fermentable fraction of household 
and assimilated waste (Mohammedia landfill) and Arabi et 
al. [10] assessed the influence of solid waste typology and 
the seasonal variations on the leachate flow (landfill site 
of Oujda City).
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Besides, the physicochemical characterization of leach-
ates produced in different landfills have been also surveyed: 
the controlled site of Oum Azza, Rabat City [11], landfills 
of Casablanca and Marrakech Cities [12], the uncontrolled 
landfill of Tangier [13], the controlled discharge of Berkane 
City [14], the landfill Ouled Berjal of Kenitra City [15].

In addition, many research works reported the appli-
cation of the physical–chemical processes for the treatment 
of landfill leachates in the country. Mainly, the coagula-
tion–flocculation process was widely applied using diverse 
types of coagulants: Mohammedia-Benslimane landfill 
[16–18], Mediouna landfill in Casablanca City [19] and 
Fquih Ben Salah City [20,21]. In other studies, Chaouki et 
al. [22,23] used the adsorption process as a secondary step  
after coagulation–flocculation pretreatment. While filtration 
on natural materials was used for the leachate treatment 
from the public landfill of Tangier City [24].

Moreover, a few researchers investigated the efficiency 
of biological treatment using aerobic and anaerobic pro-
cesses: Kasba Tadla City [25], Mohammedia-Benslimane 
landfill site [26–29].

Overall, the majority of the studies reviewed here high-
lighted the complicated composition of the leachate and 
assessed its environmental impact on soil and groundwa-
ter, while other studies remain narrow in focus dealing only 
with leachate treatment with conventional processes. So far, 
however, none of the reviewed works has investigated the 
application of advanced oxidation processes (AOPs) for the 
treatment of any Moroccan landfill leachates. Hence, this 
type of process (single and combined with other processes) 
was assessed for the first time in our previous works for the 
treatment of leachate from the landfill of Fez City: Fenton 
and photo-Fenton [30], iron(II)/UV-activated persulfate oxi-
dation [31], biological treatment followed by Fenton [32], 
and a sequence of Fenton and adsorption [33]. Besides, 
the adsorption process was not sufficiently studied for 
the removal of contaminants from landfill leachate.

Thus, the study reported in the present paper set out 
to further contribute to the assessment of the efficiency of 
other AOPs and adsorption processes for the treatment of 
landfill leachate by exploring the efficiency of the sequen-
tially homogenous Fenton-like and adsorption process on 
natural bentonite clay.

The Fenton process is considered the first AOP and the 
most powerful oxidation used in the world around. The 
Fenton process can generate the hydroxyl radicals (HO•) 
a strong oxidant from the mixture of hydrogen peroxide 
(H2O2) and ferrous salts (Fe2+) under acidic conditions [34] 
according to the reaction (1). The radicals produced during 
this mechanism can oxidize complex organic compounds 
into a series of less harmful or non-toxic compounds [Eq. (2)], 
which are mainly carbon dioxide, oxygen and water.

Fe2+ + H2O2 → Fe3+ + HO– + HO• (1)

Organic pollutants + HO• → Degraded pollutants (2)

During the Fenton-like process, the Fe2+ catalysts are sub-
stituted by Fe3+ species, which generates the hydroperoxyl 
radical (HO2

•) that decompose the organic matter following 
the reactions briefly described by Eqs. (3)–(5) [35,36].

Fe3+ + H2O2 → Fe2+ + H+ + HO2
• (3)

H2O2 + Fe2+ → Fe3+ + HO– + HO• (4)

HO• + RH → R• + H2O (5)

Indeed, Fenton-like is one of the most AOPs indi-
cating high efficiency for pollutants degradation in 
aqueous solution. Homogenous Fenton-like is gener-
ally performed using metal ion (FeCl3 and Fe2(SO4)3 as a 
source of Fe3+) [35–39], while heterogenous Fenton-like is 
carried out by iron-based solid catalysts [40–43].

Similarly, the adsorption on based-clay materials was 
extensively investigated for the removal of pollutants from 
synthetic aqueous solutions and industrial effluents [44–49].

The present work reports the treatment of the raw 
landfill leachate from Fez City (Morocco) using in the first 
step the homogenous Fenton-like (FL) process where the 
effect of leachate pH, Fe3+ and H2O2 concentrations were 
studied. Thereafter, the adsorption process using natu-
ral bentonite clay as an adsorbent is applied as a second-
ary treatment to enhance the quality of this leachate by 
investigating the effect of the operational parameters, 
including the adsorbent mass, initial pH of leachate, kinetic 
and isotherms studies.

2. Experimental procedure

2.1. Landfill leachate sampling and characterization

The studied leachate was sampled from the public 
controlled landfill of Fez City. The physicochemical char-
acteristics of this leachate were conducted according to 
the standard methods for the examination of water and 
wastewater [50].

Chemical oxidation demand (COD) measurement was 
conducted following the spectrophotometric method at 
600 nm after the chemical digestion step based on the acidic 
oxidation using the reactor “ISCO RECOD”. Biochemical 
oxidation demand (BOD5) was determined using the 
manometric system “OxiTop IS 6 – WTW”. Turbidity was 
measured by a turbidimeter “HI-88713 – ISO HANNA”, 
a conductometer “inoLab – WTW” was used to obtain 
conductimetry and pH-meter “JENCO Electronics, Ltd” 
to determine pH values. The concentrations of nitrates, 
nitrites and sulfates were measured using the spectro-
photometric method at 415, 435 and 650 nm, respectively. 
All the spectrophotometric analyses were performed 
using “UV-6300PC – VWR” UV-Visible spectrophotom-
etry. The metals concentration was analyzed using ICP-
AES “HORIBA Jobin Yvon – OVOU 1048 – ACTIVA”. 
Noting that some analysis required the dilution of leachate  
samples.

The obtained results were reported in detail in our 
previous work showed that the leachate sample is mainly 
characterized by high values in terms of COD (5,198 mg L–1), 
conductivity (34 mS cm–1), turbidity (218 NTU), total sus-
pended solids (14,000 mg L–1), and color number (6.52). 
Moreover, the values of biodegradability ratio BOD5/
COD = 0.09 (<0.1) and pH = 8 indicate that the leachate 
sample is stabilized [31].
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2.2. Fenton-like tests

FL tests were conducted in a batch system by introduc-
ing a volume of raw leachate, a volume of liquid FeCl3 (40% 
w/w; Cadilhac, Casablanca, Morocco) and H2O2 (30% w/w; 
VWR Chemicals) allowing to obtain the desired dosages of 
Fe3+ and H2O2, respectively.

NaOH (99%; Fluka) and H2SO4 (96%; Sigma-Aldrich) 
solutions (2 M) were used to adjust the initial pH of leachate. 
Magnetic stirring (200 rpm) was used to assure the mixture 
homogeneity.

To begin this process, the pH effect was assessed in the 
range of 2–11 under [H2O2] = 11,000 mg L–1 that was chosen 
based on the theoretical weight ratio [H2O2]/COD = 2.123 
and [Fe3+] = 1,500 mg L–1 chosen after preliminary tests. 
Thereafter, the kinetic study was conducted under the 
optimal pH value and the same H2O2 and Fe3+ concentrations 
previously chosen, where samples were collected at 5, 15, 30, 
45, 60 and 90 min.

The effect of Fe3+ and H2O2 concentrations was examined 
under the optimal pH and contact time by varying firstly 
[Fe3+] in the range of 0–3,000 mg L–1 then [H2O2] between 
0 and 15,000 mg L–1.

At the end of each test, samples were recovered and 
sodium thiosulfate was added immediately for complete 
consumption of residual H2O2 to stop Fenton-like reac-
tion [51] and centrifuged (2,000 rpm and 10 min), then 
the supernatant was analyzed for the residual COD and 
UV-Visible spectra measurements.

The treatment efficiency was assessed according to 
COD removal:

COD Removal
COD COD

COD
%( ) =

−
×i f

i

100  (6)

2.3. Bentonite characterization

The characterization of the natural bentonite was 
reported in our previous work: X-ray diffraction confirmed 
the presence of montmorillonite as the characteristic phase 
of this clay, N2 adsorption–desorption analysis indicated 
its mesoporous nature and surface area SBET(Brunauer–Emmet–

Teller) = 51.7 m2 g–1, Fourier-transform infrared spectroscopy 
showed the characteristic bands corresponding to Al–O–Si, 
Al–OH–Al, Si–O and –OH groups, and scanning electron 
microscopy (SEM-EDX) demonstrated that its surface is het-
erogeneous with irregular particle sizes and that is mainly 
composed of O (54.41%), Si (23.22%), and Al (11.19%) [33].

2.4. Adsorption tests

In order to investigate the adsorption efficiency of the 
bentonite clay, the experiments were carried out in a batch 
system. Where a volume of the pretreated leachate by FL 
process and a mass of natural bentonite were introduced 
in a flask and stirred at 200 rpm. The pH effect was inves-
tigated by varying the initial pH between 2 and 11 using 
NaOH and H2SO4 solutions (2M).

The kinetic studies were performed under fixed con-
ditions of adsorbent mass, temperature and pH, where 

volumes were sampled regularly and centrifuged at 2,000 
rpm for 10 min to separate the adsorbent and leachate for 
residual COD analysis. The corresponding experimental 
data were fitted with pseudo-first-order and pseudo-second- 
order models.

The temperature effect was studied at 25°C, 30°C and 
35°C following the same previous procedure under the 
optimal parameters of adsorbent mass, initial leachate pH, 
and contact time. Noting that for each isotherm the initial 
COD values for different samples were obtained by diluting 
the pretreated leachate.

2.4.1. Kinetic studies

The adsorption kinetics’ modeling provides valuable 
information on the mechanisms controlling the rate of adsorp-
tion. The most commonly used kinetic models to determine 
experimental kinetic parameters are pseudo-first-order [52] 
and pseudo-second-order models [53].

The corresponding experimental data were fitted 
with two kinetic models, pseudo-first-order [Eq. (7)] and 
pseudo-second-order [Eq. (8)].

q q et e
k t� �� ��1 1  (7)

where qe and qt correspond to the amount of the adsorbed 
compound (mg g–1) at equilibrium and at time t (min), 
respectively, and k1 (min–1) is the rate constant for the 
first-order adsorption process.

t
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where qe (mg g–1) and qt (mg g–1) are the adsorbate amount 
at equilibrium and at time t (min), respectively; and k2 
(g mg–1 min–1) is the rate constant of the pseudo-second-order 
equation.

2.4.2. Isotherm studies

In order to effectively describe the mode of adsorbent–
adsorbate interactions, several theoretical models have been 
developed and applied in the literature. However, the most 
commonly used models are those of Langmuir [54] and 
Freundlich [55]. Hence, the isotherms studies were inves-
tigated using Langmuir [Eq. (9)] and Freundlich [Eq. (10)] 
models.

q
q K C

K Ce
L e

L e

=
+

+
max

1
 (9)

where qmax (mg g–1) is the maximum adsorption capacity, 
Ce (mg L–1) is the adsorbate concentration at equilibrium, 
qe (mg g–1) is the adsorption amount adsorbate at equi-
librium and KL (L mg–1) is a constant linked to the affinity 
between an adsorbent and an adsorbate.

q K Ce F e
n=  (10)
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where KF (mg g–1)(mg L–1)1/n is the Freundlich constant, and 
n (dimensionless) is the Freundlich intensity parameter, 
which indicates the magnitude of the adsorption driving 
force or surface heterogeneity, where the more the 1/n value 
approaches zero, more heterogeneous the surface, while 
the interval 0 < 1/n < 1 indicates the favorable adsorption 
condition.

3. Results and discussion

3.1. Leachate treatment by Fenton-like

3.1.1. Effect of pH

The effect of initial pH on the Fenton-like efficiency 
in terms of the COD removal was investigated by vary-
ing the pH of the leachate in the range from 2 to 11 using 
[Fe3+] = 1,500 mg L–1 and [H2O2] = 11,000 mg L–1. Therefore, 
Fig. 1 presents the effect of leachate initial pH on the evo-
lution of COD removal, sludge volume percentage, and 
final pH. Fig. 1 shows that the higher COD removal val-
ues 68%, 75%, and 70% were noticed at the acidic range 
pH = 2, 3 and 5, respectively. The pH value at 3 depicted 
the maximum COD removal (75%). While the treatment 
efficiency decreased to 48%, 49% and 42% at alkaline pH 
range (pH = 7, 9 and 11). The pH value of 11 represented 
a low removal efficiency of 42%. Indeed, many studies 
have proven that the acidic pH is favorable for the gen-
eration of HO•, however, in alkaline pH the hydrolysis 
and precipitation of ferric ions Fe3+ as hydroxide becomes 
favorable, resulting in a decrease in the catalytic capacity 
of Fe3+ [56,57]. In addition, the deficiency of H+ ions pre-
vents the decomposition of H2O2 to generate HO• radicals 
and the decomposition of H2O2 into water and oxygen is 
accelerated at pH > 5 [Eq. (11)] [58].

H+ + HO• + e– → H2O  (11)

On other hand, the reduction of the organic load is 
correlated with the color of the leachate [59,60]. This is 
noticed in the picture in the upper part of Fig. 1 showing 
that the samples’ color turns from black to light brown with 
an obvious discoloration at the acidic pH range, which is 
probably due to the organic compounds’ removal from the 
raw leachate by the Fenton-like process.

However, many researchers concluded different 
optimal pH values ranging between acidic and neutral 
[35,38,39,61,62]. In fact, the pH range varies depending on 
the types of Fenton-like process (homogeneous or heteroge-
neous), the nature of the catalysts, the type and concentra-
tion of organic pollutants [63,64].

The optimum initial pH value determined for the Fenton-
like reaction was considered to be pH 3.0. Thus, in this work, 
the pH was carefully adjusted to a value of 3 for perform-
ing all the next experiments, which was similar to previous 
findings [35,37].

Moreover, the initial pH has also affected the percent-
age of sludge volume, where the highest percentage of 40% 
was obtained at pH 5, while the lowest values 16% and 
11% at pH 9 and 11, respectively. The values of the final pH 
varied slightly at the end of the treatment.

3.1.2. Effect of contact time

The evolution of the COD removal depending on contact 
time is presented in Fig. 2. With the dosages of 11,000 mg L–1 
of H2O2 and 1,500 mg L–1 of Fe3+ at pH 3, the COD removal 
increased with contact time and reached 77% since the first 
5 min. Then it is raised to its maximum value of 81% after 
30 min. The slow rate of COD removal after the first min-
utes and its stabilization after 30 min could be due to the 
consumption of the generated HO• through their reaction 
during the degradation of the pollutants or their inhibition 
by their reactions between themselves [Eq. (12)] or with HO2

• 
[Eq. (13)], which decreases and limits the treatment efficiency.

HO• + HO• → H2O2 (12)

HO2
• + HO• → H2O + O2 (13)

3.1.3. Effect of Fe3+ dosage

The catalyst concentration has also a major effect on the 
efficiency of FL. Hence, the effect of Fe3+ concentration is 
shown in Fig. 3.

Under the experimental conditions of the initial pH = 3 
and [H2O2] = 11,000 mg L–1 and variable Fe3+ dosage, the COD 
removal efficiency increased from 34% to 79% with increasing 
the Fe3+ dosage from 0 to 250 mg L–1, simultaneously, it raised 
the volume sludge (v/v %) from 0% to 52%. Thereafter, the 
COD removal decreased slightly to 75% when Fe3+ concen-
tration raised to 2,000 mg L–1. Then, it dropped significantly 
to reach 49% at the highest concentration 3,000 mg Fe3+ L–1. 
As it is known, the Fe3+ ions are used as catalysts to accel-
erate the generation of free hydroxyl radicals, which makes 
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the degradation efficiency very low without catalysts’ addi-
tion or at low dosages. Though, high dosages might pro-
duce an excess of radicals, thus decreasing the treatment 
efficiency due to the inhibition of radicals’ effect following 
Eqs. (13) and (14). In addition, excessive concentration of 
Fe3+ could increase large volumes of the produced sludges 
which require their management increasing then the oper-
ational costs of the treatment [61,64].

Furthermore, the trend of final pH indicates that the 
addition of Fe3+ decreased progressively and slightly the 
pH values of the pretreated landfill leachate, which could 
be due to the acidic character of Fe3+ (Lewis acids).

The UV-Visible absorbance spectra in a wavelength range 
between 200 and 800 nm are widely used to characterize 
the presence of aromatic and organic matter (unsaturated 
double bonds characteristic of hydrocarbons, benzene and 
humic acids and polycyclic aromatic compounds) and moni-
tor molecular degradation during leachate treatment [65–69].

Hence, Fig. 4 presents the UV-Visible spectra of leachate 
samples before and after treatment with FL process at 250, 
500, 2,000 mg L–1 of Fe3+.

It can be clearly seen from Fig. 4 that the treatment by 
FL process using 250 mg L–1 of Fe3+ reduced significantly 
the absorbance of UV-Visible spectra of leachate sample 
(diluted 20 times), especially in the wavelength range 200 
and 400 nm, whereas 2,000 mg L–1 increased them, thus 
generating a spectrum higher than the one of raw leachate, 
which could be explained by the interference of the color 
resulted from the Fe3+ excess and the color related to the 
presence of residual pollutants. The attached picture in 
Fig. 4 shows also that the visual aspect of leachate color 
became clearer after the treatment and darker by increas-
ing the Fe3+ amount. Consequently, it was well confirmed 
that 250 mg L–1 is the optimal concentration of Fe3+.

3.1.4. Effect of H2O2 dosage

The effect of H2O2 concentration on COD removal, 
sludge volume percentage and final pH is displayed in 
Fig. 5. As shown, 32% of COD was removed without 
H2O2 addition, while, the addition of [H2O2] = 500 mg L–1 
removed 69% of COD. Thereafter, this efficiency increased 
slightly to 72% (+3%) by raising the H2O2 dosage to 
1,000 mg L–1. Then, a slight decrease in COD removal was 
noticed by further increasing the H2O2 amount beyond  
1,000 mg L–1.

These results could be explained by the direct impact 
of the H2O2 amount added to the effluent and the pro-
duced active radicals. Where low H2O2 dosage leads to a 
decrease in the degradation of organic pollutants due to 
a deficiency of HO•. However, an excessive quantity of 
H2O2 decreases the efficiency of the process by the self-de-
composition of H2O2 [Eq. (14)], the scavenging of the •OH 
radical by hydrogen peroxide which produces less reac-
tive HO2

• [Eq. (15)], the reaction between the radicals HO• 
and HO2

• to form water and oxygen [Eq. (13)], or by the 
consumption of radicals by their reaction between them-
selves [Eq. (12)], which considerably reduce the reaction 
rate [58,70,71].

2H2O2 → 2H2O + O2 (14)

HO• + H2O2 → H2O + HO2
• (15)
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Moreover, the effect of H2O2 concentration was also 
assessed in terms of UV-Visible spectra evolution (Fig. 6). 
The corresponding trend indicates that the progressive 
addition of H2O2 reduced significantly the absorbance 
values especially in the range 250–300 nm. Furthermore, 
the attached picture in Fig. 6 illustrates obviously the 
significant discoloration of the treated samples compared 
to the raw leachate.

Following the effect’s investigation of contact time, 
initial pH, and reagents’ dosages on the Fenton-Like per-
formance, it was concluded that the process was rapid 
(30 min), the initial pH was acid (3) which required the 
leachate sample neutralization at the end of the treatment, 
the concentration of reagents were [Fe3+] = 250 mg L–1 and 
[H2O2] = 1,000 mg L–1 (mass ratio [Fe3+]/[H2O2] = 0.25), and 
the mass ratio of the needed H2O2 to the removed COD 
(3,743 mg L–1) ([H2O2]/COD = 0.27) was much lower than 
the theoretical mass ratio of 2.125. In fact, several stud-
ies have proven that the optimal [H2O2]/COD is generally 
different from the theoretical value which is explained by 
the variety of the applied AOP system and the effluent 
nature (Table 1) [42,74–80]. Moreover, this ratio widely 

varies among the same effluent category (landfill leach-
ate) because of its heterogeneous composition influenced 
namely by the waste type (biodegradable, non-biodegrad-
able, etc), dumping site (wild, controlled, etc), and climatic 
conditions (rainwater and temperature) [74–79].

Similarly, the optimal [Fe3+]/[H2O2] ratio differs signifi-
cantly between studies depending on the model pollutant 
and the experimental conditions [61,72,73].

Hence, the determination of the optimal reagents’ ratio is 
quite challenging because of the different controlling mech-
anisms which requires further investigations and analysis 
for each specific effluent and specific AOP system.

Finally, a stock volume of the pretreated leachate was 
prepared using the previously determined optimal parame-
ters for the adsorption tests.

3.2. Adsorption of pretreated leachate on natural bentonite

3.2.1. Adsorbent mass effect

The effect of adsorbent mass on the COD removal and 
adsorption capacity was examined by introducing 15 mL of 
the leachate sample pretreated with FL process and with a 
fixed COD of 1,456 mg O2 L−1 into flasks and adding various 

Table 1
Literature review about the H2O2-based AOPs for COD removal

Effluent AOP Initial COD 
(mg L–1)

Mass ratio 
H2O2/COD

COD 
removal (%)

Reference

LL (Fez, Morocco) Fe3+/H2O2 5,198 0.27 72 This study
Synthetic melanoidin wastewater ACC-CH-nZVI/H2O2 8,000 1.02 76.2 [42]

LL (Mumbai, India)
US/H2O2 8,600

0.8 72
[74]

US/Fe2+/H2O2 0.6 90
LL (Winnipeg, MB, Canada) O3/H2O2 1,276 2.1 33 [75]
LL (Kuala Lumpur, Malaysia) O3/US/Fe2+/H2O2 1,500 1.4 95 [76]
LL (North-eastern part of Poland) UV/Fe2+/H2O2 1,670 2.8 70.7 [77]
LL (Kömürcüoda Sanitary Landfill, Turkey) PS/H2O2 5,575 2 56.9 [78]
LL (Kömürcüoda Sanitary Landfill, Turkey) Electro-Fenton 5,250 1.42 67.1 [79]

LL: Landfill leachate
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amounts of the bentonite adsorbent (0.05–10.6 g L−1) to the 
flasks at 25°C.

Fig. 7 displays the effect of adsorbent mass on COD 
removal and COD adsorbed (qe). It is well noticed that rising 
bentonite mass from 0.05 to 0.075 g enhanced COD removal 
from 6% to 22%, then a negligible enhancement was noticed 
by increasing the adsorbent mass up to 0.6 g. The COD 
removal enhancement noticed by raising the bentonite 
mass could be attributed to the increase of the number of 
active sites on the adsorbent surface [47,80]. Meanwhile, a 
progressive reduction of COD adsorbed (qe) was noticed by 
increasing the adsorbent mass may be due to the particle 
interaction (aggregation).

Hence, the optimal dose of bentonite adsorbent was 
fixed at 5 g L–1 for other parameters’ assessment.

3.2.2. Initial pH effect

The effect of initial pH on the COD removal and COD 
adsorbed was investigated by varying the pH of the pre-
treated leachate by FL process over 3–11 range using 
COD initial concentration of 1456 mg O2 L−1 and benton-
ite dose of 5 g L−1. The results obtained are presented in  
Fig. 8.

The initial pH effect of the pretreated leachate was 
investigated in terms of COD removal and qe (Fig. 8). The 
initial pH values were ranged from 3 to 11, where the high-
est COD removal reached 32% at pH 3 and 30% at pH 7, 
while low removal values 24%, 19% and 22% were noticed 
at pH 5, 9 and 11. Therefore, the initial pH of all the occurred 
tests was fixed at 7.

Indeed, the determination of the optimal pH is highly 
related to the effluent composition. Many previous stud-
ies have examined the pH effect on the adsorption capac-
ity of bentonite-based materials, where the optimum pH 
values widely varied between extremely acidic and neutral 
ranges depending on the nature and the complexity of the 
adsorbate (dyes, metal ions, industrial wastewater, landfill 
leachate, etc) [45,48,49,81–84].

3.2.3. Kinetic study

The adsorption kinetic of the pretreated leachate onto 
bentonite was studied by the assessment of COD adsorbed 
as a function of contact time and the fitting curve by 
pseudo- first and pseudo-second-order (Fig. 9). It is well 
noticed that the adsorbed COD (qt) clearly increased in the 
first phase of contact time, where qt reached 67.2 mg O2 g–1 
after 180 min, thereafter it raised slowly up to 77 mg O2 g–1 
at 480 min, then it almost stabilized despite increas-
ing the contact time up to 1680 min. This trend of the 
adsorbed COD in terms of contact time could be explained 
by the high availability of accessible sites on the benton-
ite surface which enhance the adsorption capacity in the 
first minutes of the treatment [46,53,85], thereafter the 
adsorbed amount decreases due to the occupation of the 
adsorption sites by the previously adsorbed pollutants.

The obtained kinetic parameters for both kinetic models 
are summarized in Table 2. Based on correlation coefficient 
R2, it is well noticed that that the experimental data is best 
correlated with pseudo-second-order than pseudo-first- 
order model, suggesting then that adsorption was mainly 
controlled by the chemisorption as the dominant mechanism 

Table 2
Kinetic parameters of pseudo-first and pseudo-second-order for the adsorption of the pretreated leachate onto bentonite

Pseudo-first-order Pseudo-second-order

qmax (mg g–1) k1 R2 qmax (mg g–1) k2 R2

75.12 0.011 0.955 80.645 0.00029 0.9804
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which may suggest the chemical interactions between the 
leachate pollutants and the active sites on the bentonite 
surface [53,86,87].

3.2.4. Isotherms’ study

Fig. 10 presents the experimental evolution of COD 
adsorbed onto bentonite clay (qe) in terms of CODeq at 
25°C, 30°C and 35°C, and their correlation with Langmuir 
and Freundlich models. The results show that the amount 
of COD adsorbed increases slightly with temperature 
reflecting the endothermic nature of the adsorption.

The obtained parameters by the isotherms’ model-
ing are presented in Table 3, where the highest values 
of correlation coefficient R2 indicate that the Langmuir 
model describes the experimental results more than 
the Freundlich model, suggesting then the mono-
layer adsorption of landfill leachate on bentonite clay 
[86,87]. An increase in maximum adsorption capacity 
and in Langmuir constant values (KL) was noticed by 
increasing temperature which indicates the endother-
mic nature of the adsorption process. Moreover, the 
Freundlich model provides 1/n < 1 for the three tem-
peratures indicating that the adsorption of leachate 
onto natural bentonite was feasible and favorable [86,87].

3.3. FL and adsorption efficiency

Fig. 11 shows the UV-Visible spectra corresponding 
to the raw landfill leachate, the pretreated sample with 

FL and the treated with FL followed by adsorption onto 
the bentonite clay. It is well shown that the absorbance 
values of the spectrum of the leachate treated with FL 
are significantly reduced compared to the absorbance 
values of the raw leachate sample, especially in the 
wavelength range of 200–400 nm. Thereafter, the second-
ary treatment with adsorption onto bentonite reduced 
further the UV-visible spectrum. This spectra evolution 
is well noticed on the attached image (Fig. 11), where 
the discoloration of samples treated with FL alone 
and FL/adsorption is highly significant compared to 
the dark color of raw leachate. These results are in line 
with the previous findings of COD removal where it 
reached 72% using FL then it was enhanced to 85% by 
adsorption, which is explained by the fact that COD 
and absorbance values are correlated positively [55,88].

Table 4 presents further analysis of the physical–
chemical characteristics for the treated leachate under the 
optimal conditions of FL and adsorption compared to those 
of the raw sample. The results, as shown in Table 4, indicate 
that turbidity, color number, nitrates and nitrites removal 
reached >95%. Cr, Cu, Mn and Zn were totally removed, 
while Fe and Cl– concentrations highly increased after FL 
treatment because of FeCl3 addition, then they significantly 
decreased after adsorption. Similarly, sulfate concentra-
tion increased after the FL step due to the pH adjustment 
using H2SO4 and reduced after the adsorption treatment. 
The results show also a remarkable enhancement of the 
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Table 3
Parameters of Langmuir and Freundlich models for the adsorption of the pretreated leachate onto bentonite at 25°C, 30°C and 35°C

Temperature (°C) Langmuir model Freundlich model

qmax (mg g–1) KL (L g–1) R2 1/n KF (mg g–1)(L mg–1)1/n R2

25 67 0.00016 0.9996 0.92 0.11014 0.9876
30 68 0.000786 0.9845 0.902 0.15991 0.9691
35 70 0.002717 0.9923 0.490 2.40367 0.9747
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leachate biodegradability in terms of BOD5/COD ratio 
that raised from 0.09 to 0.13 after the FL and adsorption  
process.

4. Conclusion

The findings reported in this study indicate that the 
Fenton-like process was successfully applied for the pre-
treatment of raw landfill leachate highly loaded with organic 
matter.

The efficiency of this process is closely affected by the 
initial pH of leachate and the dosages of H2O2 and Fe3+. 
Therefore, the optimization of these parameters should be 
considered in order to achieve maximum removal of organic 
pollutants.

Furthermore, the efficiency of FL is limited with the 
presence of refractory and complex organic molecules in 
landfill leachate that could be oxidized to small interme-
diate molecules, making then the reduction of the residual 

COD difficult. This suggested thereby the application of a 
second treatment to improve more the pollutants’ removal 
and ensure compliance with liquid discharge standards. 
Indeed, the adsorption process onto local natural bentonite 
was applied for enhancing COD removal from the pretreated 
leachate by FL. Consequently, the obtained results showed 
an increase of COD removal using 5 g L–1 of mass adsorbent, 
pH = 7, contact time = 8 h and T = 35°C. The experimental 
data modeling indicated that they were well described by 
pseudo-second-order kinetic model and have been well fitted 
to Langmuir isotherm model.

Finally, it could be concluded that the application of the 
sequential Fenton-like and adsorption onto natural benton-
ite has proved a high treatment efficiency, especially for the 
treatment of a harmful and complex effluent such as land-
fill leachate. Despite these promising results, more research 
on this sequential treatment needs to be undertaken to fur-
ther investigate the mechanisms controlling the processes 
and overcome their limitations. Hence, some recommenda-
tions would be the subject of future publications and would 
mainly focus on:

• Using of the response surface methodology to assess the 
interaction effect between the variables;

• Applying heterogenous Fenton-Like by using solid-state 
catalysts (i.e., clays and zeolites-based catalysts) as 
sources of Fe3+ instead of salt sources for reuse applica-
tions and to avoid sludges generation.

• Enhancing the Fenton-like performance by using ultra-
sonic waves and ultraviolet radiations for a further gen-
eration of hydroxyl radicals;

• Toxicity assessment of the landfill leachate after treat-
ment for potential specific reuse or direct discharge.
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a b s t r a c t
Increasing interest in sustainable wastewater treatment has led to a fundamental change in treatment 
system operation. A key aspect of improving overall sustainability is the potential for direct waste-
water effluent reuse. However, membrane bioreactors (MBR) have been identified as an attractive 
option for producing high quality and nutrient-rich effluents for municipal and domestic wastewa-
ter treatment. Currently, with the evolution of wastewater treatment projects in Morocco, the MBR 
process can be used as a technology treating different types of wastewater and to produce effluent 
with suitable quality for reuse. However, the energetic consumption of this process is a great con-
cern, which can limit the development and implementation of this technology. In this investigation, 
the electric energy consumption of an ultrafiltration membrane bioreactor process in domestic waste-
water treatment is evaluated and compared to some MBR installations based on literature review. 
Energy requirements of the MBR are linked to operational parameters and reactor performance. 
The analysis of energy consumption shows that the biological aeration and membrane filtration are 
more energy consuming than the other components listed as feed and recirculation pumps. Biological 
aeration needs 53% of the overall energetic consumption and the specific energy consumption for 
membrane filtration is about 25%. However, aeration is a major energy consumer, often exceed-
ing 50% share of total energy consumption. The best results obtained on the MBR system (pres-
sure p = 1.15 bar), hydraulic retention time (15 h) showed removal efficiencies up to 90% in terms 
of organic compounds removal, 100% in terms of suspended solids presence and up to 80% reduc-
tion of total nitrogen and total phosphorus. The effluent from this MBR process could be considered 
as qualified for municipal reuse in Morocco, showing its potential application in the future.

Keywords: Membrane bioreactor; Ultrafiltration; Wastewater treatment; Energy consumption

1. Introduction

Water is one of the most natural and essential needs for 
life resource [1]. About 97% of the world’s water resources 
appears as salt water in seas and oceans. Only 3% can poten-
tially be used for human needs and a large part of this 
freshwater is not directly available to humans. Therefore, 
the protection of the raw material water is one of the main 
tasks of today and of tomorrow [2]. However, increasing 

interest in improvement of treatment effectiveness and 
sustainable wastewater treatment has led to a fundamen-
tal change in treatment systems operation. A key aspect of 
improving overall sustainability is the potential for direct 
wastewater effluent reuse [3]. One of the new technologies 
that have gained attention is that of membrane bioreac-
tor (MBR) technology, integrating conventional biological 
treatment and membrane filtration. MBR technology allows 
high sludge age, low hydraulic retention time and a higher 
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biomass concentration than the conventional activated slu-
dge process (ASP) treatment [4].

From a global perspective a growing confidence in MBR 
technology is demonstrated by the exponential increase 
in the cumulative MBR installed capacity. With new fac-
tors coming into play, MBR technology is now regarded as 
mature and various authors denominate MBR as the best 
available technology for wastewater treatment [5]. Currently, 
with the evolution of wastewater treatment projects in 
Morocco, the MBR process can be used as a technology to 
treat different types of wastewater and to produce effluent 
with suitable quality for reuse [6]. However, MBR technol-
ogy has some advantages such as a superior treated effluent 
quality and low plant footprint [7,8], but an important dis-
advantage is the high energy demand [9,10]. Specific energy 
consumption (SEC) is the energy consumed for treatment 
of a unit volume of wastewater. It is commonly expressed 
in units of kWh/m3 [10]. The SEC of whole MBR wastewa-
ter plants was reported to be about 0.5–8 kWh/m3, quite a 
broad span, depending on the influent characteristics and 
plant capacities. The energy requirement of the first tubu-
lar side-stream MBR installations have been reported to be 
in the range of 2.0 and 8.0 kWh/m3 [11]. This high energy 
demand, mainly due to energy intensive cross-flow pump-
ing of the liquid and high aeration requirement due to the 
oxygen consumption for the respiration of the large amount 
of biomass present undergoing aerobic. This endogenous 
respiration of the bacterial cells allows the oxidation of the 
carbonaceous organic matter and oxidation of the organic 
carbon to supply energy for bacterial synthesis [12].

However, development in MBR technology resulted 
in an energy demand reduction from about 5.0 kWh/m3, 
needed for the first side-stream MBR, to 1.0 kWh/m3 [13]. 
Stephenson et al. [14], reported that the energy consump-
tion rates of 2 to 10 kWh/m3 for sidestream operation and 0.2 
to 0.4 kWh/m3 for submerged operation. In the recent MBR 
processes, energy consumption is typically below 1 kWh/m3 
of produced permeate. Both in submerged and side-stream 
MBRs the abovementioned energy components are intended 
to remove or minimize fouling. Membrane fouling is closely 
related to energy consumption; hence, reducing membrane 

fouling in MBR while keeping energy consumption as low 
as possible is the main focus of MBR [15,16]. Therefore, 
the major cause of high energy consumption in MBR tech-
nology is the prevention and minimization of membrane 
fouling [17,18]. However, energy consumption is a driving 
factor for the operational costs of membrane bioreactor 
plants [5]. It becomes important to understand the best way 
of including these new technologies at the aim of having a 
low energy consumption. To research the specific energy 
requirements of MBR systems and elucidate where possi-
ble future energy consumption reduction can be achieved, 
extensive research on the specific energy consumption in 
several MBR plants was performed [18].

In the present study, the electric energy consumption of 
an ultrafiltration (UF) MBR process in domestic wastewater 
treatment is evaluated and compared to some MBR instal-
lations based on literature review. The performance of the 
MBR pilot is evaluated in environmental and energy demand 
terms based on major performance indicators as proposed by 
Benedetti et al. [19] and Yang et al. [20]: Effluent concentra-
tion of pollutants (mg/L), removal efficiencies of pollutants 
expressed as % of incoming load, and energy consumption 
per volume of treated wastewater (kWh/m3).

2. Materials and methods

2.1. MBR configuration, inoculation and operational parameters

Experiments were performed in a lab-scale MBR pilot 
system using UF membrane. A schematic diagram of the 
experimental facility is shown in Fig. 1, mainly consisted it 
of three components: anoxic tank, aeration tank; UF mem-
brane module and for chemical membrane cleaning a clean-
ing tank. The detailed design and operating parameters 
are shown in Table 1. The detailed operation of the MBR 
setup has been explained elsewhere [21].

The seed sludge was obtained from an activated sludge 
taken from a wastewater treatment plant (WWTP) situated 
in National Office of Electricity and Drinking Water (ONEE) 
in Rabat, Morocco. During the start-up period, the bioreac-
tor was operated for 32 d.

 Fig. 1. Flow diagram of the experimental ultrafiltration membrane bioreactor (MBR).
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The bioreactor was operated continuously to assess the 
long term treatment efficiency of the MBR at psychrophilic 
temperature (15°C–25°C) [22]. Because, in addition to the 
heat of biological reaction, pumping operations in MBRs can 
provide additional benefit in raising the reactor tempera-
ture to both increase biotreatment efficacy and reduce liquid 
viscosity and the energy input of crossflow ultrafiltration 
could also raise temperatures in MBRs to the optimum.

2.2. Influent characteristics

The influent used in the study is the domestic waste-
water. Wastewater composition and characteristic are listed 
in Table 2, are within the standard limits of World Health 
Organization (WHO) and US-EPA [23]. However, total 
suspended solids (TSS) (397–457 mg/L), biological oxy-
gen demand (BOD5) (275–470 mg/L), and chemical oxygen 
demand (COD) (527–647 mg/L) are considerably deviated 
from their prescribed limits, indicating the high level of 
contamination. Pollution loads are assumed to be all of 
domestic origin. As shown, the wastewater characteristics 
can represent the medium-strength urban wastewater seen 

in Morocco and in most cities around the world [24,25]. 
Furthermore, these values exceed the specific limit values 
of Moroccan domestic discharge and the reuse standards, 
hence the necessity for wastewater treatment [21].

2.3. Sampling and analysis

The influent, mixed liquor and permeate samples are 
collected and analyzed periodically. All sample analyses 
including COD, BOD5, TSS, nutrients (N and P), and metal 
ions concentrations are conducted following standard 
methods [26–28]. Also, the disinfectant efficacy of MBR pro-
cesses is evaluated; analyses of total coliforms are carried 
out in the bacteriology laboratory using the filter membrane 
method [29].

2.4. Energy consumption

The energy consumption data, reported as kWh, are 
based on the electric power consumed by the MBR pilot. 
The SEC data are reported as specific electricity consump-
tion per volume of treated wastewater and expressed as 
kWh/m3 [30].

Power requirements in the MBR system are divided into 
five parts. They are energy consumption due to oxygen sup-
ply in the biological aeration tank, the feed and recircula-
tion pumps in the system, the filtration pumps (membrane 
module) and the energy lost by the rest of MBR. However, 
total energy consumption is the sum of the five parts and 
symbolized as E (kW), can be calculated by the following 
formula [31]:

E E E E E E Qp� � � � �� �1 2 3 4 5 3 600/ / ,  (1)

E Q W Q Qp p p1 3 600 0 28 3 600 1 008� � � � � � �, . , ,  (2)

where E1 is the energy consumption by oxygen supply in 
aeration tank (kW), Qp is the permeate flow rate (m3/s), and 
W is the average energy consumption for aeration, whose 
value is set as 0.28 kWh/m3 based on a report by Dutch 
wastewater treatment plants [32].

Table 2
Quality of domestic wastewater

Parameter Influent concentration Discharge standardsa Reuse standardsb

Temperature, °C 21.5–27 <30 35
pH value 7.5–8.5 5.5–9.5 8.4
Electric conductivity (E), µS/cm 1,220–1,700 2,700 1,000
COD, mg/L 527–647 250 100
BOD5, mg/L 275–470 120 20
TSS, mg/L 397–457 150 <50
TN, mg/L 53–71 40 <5
TP, mg/L 12–17 15 –

aMoroccan pollution standards – Specific limits for domestic discharge.
bThis is the maximum permissible values according to Directive FAO and Water Reuse Standard for Irrigation, Land Watering, Morocco.

Table 1
Main characteristics and operating parameters of the MBR 
system

Aeration tank volume 40 L
Hydraulic retention time 15 h
pH 6.5–8
Temperature in aeration tank 15°C–25°C
Aeration rate 300 N L–1

Dissolved oxygen 3.5–5.5 mg/L
MLSS 7–15 g/L

Membrane module material Ceramic
Membrane length 1,178 cm
Diameter of the channels 6 mm
Membrane area 0.45 m2

Pore size 0.035 µm
Maximum transmembrane pressure 1.15 bar

MLSS: Mixed liquor suspended solids.
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where E2 is the energy consumption by membrane filtra-
tion (kW), Q2 is recirculating flow rate (m3/s), Qp is perme-
ate flow rate (m3/s), P1, P2 and P3 are inlet membrane module 
pressure, outlet membrane module pressure and permeate 
pressure respectively (bar).
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1 1� �

�

�
�

�

�
�� � �

�
�  (4)

where E3 is energy consumption by pump (kW), g is pump 
efficiency, usually ranges from 60% to 85%, Q3 is pump 
capacity (m3/s), g is specific weight of water (kN/m3), and Ht 
is total dynamic head (m).

E Q H4 4� � ��  (5)

where E4 is energy consumption by pipe system (kW), g is 
the same as above, Q4 is flow rate inside pipe (m3/s), and H 
is hydraulic head dropped in the pipe (m).

E V g Q5
2 1

52� � � ���  (6)

where E5 is velocity energy lost (kW), g is the same as above, 
V is velocity of returned mixed liquor to the bioreactor 
(m/s), Q5 is flow rate of returned mixed liquor (m3/s), and g 
is acceleration due to gravity (9.81 m/s2).

3. Results and discussion

3.1. MBR performance and effluent quality

The summary of overall performance of the investi-
gated MBR, in terms of pollutants removal efficiency, with 

minimal, average and maximal values, is presented in 
Figs. 2 and 3.

Good removal efficiencies of COD, BOD and total 
nitrogen (TN) are achieved in MBR process. MBR removed 
COD to about 27 mg/L with removal efficiency of 95.4%. 
In a study by Valderram et al. [33], with a MBR process, 
total COD removal was 97% on average. BOD is removed 
far below the 15 mg/L requirement with efficiencies of about 
96.7%. This indicator used to measure the biochemical 
oxygen demand for the natural destruction of the organic 
matter present in water [28]. TSS is removed with 99.5% 
efficiency to concentrations of about 2.0 mg/L.

The average value of TN (N-Total) achieved by MBR is 
3.3 mg/L. Nonetheless, phosphorus removal of 90% reach-
ing total phosphorus (P-Total) concentrations of 1.5 mg/L 
is attained in MBR.This removal of nitrogen and phos-
phorus in MBR could be beneficial if the treated effluent is 
intended to be used for irrigation purpose. Chen et al. [34] 
suggested that the forward osmosis membrane process 
could provide another perspective to resolve this challenge 
and it can almost totally reject N and P contaminants. Much 
researches had confirmed that MBR is a highly viable waste-
water treatment technology regarding nitrification–denitri-
fication and phosphorus removal compared to ASP. With 
optimized design and operating parameters it warrants 
high effluent quality in terms of nitrate and phosphorus 
present in wastewater [35–37].

Regarding the electric conductivity of the MBR perme-
ate, this parameter has been reduced with an average of 
35%. The averages are close to Moroccan water quality stan-
dards for irrigation [38].

Table 3 summarizes the mean values of heavy metals 
and total coliforms removal. For the study of heavy met-
als, analyses of five main heavy metals (zinc, iron, copper, 
plumb and nickel) are carried out. The results show that 
the concentrations of the heavy metals present in MBR per-
meate has decreased and comply with the irrigation reuse 
standards. Moreover, for the MBR the UF membranes are 
able to retain TSS. Consequently, the metal ions attached 

 
Fig. 2. Concentration values and removal efficiencies rate of pollutants after biological treatment.
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to sludge flocs are effectively retained by UF membranes. 
In one study, Heo et al. [39] have reported that UF mem-
branes can remove a number of heavy metals. Besides, these 
results obtained are consistent with the values of the Food 
and Agriculture Organization of the United Nations (FAO) 
and EPA [40], which indicate the maximum concentration 
of trace elements in reuse water for irrigation [41]. Removal 
of toxic metals makes treated wastewater reliable for reuse 
and contributes to water sustainability. However, mem-
brane processes such as UF, nanofiltration (NF) and reverse 
osmosis (RO) have proven their competitiveness in removal 
of metals from wastewater because of their low energy 
requirement, small volume of concentrate, and high selectiv-
ity. The removal of toxic metals makes wastewater safe for 
reuse and contributes to water sustainability [42].

Concerning bacteriological analysis, the faecal coli-
forms, which are generally used as indicators to determine 
the degree of disinfection [40] are also monitored during the 
experiment. According to the results it can be observed that 
the concentration is lower than 1 log10 CFU/100 mL, while in 
the influent the concentration is upper to 10 log10 CFU/mL. 
The same result is reported at the level of an effluent treated 

by MBR in Morocco [43]. Indeed, the small size of the pores 
of the UF membrane makes it possible to block all the bac-
terial species. The results of this study indicate that the 
MBR system can achieve better microbial removal [22]. 
Also, these results confirm those obtained by Baudart et al. 
[44] in a similar study for MBR wastewater treatment, which 
found that the use of membrane allows effective removal of 
pathogenic indicators (total and faecal coliforms).

3.2. Total and specific energy consumption

The study for the SEC determination of the MBR pro-
cess is carried out under the optimal operational conditions 
previously determined. To show how each element of the 
MBR system contributes to the total functional costs, five 
main consumer components are analyzed and presented 
in Figs. 4 and 5. Energy demand of the feed pump, energy 
consumption demand of the biological aeration compressor 
and bubble diffusers, recirculation pump power consump-
tion demand, recorded demand for the operation of the filter 
pump (high pressure pump) and other energy consuming 
elements of the MBR.

 
Fig. 3. Concentration values and removal efficiencies rate of pollutants after membrane filtration (UF).

Table 3
Heavy metals and bacteria removal

Parameter Influent Standard 
deviation

MBR permeate Standard 
deviation

Discharge 
standards

Reuse 
standardsa

Iron (Fe), mg/L 2.5 0.05 2.5 0.1 5 5.0
Copper (Cu), mg/L 0.2 0.03 0.1 0.05 2 0.2
Zinc (Zn), mg/L 1.1 0.05 0.5 0.1 5 2.0
Plumb (Pb), mg/L 0.1 0.05 0.1 0.06 1 5.0
Nickel (Ni), mg/L 0.2 0.06 0.1 0.07 5 0.2
Faecal coliforms, 
log10 CFU/100 mL

>10 – 0.5 – – 3.69

aThis is the maximum permissible value according to Directive FAO and Water Reuse Standard for Irrigation, Land Watering, Morocco.
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The results show that the biological aeration process 
contributes more than 50% of the total energy demand, 
while the second-biggest consumer is the membrane fil-
tration pump with a consumption rate of 0.44 kWh/m3 or 
a rate of 25% of total energy used. The feed pump which 
pumps wastewater from the reservoir to the anoxic tank con-
sumes about 0.16 kWh/m3 or a rate of 9%. And the recircu-
lation pump which pumps the wastewater from the anoxic 
basin to the biological basin uses 0.14 kWh/m3 or a rate of 
8%. The remainder (5%) represents the energy consumed 
by other installed equipment [45]. The same results were 
reported by Gude [46], (Fig. 5). They found that the main 
energy consumer of MBR systems was the aeration with a 
percentage amount of 54.1%, also confirmed by Gu et al. 
(60%) [47]. Similarly, in wastewater treatment plants, the aer-
ation equipment consumes anywhere between 50% and 75% 
of the total energy consumption from large to small plants 
respectively. However, biological aeration was identified as 
the main energy consumer among MBR. It has the great-
est share and therefore the greatest potential for energy 

efficiency improvements [46]. Several studies reported that 
the energy consumption rates of external MBR (eMBR) 
ranged between 2–10 kWh/m3 and 0.2–0.4 kWh/m3 for sub-
merged (sMBR), operation was required for aeration [48].

In this study, the total energy consumption calculated 
of the MBR is 1.75 kWh/m3. Krzeminski et al. [49] applied 
MBR technology for wastewater treatment and they found 
that the SEC of this technology varies between 0.87 and 
1.05 kWh/m3. In the same study, the biological aeration 
demand was evaluated to 53% of the total MBR specific 
energy. In similar studies on MBR, Rieger et al. [50] found 
that the biological aeration rate reaches 60% of the total 
energy consumption. For their part, Radjenović et al. [51] 
have shown that the biological aeration is the biggest contrib-
utor of energy to the MBR system, due to the oxygen demand 
for biological degradation of organic matter. In many studies, 
aeration was identified as the main energy consumer in MBR 
processes. Most of the published results dealt with lab-scale 
tests and dynamic modelling and still need to be verified for 
decentralized full-scale MBR [52]. Therefore, opportunities 
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Fig. 4. SEC distribution of MBR components.

 
Fig. 5. Energy consumption distribution of MBR equipment for MBR wastewater treatment is related to our study and Gude 
[46] study.
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to reduce aeration have the potential to significantly reduce 
overall energy requirements and the SEC in kWh per m3 of 
treated water decreases with bigger plant sizes [18]. In the 
past, the energy consumption by MBR was in the range of 6 
and 8 kWh/m3 (permeate), which was much higher than 0.3–
0.4 kWh/m3 of treated water using ASP. The developments 
in MBR technology resulted in an energy demand reduc-
tion from about 5.0 kWh/m3, needed for the first side-stream 
MBRs, to 1.0 kWh/m3 in 2001–2005 and very recently to about 
0.4 kWh/m3 for the present submerged MBRs [11,53].

4. Conclusion

With the improvement of wastewater treatment process, 
the increase of membrane manufacturers, and the develop-
ment of MBR process, as a wastewater treatment and reuse 
technology in the scattered residential districts, will have 
more and more outstanding advantages and play an import-
ant role in making greater economic and social benefits in 
practice.

In this research, performances treatment and ener-
getic parameters in the MBR pilot have been monitored. 
According to the results, the system tends towards a steady 
state in terms of output parameters provided. This is a fairly 
constant permeate with a large removal efficiency of TSS and 
COD, Nitrogen and Phosphorus pollution. The microbiol-
ogy values in the effluent are quite low. However, the system 
provide outlet concentrations below a permissible irrigation 
reuse values given by Moroccan legislation. Regarding the 
energy consumption based on the results presented in this 
paper, biological aeration is the major energy consumer, 
often exceeding 50% share of total energy consumption, fol-
lowed by the filtration pump. The SEC of an MBR system is 
dependent on many factors, such as operational parameters, 
volume of treated flow, and biological reactor performance 
and membrane utilization. More effort must be given to the 
aeration supply, in order to minimize the energy demand 
and thus optimize the cost of the treated water.
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a b s t r a c t
The groundwater in the region of Sidi Taibi (Kenitra, Morocco) is intended for human consumption 
and agriculture. However, this water is largely contaminated with nitrate, which poses a serious 
threat to human health. This situation is at the origin of the construction in 2014 of the first nitrate 
removal plant, using nanofiltration (NF) coupled to an electrochemical disinfection system, and 
supplied with renewable energies (photovoltaic and wind). The unit was installed at Al Annouar 
high school in Sidi Taibi to supply 1,200 students with potable water, with a production capacity 
of 500 L/h (3 L/d/student). The local groundwater is nitrated and slightly brackish. This work aims 
at studying the impact of recycled ratios of brine on nitrate removal and electrochemical disin-
fection performances. For this reason, two configurations are evaluated separately at a different 
recycled ratio of brine. The studied configurations are NF90-NF90 and NF270-NF90. The results 
show that NF90-NF90 configuration with brine recycling can only be technically feasible under the 
following conditions: brine recycling ratio of 70%, a recovery rate of 85% and a flow rate of 260 L/h 
intended to be blended with the nanofiltered water which is directed to the electrolytic cell (first 
mode). On the other hand, NF270-NF90 configuration presents two installations that are feasible 
to be combined with the electrolyzer. The first one is set for a recovery rate of 60% and a brine 
recycling ratio of 40% (second mode). The second one is optimized for a recovery rate of 75% and 
a recycled ratio of the brine of 10% (third mode). The three optimized modes present remarkable 
qualitative, quantitative, and energy performances.

Keywords: Nanofiltration; Electrochemical disinfection; Brine management; Brine recycling

1. Introduction

Brackish water (BW) is saline water that is not intended 
for human consumption. The total dissolved solids (TDS) 

of these waters vary from 1 to 10 g/L [1]. Generally, they 
are sometimes surface water but more often groundwa-
ter. Apart from the TDS problem, these waters can be also 
contaminated by nitrate representing a risk for human 
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health and exceeding the legal limit of nitrate concentra-
tion required by the World Human Organization (WHO) 
(50 mg/L) [2,3]. This particularity is generally detected in 
some groundwater cases intended for agricultural irri-
gation, so its TDS is relatively low [4–6]. Consequently, 
desalination of these waters is an essential alternative 
way to produce drinking water. So far, BW desalination 
represents over 21% of the total worldwide desalina-
tion capacity [7]. Despite the relatively lower production 
capacity, this alternative would solve the problem of water 
scarcity, especially in countries located in the Middle East 
and Nord Africa (MENA) region [1].

Besides ion-exchange (IX), electrodialysis (ED), biolog-
ical denitrification, and catalytic denitrification processes, 
many publications indicate that nanofiltration (NF) and 
reverse osmosis membranes (RO) are promising technol-
ogies to treat groundwater with such nitrate contents and 
TDS in terms of high efficiency, easy operation, high efflu-
ent water quality, modularity and flexibility [6,8–12]. Unlike 
RO membranes, NF can operate with low energy consump-
tion, because of the lower operating pressures applied. 
In addition, rejection of monovalent ions does not exceed 
60% opening an opportunity to maintain the most favour-
able mineral content as required in treating waters [13].

Despite the progress made in membrane-based pro-
cesses such as NF and RO, the brine production, as known 
as a concentrate, makes an obstacle for the application of 
these processes due to its high TDS [14–16]. The environ-
mental impacts of brine discharges are manifold. The 
majority of studies associate this problem with the increase 
in salt concentrations in water bodies that receive the brine 
eliminated by desalination plants [15]. Brines with a high 
TDS negatively affect marine benthic communities living 
near brine discharges. Removing the brine is also aesthet-
ically unpleasant. In addition, the chemical products used 
for pretreatment and membranes cleaning and corrosive 
metals are significant. TDS, temperature, and chemical 
composition of brine are reasons why brine poses a threat 
to the environment. TDS and temperature of the brine are 
entirely dependent on the membrane technology used. The 
salinity of the brine oscillates between 55 and 70 g/L, that 
is approximately 1.5–2 times higher than seawater [17]. 
Besides the quality of the water to be treated, the trans-
membrane pressure (TMP) applied and membrane used for 
the treatment, the recovery rate applied is a key parame-
ter that determine the quality and quantity of the brine 
produced by desalination plants [18]. The typical water 
recovery of seawater reverse osmosis (SWRO) systems var-
ies between 40% and 50% [19] and between 75% and 85% 
[18,20] for brackish water reverse osmosis (BWRO) desali-
nation plants. Therefore, a cost-effective and environmen-
tally friendly brine management system is required before 
their proper disposal. Currently, several disposal options 
have been used such as surface water discharge, deep-well 
injection, and evaporation ponds [7,18]. On other hand, new 
innovative and advanced research is being studied around 
the world which considers brine not as discharge but rather 
as a resource with high added value: use in aquaculture 
to increase fish biomass, irrigation of plants that tolerate 
high salinity (such as spirulina algae sold in drugstore as 
dietary supplement) [21]. Brine could generate electricity, 

and brine contains a diversity of precious metals of great 
economic interest (Li, B, Rb, Sc, V, etc.). Finally, brine is also 
a mine of nutrients (Mg, K, etc.) that are of high interest 
in terms of agronomic production [21]. All these aspects 
constitute a real research challenge for universities and 
research development in the near future.

Another option to minimize the brine problem is brine 
recycling. This method is technically usable in the case of 
BW desalination which is characterized by a lower TDS 
compared to seawater [22]. Sarkar et al. [23] tested this con-
figuration on a small BWRO treatment pilot. The results 
of this study showed that the system requires an increase 
in temperature during processing to consistently maintain 
performance at a fixed product flow rate. In a simulation 
study, Sharma et al. [24] compared the performance of 
two RO configurations, with partial concentrate recircu-
lation and open-loop without recirculation. The results of 
this study showed that the closed-loop design with recir-
culation of brine consumes between 70% and 95% less 
energy compared to the open-loop design. In addition, 
the implementation of recirculation with an optimal ratio 
(maximum recirculation) saves up to 95% of energy con-
sumption. Another simulation study investigated the fea-
sibility of implementing the brine recycle design on the 
original design of an industrial medium-sized multistage 
and multi-pass spiral wound BWRO desalination plant 
(1,200 m³/d) of Arab Potash Company (APC) located in 
Jordan [22]. This study confirmed the possibility of increas-
ing the production capacity of the plant by around 3% 
with 100% recycle percentage of the high TDS concentrate 
stream. Therefore, from a qualitative, quantitative, and 
energy consumption point of view, all these studies con-
firmed the feasibility of the brine recycling option for BW 
membrane-based desalination processes.

In this context, this study is based on the impact of 
brine recycling on the performance of an electrochemical 
disinfection system in a real desalination plant. Compa-
red to other conventional disinfection processes (chemical  
and physical) [25], the electrochemical disinfection method 
(EDM) acts by means of electrochemical disinfectant gen-
erated on-site or in-line. This action is called the in-situ 
electrogeneration of disinfection. In addition, the disinfect-
ing effect can be adjusted according to the on-site demand 
[26–29]. Apart from electrolysis medium (electric conductiv-
ity, pH, and temperature) and others factors like electrode 
potential, current density, and electrode material [30], the 
effectiveness of EDM depends mainly on the chloride con-
centration in the water to be disinfected.

In this perspective, the use of EDM as a basic step 
for the disinfection of the water produced by a desalina-
tion plant requires consistency and technical agreement 
between the quality of the water produced by the mem-
brane process and the operating conditions of the EDM 
used, especially chloride concentration. In this context, to 
our knowledge, only one research work which was pub-
lished by our laboratory in 2020 titled “Nanofiltration 
process combined with electrochemical disinfection for 
drinking water production: feasibility study and optimi-
zation” which studied the combination between desalina-
tion and electrochemical disinfection process [31]. More 
precisely, this work was carried out on a real desalination 
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plant (Sidi Taibi desalination plant) which combines NF 
and an EDM to renewable energies system for potable 
water production. The results obtained showed that the 
main factors, which determined the electrolysis perfor-
mance, respect clearly its technical requirements except for 
desalted water with a low content of chloride. This prob-
lem is corrected by an optimized blending of the permeate 
with raw groundwater.

This paper aims at studying separately the feasibil-
ity of two NF configurations installed in series before an 
EDM, NF90-NF90, and NF270-NF90. The purpose of these 
installations is two-fold; firstly, the objective is to correct 
the concentration of chloride ions at the inlet of electrolysis. 
Secondly, it is to a means prevent deterioration of the pro-
duced water quality (nitrate content in particular). The pres-
ent work is carried out on two scales; at the laboratory and 
the Sidi Taibi desalination plant scales. Further term, this 
study examines whether the proposed design (recycling of 
brine) presents technically advantages in terms of quality, 
quantity of blending and energy consumption. 

2. Materials and methods

2.1. Plant description

The Sidi Taibi plant is the concretization of collaboration 
between Belectric, Comodos, Firmus French Companies, 
and Ibn Tofail University. The plant marked the beginning 
of the use of a hybrid energy system (photovoltaic and 
wind) to power the NF desalination unit. It was installed 
in March 2014 at Al Annouar high school in Sidi Taibi 
(region of Kenitra, Morocco). The plant is designed to sup-
ply 1,200 students with potable water, with a daily produc-
tion capacity of 12 m3/d. The membrane is fed by ground-
water which is slightly brackish and with nitrate content 
exceeding slightly the recommended standards [5,31–33]. 

After a brief pretreatment (cartridges 25 and 5 µm), 
the water is directed into the NF compartment, which 
consists of two spiral membranes (NF90 40*40) type: 
polyamide thin-film composite Filmtec Dow, installed in 
series with a total surface area of 15.2 m² (Table 1). Then, 
the nanofiltered water is routed to be disinfected by an 
EDM, called Sunpur developed by Belectric Company, 
for the in-situ generation of chlorine. This disinfec-
tion process is operated only with electrical energy and 
does not require any additives. The chloride in water is 

oxidized to free chlorine by an electrochemical reaction. 
In the final step, the produced water is stored in a stor-
age tank and distributed. Table 2 gives the operating char-
acteristics of the Sunpur EDM used and Fig. 1 shows the 
operating scheme of the Sidi Taibi desalination plant.

2.2. Characteristics of the feed water, permeate, 
and ions rejection by NF90 membrane

The main characteristics of feed water, permeate, 
concentrate, and rejections are summarized in Table 3.

2.3. Tested configurations

At the laboratory scale and the scale of the Sidi Taibi 
plant, two configurations are tested to correct the chlo-
ride concentration at the inlet of the Sunpur disinfection 
system. The first installation is a configuration contain-
ing two NF90 membranes with different ratios of recy-
cled brine (Fig. 2a). This part of the study is carried out at 
the level of the Sidi Taibi plant. At the laboratory scale, a 
second configuration has been adopted in which the two 
membranes used in the series are different. In this con-
figuration, the NF270 membrane is placed first followed 
by NF90. In this case, the experiments are performed on 
an NF/RO pilot plant (E 3039) supplied by TIA Company 
(Technologies Industrielles Appliquées, France) with the 
same operating conditions. The pilot plant is equipped 
with two identical spiral wound modules operating in 

Table 1
Properties of NF90 and NF270 membranes

Membrane NF90 NF270

Materials Polyamide Polyamide
Molecular weight cut-off (MWCO) 200–400 200–400
Area (m²) 7.6 7.6
Pmax (bar) 41 41
pH range 2–11 2–11
SDI <5 <5
Tmax (°C) 45 45

SDI: Maximum feed Silt Density Index, Pmax: Maximum operating 
pressure, Tmax: Maximum temperature. 

Table 2
Operating characteristics of the EDM used (Sunpur)

Sunpur system Recommended values Data source

Power input 220V AC Manufacturer
Required chloride of raw water 10–250 mg/L Manufacturer
Minimum flow rate 400 L/h Manufacturer
Maximum flow rate Depends on the current supply Manufacturer
Power consumption 100–700 W Manufacturer
Water temperature 4°C–25°C Manufacturer
Minimum conductivity of raw water 300 µS/cm Manufacturer
Ambient temperature Maximum 50°C Manufacturer
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series. Each module contains one element. Fig. 2b gives 
the scheme of the adopted configuration. The recycling 
ratio of the brine studied for the two configurations varies 
from 0% (without brine recycling) up to 70%.

2.4. Performance indicators

The performances of the plant are followed by rejection, 
specific energy consumption, recovery rate and Langelier 
Saturation Index (LSI) parameters, which are defined as:

•	 Rejection (R) [34]:

R
C C
C
f P

f

%� � �
�

�100  (1)

where CP and Cf are the permeate and initial concentra-
tions, respectively.

•	 Specific energy consumption (SEC) [35]:

SEC kWh/m Pe3 100
36� � � �

� �� �� Y
 (2)

where Pe, η, and Y are the pressure (bar), the global 
pumping system efficiency, and the recovery rate (%), 
respectively.

•	 Recovery rate (Y) is calculated using the following equa-
tion [36]: 

Y
Q
Q
p

f

%� � � �100  (3)

where Qf and Qp are the feed and the permeate flow rates, 
respectively. 

•	 Langelier Saturation Index (LSI) [37]: 

LSI pH pHs TDS mg/L� � �� �10 000,  (4)

p pCa pHCO p pH K Ks s� � � �� �3 2  (5)

With: 

pCa: log 1/[Ca+].
pHCO3: log 1/[HCO3

−].
pK2: log(1/K2): (K2 is the second dissociation constant of 

carbonic acid).
pKs: log(1/Ks): (Ks is the solubility product of calcium 

carbonate).
LSI < 0: Water is undersaturated with respect to calcium 

carbonate. Undersaturated water  tends to remove exist-
ing calcium carbonate protective coatings in pipelines and 
equipment.

 Fig. 1. Operating scheme of the Sidi Taibi desalination plant. V1: Pressure regulation valve; V2: Brine recirculation 
valve; H.P.: High-pressure pump and E.P.: Emerged pump.

Table 3
Composition of feed water, permeate, concentrate, and rejections 
of NF90

Feed water 
(mg/L)

Permeate 
(mg/L)

Concentrate 
(mg/L)

Ion rejection 
(%)

K+ 7.04 1.5 23.64 78.6
Na+ 4.95 0.77 17.48 84.4
Mg2+ 36.01 1.3 140.12 96.3
Ca2+ 112.9 8 427.49 92.9
HCO3

− 377.3 29 1,421.79 92.3
NO3

− 68.7 14 232.60 79.6
Cl− 25 2 93.97 96
SO4

2− 35.01 1.2 136.42 96.5
TDS 660 60 2,459.15 89
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LSI = 0: Water is considered to be neutral. Neither 
scale-forming nor scale removing.

LSI > 0: Water is supersaturated with respect to calcium 
carbonate (CaCO3) and scale forming may occur.

Where pH, pHs, and TDS are the pH of the solution, the pH 
saturation of the solution, respectively. 

3. Results and discussion

The performance of the two configurations, NF90-NF90, 
and NF270-NF90, are analyzed based on an experimental 
study (Fig. 2). In this part, both configurations are exam-
ined at different recovery rates by varying the ratio of brine 
recycling from 0% to 70%. Besides, this study focuses on 
investigating the performance of the treatment process for a 
step-change in the recycling of the brine flow. It is important 
to mention that the Sidi Taibi plant is currently operating 
with two NF90 membranes installed in series and without 
any brine recycling mode. The performance indicators of 
the treatment process include TDS, chloride concentration 
(Cl−), nitrate concentration (NO3

−), and LSI. In addition, 
this study focuses on the impact of brine recycling on the 
total productivity of the drinking water of the plant and 
energy consumption. The study is performed for a fixed 
feed flow rate of 850 L/h, a nitrate concentration of 68 mg/L, 
and TDS of 660 mg/L.

3.1. NF90-NF90 Configuration

Fig. 3 shows the influence of brine recycling on nitrate 
concentration, chloride concentration, and TDS for NF90- 
NF90 configuration at the Sidi Taibi plant scale.

Fig. 3a shows that nitrate concentration in the perme-
ate varies from 15.4 to 25.6 mg/L. These results are still 
below the standards required by WHO. Thus, the results 
found in terms of TDS vary from 60 to 110 mg/L and 
from 68 to 138 mg/L for a recovery rate of 75% and 85%, 
respectively (Fig. 3b). These results confirm that increas-
ing the ratio of brine recycling leads to an increase in the 
permeate concentration in terms of TDS and nitrate con-
tent. At the same time, it should be noted that the techni-
cal feasibility of these configurations depends mainly on 
the chloride concentration at the inlet of the electrolyzer. 
From Fig. 3c, it is noticed that the concentration of chlo-
ride varies progressively from 2 to 4 mg/L for Y = 75% 

and from 2.24 to 5.15 mg/L for Y = 85%. Depending on the 
operating conditions of the electrolyzer, the obtained chlo-
ride concentration is not satisfactory for safe production 
of free chlorine over the entire range of brine recycling 
ratios and the recovery rates applied.

Energetically, the energy consumption increases slightly 
from 0.29 to 0.4 kWh/m3 for an NF90-NF90 without recy-
cling (0%) to 70% of brine recycling, respectively for a 
recovery rate of 75%. In addition, the energy obtained for 
a recovery rate of 85% is not similar to that obtained for 
75% (Fig. 4). This is mainly due to the resulting recovery 
rate and the pressure obtained during brine recycling.

In this regard, the configurations tested in this study 
have the advantage of increasing the daily water pro-
duction and reducing the rate of brine discharged with 
slightly low energy consumption (Emax = 0.4 kWh/m3). The 
only apparent drawback is the low chloride concentration 
obtained at the entrance of Sunpur, that is, just after the 
NF step. This behavior makes these configurations techni-
cally impossible to be applied at the scale of the Sidi Taibi 
plant. For this reason, another installation idea is adopted 
in order to correct the chloride concentration. This is done 
by setting the plant recovery rate and the brine recycling at 
85% and 70%, respectively, and mixing the water intended 
to the electrolytic cell with raw water (bypass blending). 
This operation is carried out at different flow rates: 80, 260, 
and 340 L/h that correspond to an opening of the bypass 
blending valve of 20%, 30%, and 40%, respectively (Fig. 5).

In this case, it is noted that the configuration adopted 
in the treatment process (NF90-NF90) does not nega-
tively affect the TDS of the produced water. TDS values 
varies respectively from 180 to 365 mg/L for an opening 
of bypass blending valve of 20% and 40% (Fig. 6a). Also, 
exceeding WHO standards are observed in nitrate con-
centration for a flow rate blending of 340 L/h, which cor-
responds to a 40% of bypass blending valve. In contrast, 
the results obtained in terms of nitrate concentration vary 
from 30 to 40 mg/L for an opening of bypass valve of 20% 
and 30%, respectively (Fig. 6b). These results limit the 
blending operation to the opening of bypass valve at 20% 
and 30% and studying its effect on chloride concentration 
and LSI. In this context, satisfactory results in terms of 
chloride concentration are achieved, the content of 9 and 
13.5 mg/L for a bypass valve opening of 20% and 30%, 
respectively (Fig. 6c). From these results, it is clear that the 
chloride concentration produced at bypass valve opening 

  

(a) (b) 
Fig. 2. Configuration with brine recycling. V2: Pressure regulation valve, V1: Brine recirculation valve. NF90-NF90 (a),  
NF270-NF90 (b).
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of 30%, unlike 20%, meets the operating conditions of the 
EDM.	 In	 addition,	 the	 calculated	LSI	 values	 (−0.28)	 indi-
cate that the water produced is non-scaling and slightly 
corrosive (Table 4). It should be noted that this parameter 

is mainly related to the pH and pHs of the water pro-
duced. The recorded pH value in this case (30%) indicates 
7.4 (Table 4), which is satisfactory to limit the problems 
associated with the aggressive or encrusting tendency of 
water. Hence, this configuration is the most reassuring for 
producing disinfected water with TDS values that com-
ply with drinking water norms. Also, the same configu-
ration presents no risk to the equipment installed in the 
plant, more particularly in relation to the electrodes of the 
electrolyzer.

Hydraulically, the flow rate of the produced water 
by the configuration selected above is largely sufficient 
for the daily needs of the school (820 L/h that equals 
19.6 m3/d) (Table 5). Thus, the analysis of the energy results 
in the same configuration confirms that the recorded con-
sumption is of the order of 0.21 kWh/m3 (Table 5). This 
energy value remains similar to that obtained by the old 
NF90-NF90 installation but with better performance in 
terms of quality and quantity [5].

3.2. Configuration NF270-NF90

In this part, another hybrid NF installation is tested. 
It consists of two different NF membranes, NF270 and 
NF90 installed in series. For this configuration, the brine 
recycling mode is studied for two fixed recovery rates, 
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Fig. 3. Evolution of (a) nitrate concentration, (b) TDS, and (c) chloride concentration as a function of brine recycling ratio for 
NF90-NF90 configuration.
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60% and 75%. For Y = 60%, the results obtained show 
that the TDS of the water produced by the eight recy-
cling ratios (0%, 10%, 20%, 30%, 40%, 50%, 60%, and 
70%) does not show any great variation; TDS values vary 
between 210 mg/L for the mode without recycling (0%) and 
308 mg/L for the 70% of brine recycling (Fig. 7a). Indeed, 
these results are below the standard required by WHO 
(500 mg/L). In addition, concentrations recorded in terms 
of nitrate show that from a brine recycling ratio of 50%, 
the nitrate content exceeds WHO guideline value relat-
ing to the quality of water intended for the production of 

drinking water (Fig. 7b). This result restricts the feasibil-
ity of the configuration NF270-NF90 (with brine recycling) 
between simple mode (brine recycling 0%) and brine recy-
cling with a ratio of 40%. Within this range, the chloride 
values vary slightly between 10.75 and 12.3 mg/L for 0% 
and 40% of the brine recycling ratios, respectively (Fig. 
7c). These results respect the technical requirements of the 
EDM (10 mg/L [Cl−]). In this case, it is clear that in the eight 
recycling ratios studied previously, the first five meet both, 
the drinking water conditions required by WHO (espe-
cially nitrate) and the technical requirements of the EDM. 

Fig. 5. NF9-NF90 configuration with brine recycling and bypass blending with raw water. V1: brine recirculation valve, 
V2: brine regulating valve, and V3: raw water bypass blending valve.
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For this reason, the choice of the appropriate configuration 
focuses mainly on a recycling mode with a brine ratio of 
40%. This choice turned out to be better because the quan-
tity of water produced is largely sufficient for daily needs 
of the school and the flow rate of brine discharged by the 

plant has been minimized by 40%. In this regard, this con-
figuration records an energy consumption of 0.26 kWh/
m3 which remains similar to that obtained by a simple 
NF90-NF90 configuration and lower than that found in the 
literature (Table 6) [38–41]. Hydraulically, the flow rate of 
drinking water produced by this configuration is stable 
at 610 L/h (Table 6). On the other hands, the main disad-
vantage noticed is the corrosive tendency of the produced 
water. This is mainly due to the difference between the pH 
and pHs of the produced water (Table 6). In this case, it 
is advisable to act via a preventive action aimed at reduc-
ing the corrosive potential of the water produced to reduce 
the corrosion rate and thus increase the residual life of the 
pipes. This operation must be carried out by controlling in 
real-time the aggressive potential of the water produced by 
adjusting the Calco-carbonic balance with a pH correction. 

For Y = 75%, it is apparent that nitrate concentration 
exceeds the drinking water standard required by WHO 
from brine recycling ratio of 20%. Below this value, the 
recorded contents vary from 40 to 46 mg/L for the two 
modes, without recycling (0%) and 10% of brine recycling, 
respectively (Fig. 8a). This constraint limits the choice in 
this configuration to two technical possibilities: the first 
one is without brine recycling (0%), and the second is with 
recycling of brine with a ratio of 10%. In this perspective, it 
is judicious to select the second mode, which offers at the 
same time a good alternative to environmental and pro-
ductive concerns. Indeed, it valorizes a brine ratio of 10% 
by the plant without being able to reject it and it improves 
the hydraulic potential of the plant by producing almost 

Table 5
Produced water flow and energy consumption as function of the 
bypass blending for NF90-NF90 configuration

Percentage of bypass valve 
opening for NF90-NF90 

configuration

20% 30% 40%

Produced water flow (L/h) 810 820 830
Energy consumption (kWh/m3) 0.33 0.21 0.16

Table 4
LSI and pH of the water produced according to the bypass blend-
ing for NF90-NF90 configuration

Percentage of bypass valve opening 

20% 30% 40%

pH 7.2 7.4 7.5
LSI −0.93

Corrosive
−0.28
Slightly corrosive

−0.041
Slightly corrosive
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Fig. 7. Evolution of (a) TDS, (b) nitrate, and (c) chloride content as a function of brine recycling ratio for NF270-NF90 configura-
tion (Y = 60%).



71S. El-Ghzizel et al. / Desalination and Water Treatment 240 (2021) 63–74

650 L/h (15.6 m3/d) of drinking water (Table 7). In this case, 
it should be noted that at this brine recycling ratio (10%), 
TDS and chloride concentration display values in accor-
dance with the standards required by WHO and the tech-
nical requirements of the EDM (Figs. 8b and c). In addition, 
the calculated energy is in the order of 0.25 kWh/m3; almost 
similar to that found in the case of an NF270-NF90 installa-
tion applied for a recovery rate of 60% and an NF90-NF90 
installation without recycling (Table 7). Likewise, as before, 
the quality of the water produced with this configuration 
(NF270-NF90 – 10% brine recycling) is characterized by a 

corrosive tendency, which presents a major risk to the plant 
equipment and to the electrodes of the EDM (Table 7).

3.3. Quality of brine by the three previously optimized modes

The quality of the rejected brine by the first optimized 
mode is characterized by a high nitrate content which is 
around 792 mg/L, and a high TDS which exceeds 10 g/L. 
The results found in this case are due to two main factors: 
the membrane used and the recovery rate fixed in the plant. 
In our case, the membrane used is an NF90. This membrane 

Table 7
Permate flow rate, energy consumption and LSI as a function of the brine recycling ratio for NF270-NF90 configuration (Y = 75%)

 0% 10% 20% 30%

Permeate flow rate (L/h) 640 650 670 690
Energy consumption (kWh/m3) 0.23 0.25 0.26 0.27
LSI −1.1

corrosive
−1.1
corrosive

−0.98
corrosive

−0.82
corrosive

Table 6
Permeate flow rate, energy consumption, and LSI as function of the brine recycling ratio for NF270-NF90 configuration (Y = 60%)

 0% 10% 20% 30% 40% 50% 60% 70%

Permeate flow rate (L/h) 510 530 550 580 610 640 670 710
Energy consumption (kWh/m3) 0.24 0.25 0.25 0.26 0.26 0.27 0.27 0.27
LSI −0.77

corrosive
−1.1
corrosive

−1.1
corrosive

−0.95
corrosive

−0.82
corrosive

−0.73
corrosive

−0.69
corrosive

−0.62
corrosive
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Fig. 8. Evolution of (a) TDS, (b) chloride, and (c) nitrate contents as a function of brine recycling ratio for NF270-NF90 configura-
tion (Y = 75%).
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rejects both monovalent and divalent ions with very rea-
sonable values, rejection exceeding 80% [2]. In our case, the 
poor quality of the produced brine is compensated by its 
low flow rate, which is of the order of 30 L/h. This propriety 
limits and controls its negative impact.

In the other two cases, we notice a satisfactory quality of 
the concentrate in terms of nitrate content and TDS. The two 
installations are almost similar qualitatively and quantita-
tively in the brine released. The difference between the three 
installation modes is observed in the quality and quantity of 
the brine. The quality of the brine rejected by the first mode is 
deteriorated compared to the two other optimized modes (2 
and 3). In terms of brine production, the first mode is not pro-
ductive compared to the second and the third modes. Between 
the three modes, either the plant gains the brine quality and 
loses its quantity or the opposite. In terms of LSI, the quality of 
the rejected brine is scaling for the three modes. In this regard, 
the ultimate choice between the three modes directly depends 
on the operating conditions, the membrane used, the plant’s 
production in potable water and brine, and finally, the quality 
of the rejected brine. However, these factors should be com-
bined together for adopting the best decision. Table 8 presents 
the quality of brine by the three previously optimized modes. 

4. Conclusion

In order to correct the chloride concentration at the 
entrance of the EDM and to avoid the quality deteriora-
tion of the produced water (nitrate in particular) in the Sidi 
Taibi desalination plant, two installations modes are tested. 
The tested configurations reveal attractive performances 
from a qualitative, quantitative, and energy point of view. 
The most important conclusions are as follows:

•	 The NF90-NF90 configuration with brine recycling is 
technically feasible only under the following conditions: 
a brine recycling ratio of 70%, a recovery rate of 85%, 
and a flow rate of 260 L/h intended to be mixed with the 
nanofiltered water which is directed to the electrolytic 

cell. The performance results obtained in this configura-
tion are:
 � TDS meets the standards required by WHO;
 � Water quality respects both the operating conditions 

of the electrolyzer (chloride in particular) and the 
WHO guide standards relating to the quality of water 
intended for the production of drinking water (nitrate 
in particular);

 � Production of slightly corrosive water, which presents 
no risk to the installed equipment, more particularly 
to the electrodes of the electrolyzer.

 � Minimization of the brine rejected by the plant up to 
70%;

 � Daily needs of the school are meet (820 L/h, which cor-
responds to 19.6 m3/d).

 � Low energy consumption (0.21 kWh/m3).
•	 The NF270-NF90 configuration offers different instal-

lation modes. Only two of them are technically feasi-
ble to be combined with the EDM. The first one is set 
for a recovery rate of 60% and a brine recycling ratio of 
40%. The second one is optimized for a recovery rate 
of 75% and a brine recycling ratio of 10%. The perfor-
mance results obtained in the two previously selected 
configurations (mode 1 and 2) are as follows:
 � TDS meets drinking water standards;
 � Acceptable chloride content for safe electrochemical 

disinfection of water;
 � Nitrate content in accordance with WHO standards;
 � Satisfactory drinking water production, 610 L/h 

(14.6 m3/d) for the first mode of installation (recovery 
rate of 60%) and 650 L/h (15.6 m3/d) for the second 
mode (recovery rate of 75%);

 � Energy consumption reduced, 0.26 kWh/m3 for the 
first mode of installation (recovery rate of 60%) and 
0.25 kWh/m3 for the second mode (recovery rate of  
75%);

 � Production of corrosive water requires preventive 
action aimed at controlling and adjusting the Calco-
carbonic balance by correcting the pH of water.

Table 8
Quality of brine by the three previously optimized modes

NF90-NF90
Y = 85%, Prb = 70%, Qbw = 260 L/h

NF270-NF90
Y = 60%, Pbr = 40%

NF270-NF90
Y = 75%, Pbr = 10%

First mode Second mode Third mode
K+ (mg/L) 86.77 11.42 13.40
Na+ (mg/L) 66.74 8.86 10.60
Mg2+ (mg/L) 560.8 104.8 129.7
Ca2+ (mg/L) 1,771 273.9 340.7
HCO3

−	(mg/L) 6,018 1,014 1,259
NO3

−	(mg/L) 792.6 126.3 151
Cl−	(mg/L) 394 58.40 73.24
SO4

2−	(mg/L) 656.9 123.4 152
TDS (mg/L) 10,449 1,724 2,136
pH 7.5 7.4 7.4
LSI 2.3 (Scale forming) 1.0 (Scale forming) 1.2 (Scale forming)
Qbr (L/h) 30 240 200

Y: recovery rate; Prb: percentage of recycled brine; Qbw: flow rate of the blended water; Qbr: flow rate of the rejected brine.
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a b s t r a c t
Fluoride ions contamination of groundwater becomes more and more a worldwide preoccupa-
tion, especially in Morocco. Indeed, they constitute a potential risk that can have adverse effects 
on human health (for instance, dental fluorosis, skeletal fluorosis, osteosarcoma, etc.) and effects 
on water resources. The aims of this study are to compare and evaluate the performance of three 
membranes in the removal of fluorides by nanofiltration (NF) on NaF doped groundwater. In 
the first part of this study, the influence of different operating conditions (initial fluoride concen-
tration and transmembrane pressure) on the reduction of fluoride ions is investigated. Secondly, 
three separate predictive models are developed for optimization and modeling of the permeate 
concentration (mg L–1), fluoride rejection (%) and permeate flux (L m–2 h–1) in NF. Response sur-
face methodology based on central composite design is employed to experimental design and a 
cumulative study of the effects of various operating parameters such as initial fluoride concentra-
tion and transmembrane pressure. Analysis of variance for developed quadratic models exhibits 
high significance and applicability. The initial fluoride concentration is the most significant fac-
tor that has a predominant effect on the permeate concentration for both TR60 and NF270 mem-
branes. Indeed, both membranes exceed the standards, 7 mg L–1 for TR60 and 5.5 mg L–1 for NF270. 
But for NF90 the influence of the initial fluoride concentration is not significant. In addition, the 
model is analysed graphically for its predictive ability. Finally, under optimized conditions, fluoride 
rejection obtained are 79.69%, 72% and 98.75% for TR60, NF270 and NF90 respectively.

Keywords:  Nanofiltration; Fluoride removal; Response surface methodology; Central composite design; 
Optimization

1. Introduction

Water is required for all living things in the world. 
There is a lot of water on the surface of the Earth, but the 
chemical composition of water is one of the important factors 

that make it unsafe for consumption [1]. Recent reports 
from UNICEF and WHO have confirmed that an esti-
mated 748 million people do not have access to safe drink-
ing water, while more than 1.8 billion people use water 
contaminated with fecal matter for drinking purposes [2]. 
Freshwater comes from groundwater and surface water, 
groundwater representing only 0.6% of total water resources, 
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which are polluted due to intense industrialization, popula-
tion growth and urbanization activities [3]. Numerous con-
taminations are present in groundwater, such as fluoride, 
arsenic, iron, lead, cadmium, etc. On a global scale, fluoride 
is one of the most prevalent ions in groundwater and is a 
threat to health, especially in China, India, Kenya, Nigeria, 
South America (Andes and Western Brazil), Northwestern 
Iran, Sri Lanka and Pakistan [4,5].

In groundwater, the natural concentration of fluoride 
depends on the geological, chemical and physical charac-
teristics of the aquifer, the porosity and acidity of the soil 
and rocks, the temperature, the action of other chemical ele-
ments, and the depth of wells [6]. As reported by the World 
Health Organization (WHO), fluoride can be beneficial to 
living entities if its concentration is lower than 1.5 mg L–1. 
But consumption of water containing fluoride at 1.5 mg L–1 
causes diseases such as fluorosis, arthritis, hip fractures, 
infertility, osteoporosis and polydipsia. It affects the teeth 
and skeleton, and accumulation of fluoride over a long 
period of time can even lead to changes in DNA structure 
[7,8]. In several regions of Morocco, fluoride levels exceed 
acceptable standards, for instance in the Benguerir plateau 
(Central Morocco). Water in this region generally exceeds flu-
oride standards. This contamination is due to the phosphate 
deposit [9]. The National Office of Electricity and Potable 
Water (ONEE) has until now proceeded dilution to avoid 
frequent seasonal excesses of fluoride. The decline in water 
resources, particularly underground water, and the frequent 
excesses of fluoride observed in recent decades, make this 
solution unsustainable in the long-term. Therefore, to avoid 
this situation, ONEE has launched studies to examine reme-
diation options. Due to the high solubility of fluorides in 
water, defluorination is a difficult and costly process [10].

A number of methods have been developed to remove 
excess fluoride from drinking water, such as the use of 
ion-exchange [11], precipitation [12], adsorption [13,14] and 
membrane-based processes [9,15–17]. However, the high 
investment required due to the energy needs of desalination 
limits its application to undeveloped/developed countries/
communities. Therefore, recently, researchers have focused 
on other technologies with lower energy requirements. 
Membrane filtration is one such technology for defluorina-
tion of brackish groundwater. The membrane serves as a 
selective barrier that allows only certain size-specific constit-
uents to cross membrane, while other large-size constituents 
are retained by membrane in the concentrate [18–20].

Various studies on fluoride removal have been reported. 
Tahaikt et al. [16], studied fluoride removal from water with 
three commercial membranes with different configurations. 
The obtained fluoride rejection varied with initial fluoride 
content but exceeded 74% for NF270 and TR60. For NF90, 
which is less sensitive to initial fluoride concentration, flu-
oride rejection exceeded 98%. Elazhar et al. [21], employed 
spiral-type membranes (NF90 8040) to remove fluoride 
ions in optimized conditions and obtained a fluoride rejec-
tion of 97.8% corresponding to water recovery of 84% and 
a pump pressure of 10 bar. Mnif et al. [22], investigated 
the defluorination of aqueous solutions using a thin film 
composite polyamide nanofiltration (NF) membrane called 
HL 2514 T manufactured by Osmonics (USA). The results 
showed that fluoride rejection by the HL membrane exceeds 

80%. Nasr et al. [23], studied the commercial NF mem-
branes NF5 and NF9 (manufactured by Applied Membranes 
USA) to removing fluoride ions from Tunisian groundwa-
ter. NF9 exhibited a better rejection (88%) than NF5 (57%). 
The amounts of total dissolved solids observed in the per-
meate were low (0.45 mg L–1). Consequently, remineral-
ization is required to rebalance the water. Chakrabortty et 
al. [24], studied defluorination of groundwater contami-
nated with fluoride in some areas in eastern India using 
the composite polyamide nanofiltration membrane used in 
crossflow mode was not only successful in removing 98%  
fluoride from contaminated water but also reduced the high 
pH of 10.01 for a volumetric crossflow rate of 750 L h−1 of 
the water to the desired level while yielding a high flux of 
158 L h−1 m–2. Pontié et al. [25], employed a NF45, polyam-
ide NF membrane (FilmTec), a fluoride rejection of 91% 
was achieved for NaF concentration in the feed of 0.02 M.

The development of mathematical models for the pre-
diction of membrane separation processes is a valuable 
tool in the field of science and technology [26]. There are 
two ways in which mathematical models can be handled. 
The first approach is the theoretical approach, where mod-
els are developed on the basis of existing knowledge. The 
second is the empirical approach, which is not based on 
any knowledge of the fundamental principles of the pro-
cess [27]. A statistical tool is used to design experiments 
and develop models, the response surface methodology 
(RSM), could be used to conduct a set of statistically sug-
gested experiments and find the optimal values of indepen-
dent parameters [28–32]. Alka et al. [33], used predictive 
models based on machine learning techniques such as RSM 
and ANN (artificial neural network) to predict the perme-
ate flow, water recovery, salt rejection and specific energy 
consumption of reverse osmosis (RO) and NF pilot plants, 
in order to optimize and compare RO and NF for better 
performance. Jadhav et al. [34] studied the removal of mul-
tiple contaminants such as fluoride, arsenic, sulphate and 
nitrate. The central composite design was applied. The mean 
rejection observed for NF90 was 95%, 98%, 87%, and 76% 
for sulfate, arsenic, fluoride and nitrate respectively, while 
NF270 rejected 90%, 94%, 57%, and 60%, respectively.

The aim of this study is to compare and evaluate the 
performance of three NF membranes in fluoride removal 
in continuous mode. Two complementary methodologies 
will be employed. The first is the determination of the effect 
of fluoride concentration in the feed and transmembrane 
pressure on fluoride rejection. The second is the optimiza-
tion for better performance using RSM models by minimiz-
ing the permeate concentration and maximizing fluoride 
rejection and permeate flux.

2. Experimental

2.1. Characteristics of the feed water

The experiments are conducted on groundwater doped 
by NaF at different concentrations. The analytical results 
of the feed water are presented in Table 1.

2.2. Unit pilot testing

The experiments are performed on an NF/RO pilot 
plant (E 3039) supplied by TIA Company (Technologies 
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Industrielles Appliquées, France) shown in Fig. 1. The 
applied transmembrane pressure (TMP) can be varied from 
5 to 70 bar with manual valves.

The pilot plant is equipped with two identical pressure 
vessels operating in series. Each pressure vessel contains one 
element. The pressure loss is about 2 bar corresponding to 
1 bar of each pressure vessel. The two spiral wound modules 
are equipped with two identical commercial membranes.

The temperature is kept at 29°C using the heat exchanger. 
Samples of permeate are collected and water parameters 
are determined analytically following standard methods 
previously described [9,15,16]. Some other parameters are 
as follows:

• Flux of the permeate is given by the equation [37–39].

J
Q
S

L
m s

m
m sv

P=
⋅ ⋅





2

3

2or  (1)

where S is the membrane surface area (m2) and QP is the 
flow rate of the permeate (L h–1 or m3 s–1).

• The recovery rate (Y) is defined as:

Y
Q
Q
p%� � � �
0

100  (2)

where QP is the permeate flow (L h–1) and Q0 is the feed 
flow (L h–1).

• Salt rejection (R) is defined as:

R
C
C

P� �
�

�
��

�

�
���1 100

0

 (3)

where CP is the solute concentration in permeate (g L–1) 
and C0 is the solute concentration in the feed water (g L–1).

2.3. Characteristics of the membranes

The two spiral wound modules are equipped with two 
identical commercial NF membranes. Table 2 gives the 
characteristics of the membranes used. After the run, the 
membranes are cleaned with alkaline and acidic cleaning  
solutions according to the manufacturer’s recommendations.

Table 1
Characteristics of the feed water

Parameter Feed water Moroccan guidelines [35] WHO standards [36]

Temperature (°C) 29 – –
Turbidity, NTU <2 – –
pH 7.41 6–9.2 6.5–8.5
pHs 7.80 – –
Conductivity, µs cm–1 1,492 2,700 –
Hardness, mg L–1 CaCO3 440 500 500
Alkalinity, mg L–1 CaCO3 320 200 –
Fluoride, mg L–1 1-2-3-5-7-10-15-20 1.5 1.5
Sulphate, mg L–1 116 200 200
Nitrate, mg L–1 20 50 50
Chloride, mg L–1 560 750 250

 
Fig. 1. Schematic diagram of the nanofiltration/reverse osmosis pilot plant. T: tank; M: nanofiltration module; P: permeate recir-
culation; R: retentate recirculation; H: heat exchanger; 1: high-pressure pump; 2: pressure sensor. 3: pressure regulation valves.
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2.4. Optimization of NF module by RSM

The experimental design of fluoride removal is carried 
out using RSM. In this present study, the central compos-
ite design (CCD), which is a well-exploited model of RSM, 
is used to optimising fluoride removal by NF. For the NF 
process, significant variables, such as TMP and initial flu-
oride concentration in the feed, are chosen as the indepen-
dent variables and designated as X1, X2 respectively. The 
experiments are carried out for the factors and range, as 
shown in Table 3.

The design matrix obtained after the application of CCD 
is mentioned in Table 4.

The results are subjected to analysis of variance 
(ANOVA) using RSM modelling software (Design-Expert).

CCD for studying the removal process, with two input 
variables, consists of 13 experiments with 4 (2k) orthogonal 
two-level full-factorial design points (coded as ±1), 4 (2k) 
axial points (or star point coded as ±α = 1.41) and 5 repli-
cations of the central points to provide an estimation of the 
experimental error variance. The performance of each NF 
is assessed in terms of final permeate concentration (Y1), 
fluoride rejection (Y2) and the permeate flux (Y3) which 
are considered as responses. The following polynomial 
equation describes the predicted values of the responses 
Y1, Y2 and Y3 as:

Y Y Y X X X Xi i
i

ij i
j

j
i

ii i
i

1 2 3 0
1

2

1

2

1

2
2

1

2

, and � � � � �
� �� �
� �� �� � � � �  (4)

where Y1, Y2 and Y3 are the predicted response, β0 is the 
constant coefficient, βi is the linear coefficients, βij is the 
interaction coefficients, βii is the quadratic coefficients, and 
Xi and Xj are the coded values of the fluoride NF variables 
and ξ is the residual term.

3. Results and discussion

3.1. Effect of TMP and initial fluoride concentration in the feed

3.1.1. Effect of TMP

The transmembrane pressure effect on the physi-
co-chemical quality of the permeate was studied in batch 
mode. Fig. 2 shows the variation of permeate flux, electric 
conductivity, pH, alkalinity, hardness and nitrate, sulfate 
and chloride contents as a function of TMP. Knowing that 
these values are almost the same as those obtained for the 
different feed solutions tested, except for fluoride ions.

The permeate flux (Fig. 2A) increases almost lin-
early with operating TMP according to Darcy’s law for the 
three membranes. Increased TMP overcomes membrane 

resistance. In this illustration, NF270 shows the maximum 
flux, followed by TR60 and NF90. This means that NF90 is 
the tightest of these membranes while NF270 is the loosest.

For NF90, the permeate conductivity (Fig. 2B) is very 
low and decreases slightly with increasing TMP. For TR60 
the permeate conductivity decreases with increasing TMP, 
similarly for NF270, the conductivity decreases to a mini-
mum at a TMP of 10 bar, beyond this value a slight increase 
in conductivity was observed, which shows that hydraulic 
phenomena that take precedence over selectivity, hence the 
increase in conductivity. At a TMP of 7 bar, the same water 
quality in terms of conductivity was observed for both 
TR60 and NF270 membranes.

For the three membranes, a decrease in the nitrate con-
centration (Fig. 2C) was observed for the different TMPs, 
with the exception of NF270 which begins to lose its selec-
tivity beyond 10 bars and its nitrate concentration increases 
in the permeate. The nitrate concentration in the per-
meate followed the sequence below TR60 > NF270 > NF90.

A little variation in pH is observed (Fig. 2D) for all the 
membranes pH values found for TR60 and NF270 are 
higher than of NF90. This behaviour is determined by the 
ratio of CO2/HCO3

– in the feed and in the permeate. The 
three membranes are crossed by CO2, but rejection of HCO3

– 
by NF90 is more significant than with TR60 and NF270. 
This difference is responsible for the lower pH of the per-
meate for NF90 according to the relationship (5) [38]:

pH pK HCO CO� � � �� �� � �� ��
�

1 3 2� log log  (5)

where ε is expressed as a function of the ionic strength, µ of 

the solution � �

�
�

�1
, and pK1 is the acidity constants of 

carbonic acid.
A significant reduction (Fig. 2E and F) in the concen-

trations of sulfate and chloride ions is observed for the two 
membranes TR60 and NF270, and the cencentration of these 
ions decrease with increasing TMP, however, for NF270, and 
the concentrations of these ions begin to increase beyond 
10 bar. For the NF90 membrane, these ions are greatly 
reduced over the entire TMP range with removal rates of 
98% and 100% respectively.

The alkalinity and hardness (Fig. 2G and H) of the per-
meate obtained with TR60 and NF270 are satisfactory at 
different TMPs applied. On the other hand, For the NF90 
membrane, the alkalinity and hardness are very low.

Table 2
Characteristics of the membranes used

Membrane Surface (m2) Material Manufacturer

NF90 40 × 40 7.6 Polyamide FilmTec Dow (USA)
NF270 40 × 40 7.6 Polyamide FilmTec Dow (USA)
TR60 40 × 40 6.8 Polyamide Toray (Japan)

Table 3
Independent input variables range in terms of coded levels

Factors Coded level

–α –1 0 +1 +α

Initial fluoride 
concentration in the feed 
(mg L–1):TR60-NF270-NF90

0.51 3 9 15 17.48

TMP (bar):TR60 3.96 5 7.5 10 11.03
TMP (bar):NF270 2.92 5 10 15 17.07
TMP (bar):NF90 4.82 10 22.5 35 40.177



79F.Z. Addar et al. / Desalination and Water Treatment 240 (2021) 75–88

  

 
0 10 20 30 40

0

1

2

3

4

5

6

7

8

pH

TMP (bar)

 TR60
 NF270
 NF90

 

  

0 10 20 30 40
0

40

80

120

160

 TR60
 NF270
 NF90

m/L xulf etae
mreP

2 h

TMP (bar)
0 10 20 30 40

0

25

50

75

800

900

1000

1100

1200

)
mc/Sµ( ytivitcudno

C

TMP (bar)

 TR60
 NF270
 NF90

0 10 20 30 40
0

3

6

9

12

15

18

21

[N
O

- 3
)L/g

m( ]

TMP (bar)

 TR60
 NF270
 NF90

0 10 20 30 40
0,0
0,5

10

12

14

16

18

20

22

OS[
2- 4

)L/g
m(]

TMP (bar)

 TR60
 NF270
 NF90

0 10 20 30 40
0

25

200

250

300

350

400

450

[C
l-

)L/g
m( ]

TMP (bar)

 TR60
 NF270
 NF90

A B 

D C 

F E 

  
0 10 20 30 40

0

3

6

9

12

15

18

21

O
Ca

C L/g
m( ytinilaklA

3)

TMP (bar)

 TR60
 NF270
 NF90

0 10 20 30 40
0

5

40

50

60

70

80

90

100

O
Ca

C L/g
m( ssendra

H
3)

TMP (bar)

 TR60
 NF270
 NF90

G 
H 

Fig. 2. Permeate characteristics as a function of operating TMP.
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In general, for TR60 and NF90, the ion content decreases 
with the TMP applied over the entire pressure range stud-
ied. For NF270, the ion content decreases with the TMP 
applied as long as the pressure is below 10 bar. The ions 
content obtained with NF90 is lower than that obtained 
with TR60 and NF270. This outcome can be explained by 
the structure of the NF90 membrane which is close to that 
of RO membranes and also the dominant mode of salt 
transport through these membranes is diffusion [40].

In NF, the rejection is due to the hydration energy of 
ions and the surface and drag force. In addition, and accord-
ing to Nghiem et al. [41], the measurements of the contact 
angle with water for the NF270 and NF90 are (55°, 42.5°) 
respectively indicate that the two membranes are relatively 
hydrophobic [41,42], the zeta potentials of these two mem-
branes were slightly positive below pH 3.5 and are nega-
tively charged above this pH, due to the deprotonation of 
the functional groups [41,43] which explains the excellent 
performance of these two membranes [44]. The same thing 
can be said about the TR60 membrane since it too is made 
of the same materials. At high TMP, the drag force will 
prevail and give low rejection [45,46].

Thus, the physico-chemical quality of the water obtained 
is satisfactory for NF270 and TR60. For NF90, water is 
strongly demineralised and requires remineralisation. This 
result is consistent with a study of a similar treatment [47].

3.1.2. Effect of initial fluoride concentration in the feed on 
fluoride rejection

The effect of the initial fluoride concentration in the 
feed on fluoride rejection at different operating TMP is 
illustrated in Fig. 3 for the three membranes.

When initial fluoride concentration in the feed increases, 
fluoride rejection increases slightly (Figs. 3A–C) and then 
reaches a plateau for different operating TMP for the three 
membranes. This behaviour is in accordance with the 
Donnan exclusion model [48].

For the applied TMP range the fluoride rejection 
exhibited by NF90 is higher than those obtained by TR60 
and NF270 according to the following sequence: 

R R RNF90 TR60 NF> > 270

The high rejection of the fluoride ion in NF membranes 
is attributed mostly to the steric and charge effects as well 
to its very small size and more highly hydrated shell, its 
high charge density [49], to elevated pH which would 
change the membrane surface charge to negative form 
according to deprotonation of carboxyl functional groups 
(COOH → COO–) [50], to the Donnan classical equilibrium, 
and to the membrane charge neutralization effect due to 
the cation concentration [49].
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Fig. 3. Fluoride rejection vs. initial fluoride concentration in the feed.
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From the previous figures, we have found that fluoride 
rejection is influenced by the initial fluoride concentration 
in the feed and likely by operating TMP for all the three 
membranes. To confirm or deny this hypothesis, we adopt 
an RSM approach based on CCD.

3.2. Statistical analysis and modelling by RSM

3.2.1. Experimental process performance

The process responses investigated for the model are 
permeate concentration, fluoride rejection and permeate 
flux. The experimental design and results for the modelling 
are shown in Table 4. Table 5 represents the ANOVA mod-
els developed for the responses of TR60, NF270 and NF90 
membranes. The statistical analysis indicates that P-values 
less than 0.0500 indicate model terms are significant. Values 
greater than 0.1000 indicate the model terms are not sig-
nificant. If there are many insignificant model terms (not 
counting those required to support hierarchy), model reduc-
tion may improve your model. The F-values of the mod-
els imply that the models are significant. There is only a 
small chance that such a high F-value is due to noise.

The regression equations for permeate concentra-
tion generated for TR60, NF270 and NF90 are Eqs. (6)–(8), 
respectively.

Y X X
X X X

1 1 2

1 2 1

0 813914 0 383461 0 279808
0 020000 0 025800

� � � �

� �

. . .

. . 22
2
20 007049� . X  (6)

Y X X
X X X

1 1 2

1 2 1
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. . .

. . 22
2
20 000094� . X  (7)
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2
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� �
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. . �� 0 003194 2
2. X  (8)

The regression equations for fluoride rejection generated 
for TR60, NF270 and NF90 are Eqs. (9)–(11), respectively.
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X X X

1 1 2

1 2 1
2
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The regression equations for permeate flux generated 
for TR60, NF270 and NF90 are Eqs. (12)–(14), respectively.
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X X X
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1 2 1
2

61 69397 8 54561 0 037604
0 000083 1 15920

� � � �

� � �

. . .
. . 00 002049 2

2. X  (12)

Y X X
E X X

1 1 2

1 2

1 69253 11 93403 0 210625
7 24685 16 0 173950

� � � �

� � �

. . .

. . XX X1
2

2
20 011701� .  (13)

Y X X
E X X

1 1 2

1 2

19 91611 8 25635 0 359807
1 42479 16 0 094817

� � � �

� � �

. . .
. . XX X1

2
2
20 019984� .  (14)

The R2 (correlation coefficient-squared) is also computed 
for the model which describes the variability and accuracy 
of the generated models. R2 is computed for permeate con-
centration, fluoride rejection and permeate flux respectively 
for TR60, NF270 and NF90 as shown in Table 5. The val-
ues of R2 closer to 1 indicate towards a better prediction of 
response using the model. The adaptability of the generated 

Table 4
CCD for the two independent variables

Run Coded variables values Responses values

X1 X2

TR60 NF270 NF90

Y1 Y2 Y3 Y1 Y2 Y3 Y1 Y2 Y3

1 0 0 2.35 76.50 62.64 1.95 80.5 102.69 0.07 99.3 119.47
2 0 0 2.35 76.50 62.64 1.95 80.5 102.69 0.07 99.3 119.47
3 –1 1 4.34 71.06 47.05 3.87 74.2 62.25 0.15 99 51.44
4 1 –1 0.7 76.66 93.16 1.11 63 137.96 0.015 99.5 153.55
5 0 0 2.35 76.50 62.64 1.95 80.5 102.69 0.07 99.3 119.47
6 –α 0 2.77 72.30 47.05 2.66 73.4 27.82 0.1 99 22.43
7 0 0 2.35 76.50 62.64 1.95 80.5 102.69 0.07 99.3 119.47
8 0 a 5.64 71.80 62.64 3.87 80.65 102.69 0.1 99.5 119.47
9 α 0 1.73 82.70 106.91 3.3 67 158.48 0.05 99.42 160.13
10 1 1 2.64 82.40 93.16 3.87 74.2 137.96 0.068 99.54 153.55
11 0 0 2.35 76.50 62.64 1.95 80.5 102.69 0.07 99.3 119.47
12 0 –α 0.45 55 62.64 0.18 42 102.69 0.023 97.7 119.47
13 –1 –1 1.2 60 47.05 1.6 46.66 61.25 0.054 98.2 51.44
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model is confirmed by the adjusted R2 (R2
adj) which is close 

to the corresponding R2 value. The predicted and experi-
mental values are plotted, as shown in Figs. 4–6.

Fig. 4 compares the experimental values for permeate 
concentration to the predicted data calculated by apply-
ing the regression equations [Eqs. (6)–(8)] for the three 
membranes.

Fig. 5 compares the experimental rejection values of flu-
oride ions to the predicted data calculated by applying the 
regression equations [Eqs. (9)–(11)] for three membranes.

Fig. 6 compares the experimental data of the perme-
ate flux values to the predicted data calculated by apply-
ing the regression equations [Eqs. (12)–(14)] for three  
membranes.

These graphics reveal that the model-predicted val-
ues are in accordance with the experimental values for the 
range studied. The coefficient of correlation is determined 
by the R-value. In Table 5 it can be seen that for all the 
membranes, the R-value is closer to unity, which demon-
strates a positive relationship between the data.

Table 5
ANOVA for the three models, permeate concentration, fluoride rejection, permeate flux of TR60, NF270 and NF90

Model Response Sum of squares Degree of freedom Mean square F-value P-value R2 R2
adj

TR60 Permeate concentration 20.97 5 10.48 50.30 <0.0001 0.9536 0.9204
Fluoride rejection 716.74 5 143.35 27.27 0.0002 0.9512 0.9163
Permeate flux 4,280.57 5 856.11 817.35 <0.0001 0.9983 0.9971

NF270 Permeate concentration 14.55 5 2.91 116.47 <0.0001 0.9881 0.9796
Fluoride rejection 1,983.79 5 396.76 33.12 <0.0001 0.9594 0.9305
Permeate flux 14,435.98 5 2,887.20 157.13 <0.0001 0.9912 0.9849

NF90 Permeate concentration 0.0136 5 0.0027 35.03 <0.0001 0.9616 0.9341
Fluoride rejection 3.00 5 0.6000 6.93 0.0122 0.8320 0.7120
Permeate flux 21,433.15 5 4,286.63 1,077.90 <0.0001 0.9987 0.9978
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Fig. 4. Predicted vs. actual values for permeate concentration.



83F.Z. Addar et al. / Desalination and Water Treatment 240 (2021) 75–88

   

 

TR60 NF270 

NF90

Fig. 5. Predicted vs. actual values for fluoride rejection.
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Fig. 6. Predicted vs. actual values for permeate flux.
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3.2.2. Permeate concentration

Fig. 7 shows the response surface graphs effect of 
TMP and initial fluoride concentration in the feed on per-
meate concentration. The 3D response surface allows the 
interaction of these parameters to be visualized.

The ANOVA results indicate a significant effect of ini-
tial fluoride concentration in the feed on permeate concen-
tration for both TR60 and NF270. There is also a significant 
interaction effect between operating TMP and initial fluo-
ride concentration in the feed on permeate concentration 
for NF90.

Fig. 7 shows the response surface for both TR60, NF270 
that the permeate concentration increases significantly with 
increasing initial fluoride concentration in the feed, how-
ever, the effect of TMP turns out to be insignificant. Thus, 
high fluoride concentration in the permeate that exceeding 
standards (>1.5 mg L–1) are observed.

Note that the optimum values obtained are an initial 
fluoride concentration in the feed of 7 and 5.5 mg L–1, and a 
TMP of 10 and 13 bar for TR60 and NF270 respectively.

A significant increase of permeate concentration in 
the permeate with increasing interaction of initial fluoride 
concentration in the feed and TMP for NF90. The range of 
permeate concentration obtained remains lower than the 
standard. In this case, the effect of initial fluoride concen-
tration in the feed and TMP is negligible.

These results can be compared with the experiments 
carried out by Jadhav et al. [34] on NF90 and NF270 to 
removing fluoride. In this research, results showed that 
varying the initial fluoride concentration in the feed from 
10 to 20 mg L–1 (0.1–0.2 kg m–3) results in permeate fluoride 
concentration below the WHO limit 1.5 mg L–1.

3.2.3. Fluoride rejection

Fig. 8 shows the response surface graphs effect of 
TMP and initial fluoride concentration in the feed on fluo-
ride rejection. The 3D response surface allows the interac-
tion of these parameters to be visualized.

The ANOVA results indicate a significant effect of ini-
tial fluoride concentration in the feed on fluoride rejection 
for TR60 and NF270, and for NF90 a significant effect of ini-
tial fluoride concentration in the feed on fluoride rejection 
with a less significant effect of TMP.

For TR60 and NF270, the initial fluoride concentration 
in the feed (Fig. 8) appears to affect the fluoride rejection. 
Also, TMP seems to affect the fluoride rejection more at 
higher initial fluoride concentration than the lower end.

The fluoride rejection is relatively stable with increas-
ing TMP. The optimal conditions that give the maximum 
fluoride rejection predicted by the model are illustrated 
in Table 6. Previous one-factor-at-a-time studies showed 
that TMP alone had a small effect on the rejection rate. For 
example, Huang, et al. [50], examined rejection rate under 
TMP of 40–800 kPa and concluded that TMP did not sig-
nificantly affect the rejection rate. Mnif et al. [22], have 
reported similar conclusions for a TMP range of 3–20 bar 
and concluded that at higher TMP, fluoride rejection is 
practically unaffected. This may reflect the fact that TMP 
primarily provides a driving force for mass transport 
across the membrane and will not affect the interactions 

between ions and membrane. While for NF90, both 
parameters slightly affect the rejection.

3.2.4. Permeate flux

Fig. 9 shows the response surface graphs effect of TMP 
and initial fluoride concentration in the feed on perme-
ate flux. The 3D response surface allows the interaction of 
these parameters to be visualized.

The ANOVA results indicate a significant effect of TMP 
on permeate flux for all three membranes.

In Fig. 9 the response surface indicates that an increase 
in TMP is increasing the permeate flux. The permeate flux 
increases gradually in the lower ranges and increases rap-
idly in the upper ranges for the three membranes. The per-
meate flux of the NF270 is much higher than that of the 
TR60 and NF90. This is due to the pore size of the mem-
branes which limits the permeate flux [50,51].

3.3. Optimisation and prediction of modelling using RSM

Process optimization for permeate concentration 
(mg L–1), fluoride rejection and permeate flux (L h–1 m–2) are 
calculated by RSM model. As mentioned previously, three 
separate predictive models are presented for the response 
functions for each NF membrane studied. The fluoride ions 
removal process aims at minimizing permeate concentra-
tion and at treating large volumes of water maximize per-
meate flux, as well as fluoride rejection for TR60 and NF270. 
While for NF90, the permeate concentration is low in reality, 
so the process maximizes permeate concentration.

The optimal conditions of the fluoride ions removal 
are obtained using the desirability function approach in 
Design Expert.

The optimum conditions of TR60, NF270 and NF90 
membranes are shown in Table 6.

4. Conclusion

This research work deals with removal of fluoride ions 
by NF performed on groundwater doped with NaF using 
three membranes. The experimental results show that in the 
range of studied operating TMP, rejection of fluoride ions 
by NF90 is higher than those obtained by TR60 and NF270 
which are almost similar. This fluoride rejection follows the 
following order:

R R RNF90 TR60 NF> > 270

Furthermore, RSM, shown in the central composite 
design, is one of the appropriate methods to optimize the 
operating conditions minimizing the permeate concentra-
tion and maximizing the fluoride rejection and permeate 
flux for TR60 and NF270. The analysis of variance shows 
a high value of the coefficient of determination (R2 > 0.90), 
thus ensuring a satisfactory fit of the second-order regres-
sion model with the experimental data. The optimization 
of the models allows to obtain the optimal conditions at an 
initial fluoride concentration in the feed of 7 and 5.5 mg L–1, 
at operating TMP of 10 and 13 bar respectively. The graph-
ical response surface and contour lines are used to locate 
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Fig. 7. Response surface plot for permeate concentration.
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Fig. 8. Response surface plot for fluoride rejection.
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the optimum point. For NF90, we try to maximize the 
permeate concentration despite the fact that it is very low 
compared to the standards fixed by WHO.
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a b s t r a c t
This study deals with the comparison of the performances of nanofiltration (NF) membrane (NF90-
40-40) in nitrate removal from brackish water using three configurations: continuous mode, batch 
recirculation mode and tube pressure. The experiment is conducted on an industrial pilot plant, 
having two modules equipped with a spiral commercial membrane with an area of 7.6 m2. First, pro-
cess configurations are introduced, by highlighting particularly the fundamental difference between 
different configurations in terms of recovery rate, scaling risk and permeate quality to achieve a 
nitrate concentration required by the standards (<50 mg/L). Then, the potential of energy efficiency 
of the three configuration modes is systematically compared using analytical expressions under real 
conditions. Lastly, other factors such as energetic costs, operational experience, and process robust-
ness that may particularize the different process configurations are discussed. Finally, through this 
analysis, it appears that practical batch configuration and pressure vessels mode offer compara-
ble and significant energy savings, it around 0.66 and 0.58 kWh/m3 respectively. Nevertheless, in 
terms of recovery rate and nitrate content, the pressure vessel is more technologically attractive 
with a target recovery rate of 82% in comparison to batch configuration 52%. At the same time, 
batch mode and pressure tube configuration minimize the fraction of brine disposal dumping to 
sewage, making it environmentally friendly.

Keywords: Nitrate; Nanofiltration; Recovery rate; Configuration mode; Energy assessment

1. Introduction

The nitrate concentration level in groundwater for 
human consumption is one of the most important problems 
related to the quality of the groundwater in many countries 
and also in Morocco [1,2]. The pollution of the ground-
water by nitrates affects nearly all the Moroccan territory 

with approximately 6% of resources having nitrate content 
more than the national standards [3]. The World Health 
Organization (WHO) has set maximal admissible nitrate 
concentration on drinking water at 50 mg/L [4]. Likewise, 
the Moroccan legislation established a maximum allowed 
concentration of nitrates at 50 mg/L in drinking water.

Nanofiltration (NF) membrane process has been 
shown to be a feasible solution for different water treat-
ments including brackish water (BW), surface water and 
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wastewater reclamation [5,6]. The key to using NF in these 
applications depends on the selection of the proper NF 
membrane and the design of a suitable process. The design 
approach is generally conditioned by the type of feed water 
to be processed and the configuration modes. When large 
feed streams are intended to be treated, the continuous 
configuration is usually chosen. In this case, several mem-
brane elements are connected in series inside pressure ves-
sels organized in stages with a different number of pressure 
vessels in parallel. The number of concentration stages will 
depend on the recovery rate and the number of membrane 
elements per pressure vessel [7].

In some industrial applications, the volume of feed water 
is relatively low and the production of water is discontinu-
ous. Technically and economically, the preferred operating 
mode, in this case, is the batch mode [8,9]. The principle of 
this configuration is based on the fact that the feed water is 
collected in a tank and then treated with total recycling of 
the concentrate obtained. Hence, the operating conditions 
of each membrane element in this case change throughout 
the treatment and the concentration of the retained sol-
ute by membrane increases over time as the permeate is 
removed [10,11]. Another application of the batch mode is 
usually done at the lab-scale and pilot-scale levels to obtain 
the desired volume concentration ratio. However, since all 
of the concentrate is recycled, the components retained by 
the membrane have a high average residence time in the sys-
tem [12]. Another option offered by the pressure increasing 
staging which is applicable for either reverse osmosis (RO) 
and NF plant, is becoming more attractive. In this config-
uration, the brine of the first stage becomes the feed of the 
second stage. Conceived to overcome the above drawback 
of single-stage, increasing staging has shown theoretically 
that this is a promising way to improve energy efficiency 
[13,14]. Consequently, pressure tube configuration can mit-
igate the unnecessary energy dissipation and reduce the 
overall energy consumption despite the significant increase 
in capital cost induced. Based on the previously discussed 
configurations, various studies have been carried out to pro-
pose a method for improving energy efficiency [15,16]. NF 
treatment system can be adopted in various configuration 
modes to improve its performance and to save energy.

The objective of this study is to compare the perfor-
mances of NF membrane (NF90-40-40) in nitrate removal 
from BW using three configurations: continuous mode, 
batch recirculation mode and pressure vessels. These perfor-
mances will be discussed in terms of recovery rate, scaling 
risk and permeate quality to achieve a nitrate concentration 
required by the standards (<50 mg/L). Then, the potential 
of energy efficiency of all the three configuration modes 
is systematically compared using analytical expressions 
under real conditions. Lastly, other factors are discussed 
such as energetic cost, operational experience, and process 
robustness in order to evaluate the performances of dif-
ferent tested configurations.

2. Experimental

2.1. Characteristics of the feed water

The experimental is applied in a case study to estimate 
the performance of a NF plant treating BW containing 

nitrate which exceeds slightly the concentration limit for 
drinking water (50 mg/L). The ionic composition of the feed 
BW is shown in Table 1.

The NF90-4040 spiral-wound membrane (Dow-FilmTec) 
is selected for the study as the feed water slightly exceeds 
the recommended nitrate concentration. The experimental 
setup is an industrial pilot NF/RO(E3039) provided by the 
French company TIA (Applied Industrial Technologies). 
The pilot is equipped with two identical modules in series 
described in a previous study [18,19].

Table 2 gives the characteristics of the used membranes. 
The pilot-scale experiments are conducted in three differ-
ent operational configuration modes: simple pass, batch 
mode and pressure vessels. Fig. 1 gives a design of different 
configuration modes.

2.2. Analytical methods

The experiments are performed at 29°C. Samples of 
permeate are collected and the water parameters are deter-
mined analytically following standard methods previously 
described [20]. The followed parameters are:

Table 1
Characteristics of the feed BW

Parameters Feed 
BW

Moroccan guidelines 
[17]

Temperature (°C) 30 35
Turbidity (NTU) <3 <5
Electric conductivity (µS/cm) 2,010 <1,000
TDS (ppm) 1,280
pH 7.80 6.5–8.5
pHs 7.41 –
TH (°F) 44.2 50
Alkalinity (ppm) 100 –
Ca2+ (ppm) 108 270
NO3

– (ppm) 90 50
Na+ (ppm) 283 200
Mg2+ (ppm) 41.96 <50
Cl– (ppm) 560 250
SO4

2– (ppm) 126 200
LSI –0.53 –0.2 < LSI < 0.2

Table 2
Characteristics of the used membranes

Membrane NF90-4040 (FilmTec)
Surface (m2) 7.6
Pmax (bar) 41
pH 3–10
Max. temp. (°C) 45
MWCO (Da) 100–200
Material Polyamide
[Cl2] tolerance (ppm) 0.1
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• Electric conductivity, pH, sulfates, calcium and nitrates 
contents.

• Salt rejection (R%) which is defined as:

R
C C
C

p�
�

�0

0

100  (1)

where C0 and Cp (mg/L) are ion concentrations respectively 
in the initial solution and in the permeate (purified solution).

• Recovery rate (Y) which is defined as:

Y
Q
Q
p� �
0

100  (2)

where Qp is the permeate flow (L/h) and Q0 the feed flow 
(L/h).

• Langelier Saturation Index (LSI): is the corrosion index, 
which has been widely used in the water industry to 
control the corrosion of pipes. LSI is simply defined as 
follows [21–23]:

LSI pH pH� � S  (3)

where pH is the pH value of the solution and pHs is the 
saturation pH.

If LSI < 0, the water is under saturated and most of the 
CaCO3 is dissolved in the water; while LSI > 0 indicates 
a supersaturated water and CaCO3 precipitation. Finally, 
water is in equilibrium with CaCO3 when LSI = 0.

• Specific energy consumption (SEC) (kWh/m3): is propor-
tional to transmembrane pressure (TMP). SEC is calcu-
lated by the following relation [24]:

E P
Y

kWh
m3 36

100�

�
�

�

�
� � � �

�
�
�

 (4)

where P is the TMP in bar, η is the global pumping sys-
tem efficiency, and Y (%) is the recovery rate.

3. Results and discussions

3.1. Simple pass configuration

The applied TMP is one of the most significant factors 
affecting the NF process. In this study, the experiments are 
carried out at four TMP, namely 8, 10, 15 and 20 bar. The 
obtained results (Fig. 2) show that the nitrate removal effi-
ciency and the permeability of the membrane are improved 
with increasing applied TMP. Thus, for a linear fit of the 
permeate flux, the R2 value is equal to 0.992, which indi-
cates that concentration polarization is negligible. This 
improvement was expected since the increase of driving 
force which corresponds to the pressure gradient, pro-
motes solvent transfer, while the transfer of the solute by 
diffusion remains constant, as reported in previous stud-
ies [25,26]. In addition, for all applied TMP the nitrate and 
sodium contents in the permeate are below the Moroccan 
recommended standards. The same behavior is observed 
for chloride content, except at 8 bar. Thereafter, the opera-
tions are carried out using a TMP of 10 bar to evaluate the 
performances of the proposed configurations.

3.2. Supplied batch configuration

In this part, the supplied batch configuration is con-
ducted with a TMP of 20 bar, corresponding to 1,468 L/h of 
feed flow. The permeate is recuperated while the retentate 
is recirculated to the tank of alimentation. Water supply 
equal to the flow of the permeate is maintained continu-
ously. The volume of the tank of alimentation is fixed at 
50 L. The recovery rate is calculated on the basis of Eq. (2).

Fig. 3 gives the evolution of flow rate of permeate, 
retentate and recovery rate as a function of time. In this 
figure, the observed decline in flux is a consequence of 
both decreases in the effective pressure caused by the 
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Fig. 1. Design of different configurations modes.
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pressure drop and an increase in the osmotic pressure due 
to the concentration rise. In this case, the osmotic pres-
sure increases from 0.042 bar for the initial feed solution 
to 0.18 bar for the final brine at the outlet of the eighth 
membrane module. Moreover, the effect of concentration 
polarization is still low. As shown in Fig. 3, the recovery 
rate of NF90 membrane drops from 59.2% to 50.9% for 
each moment. While the overall recovery rate of the system 
increases to reach 52% after 40 min of the treatment.

Fig. 4 shows that all the followed parameters increase 
practically over time in the feed, retentate and permeate, 
but they are still below the standards required by WHO 
until 40 min: nitrate (35 ppm), chloride (185 ppm) and 
sodium (98 ppm).

Thus, after 40 min of treatment, the water quality of 
the permeate becomes worse when electric conductiv-
ity of the permeate reaches 1,180 µS/cm, and the growth 
trend is accelerated while the content of nitrate, sodium 
and chloride in permeate exceeds the standards at 50 min 

of treatment, while the electrical conductivity increases 
and reaches 2,230 µS/cm in the feed water and exceeds 
4700 µS/cm in the retentate.

Fig. 5 shows the evolution of the concentration ratio 
Ca2+/Mg2+, LSI and pH in the NF retentate as a function of 
time, it can be seen that all parameters increase with time 
and after 20 min a decrease was observed for these param-
eters indicating the onset of precipitation phenomena. 
After 50 min, the precipitation is observed with the naked 
eye in the retentate.

3.3. Pressure vessel configuration mode

In order to obtain more quantity of freshwater and to 
minimize the brine volume, the experiments are carried out 
on pressure tube configuration with nitrate concentration 
equal to 90 ppm at a pressure of 10 bar. In this configura-
tion mode, the retentate of the first module serves as the 
feed of the second module, and all modules were arranged 

8 10 12 14 16 18 20

5

10

15

20

30
35
40
45
50
55
60
65
70
75
80
85

)
mpp( etartin tnetno

C

 Permeate flux 
 Nitrate permeate

TMP (bar)

m/h/l( xulf etae
mreP

2 )

50

100

150

200

250

300
 Nitrate permeate

 Chloride permeate

Ions content (ppm
)

Fig. 2. Effect of TMP on permeate flux, nitrate, chloride and sodium content in the permeate.

10 20 30 40 50

700

800

900

1000

1100

1200

1300

1400

 Permeate
 Retentate

Time (min)

)h/L( etar 
wolF

49

50

51

52

53

54

55

56

57

58

59

60

 Recovery rate

R
ecovery rate (%

)

Fig. 3. Evolution of flow rate (permeate, retentate) and recovery rate as a function of time, TMP = 10 bar.



93F. Elazhar et al. / Desalination and Water Treatment 240 (2021) 89–96

in the same fashion. The permeates of all modules are col-
lected as product water. Fig. 6 shows the evolution of recov-
ery rate and electric conductivity permeate and retentate 
as a function of the number of modules. The results indi-
cate that the number of tubes increases, the overall water 
recovery rate increases due to the greater membrane area 
deployed (Fig. 6). There is a sharp increase in the recov-
ery rate at the beginning with a slow increase as a number 
of modules goes higher. This is due to the increase of the 
salt concentration of the brine (feed water) which feeds 
the modules of the pressure tube. In the last modules of 
the tube, the higher salt content generates higher osmotic 
pressure, which counteracts the effect of the applied pres-
sure. Consequently, the concentration polarization phenom-
enon that follows is severe. This phenomenon is responsible 
for the decrease in permeate flow which drops from 1,253 
to 825 L/h between the first and the eighth module of the 
pressure tube. In the same way, the electric conductivity 

in brine and permeate increase throughout each module 
due to the reduction of volumetric flux and salts rejection.

All the permeate parameters increase significantly with 
a number of modules but remain slightly above the stan-
dards for a number of modules equal to 6. This configuration 
leads to the following performances: production capacity 
of 856.23 L/h, the overall recovery rate of 82.4%, permeate 
conductivity of 860 µS/cm, nitrate and chloride concentra-
tion of 35 and 218 mg/L respectively. Fig. 7 gives the vari-
ation of several characteristics of the permeate vs. number 
of modules (electric conductivity, pH, nitrate, chloride, 
sodium, calcium and sulfate contents).

Fig. 8 gives the variation of LSI in the permeate and the 
pH in the retentate, the permeate, and the feed water as a 
function of a number of modules. It can be seen that with 
all number of modules, the pH value remains practically 
stable, while the LSI increases with increasing the num-
ber of modules. This behavior is due to the slight increase 
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of calcium and carbonate concentration in the permeate. 
The results indicate that LSI is higher than 0 from the 7th 
module. Therefore, no scaling phenomenon is observed in 
the retentate. Previous works on BW indicate that for LSI 
close to 1.8, no serious scaling problems were observed [27].

3.4. Comparison of energy requirements in different 
configuration modes

Energy and its cost are one of the most crucial factors in 
water treatment since the energy required will determine the 
viability of the treatment process. This last part will focus 
on the energetic consideration for the three studied con-
figurations in this paper: simple pass supplied batch and 
pressure tube. The calculation of the overall water recovery 
rate and energy consumption values for the three configu-
rations is based on the analytical expressions. Knowing that 
the public cost of electricity in Morocco is close to $ 0.1/kWh 
[28], Table 3 summarizes energy consumption; energy cost 
estimates and recovery rate for each tested configuration.

From the results reported in Table 3, it appears that 
both configurations supplied batch and pressure tube are 
more technologically attractive thanks to their remarkable 
improvement over the conventional simple pass in terms 
of recovery rate, energy consumption and nitrate content 
in permeate when removing nitrate from brackish water. 
Through this analysis, it appears that practical batch and 
pressure tube configuration offer comparable and signifi-
cant energy savings and good permeate quality. As a mat-
ter of fact, on the basis of the above analysis, it can be con-
cluded that the energy consumption depends on the used 
configuration mode.

4. Conclusion

Altogether, the results confirm the performances of NF 
to remove nitrate for BW at different configuration modes 
under Moroccan Standards. Therefore, the quality of the 
produced water depends on the configuration mode and 
the working conditions. In a simple configuration, the qual-
ity of the produced water is poor in terms of nitrate con-
tent and all other physico-chemical parameters, which are 
below the Moroccan standards. Hence, remineralization of 

this water is obligatory. In supplied batch, All the perme-
ate followed parameters increase practically over time while 
the feed water parameters increase considerably. In the 
retentate, precipitation occurs at 20 min, the precipitation is 
observed with the naked eye after 40 min of treatment, as 
well as the nitrate, chloride and sodium contents exceeded 
the Moroccan recommended values. While, in pressure 
vessel configuration, the satisfactory permeate water qual-
ity that meets the WHO standard, is obtained at the output 
of the sixth module. Hence, the produced water requires 
a slight post-remineralization to rebalance it again before 
disinfection. Also, the results provide that the potential of 
energy efficiency of batch and tube pressure configuration 
modes are very close, 0.66 and 0.58 (kWh/m3) respectively. 
For the simple configuration, the energy consumption is 
0.99 kWh/m3. Nevertheless, in terms of recovery rate and 
nitrate content, the pressure vessel is more technologically 
attractive with a target recovery rate of 82% in compari-
son to batch configuration (52%) and simple configuration 
(35%). Moreover, the pressure vessel configuration can 
produce a brine without scaling phenomenon (LSI > 0), 
which presents no risk to the installed equipment. While 
for the supplied batch configuration the scaling potential 
is significant under working conditions, which requires 
preventive action aimed at controlling and adjusting the 
calco-carbonic balance by correcting the pH of water in 
the feed tank. At the same time, batch mode and pressure 
tube configuration minimize the fraction of brine disposal 
dumping to sewage, making it environmentally friendly.
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a b s t r a c t
The vinasse causes a serious environmental problem when it is not previously treated before being 
discharged directly into the environment. Organic loading rate (OLR) is an important operating vari-
able for the anaerobic digestion (AD) process related to system stability, waste treatment capacity 
and biogas production. For this reason, the main aim of this paper is to evaluate the performances in 
the mesophilic methanogenic AD of a sustainable alternative for the treatment of vinasse over nearly 
1 y on an industrial-scale (Sotrameg Company, Souk EL HAD, Municipality Benmansour, Province 
of Kenitra, Morocco). The evolution of OLR on the stability of the AD of vinasse is evaluated through 
an experimental study and statistical methods using (ANOVA, Modified Gompertz, Richards, and 
Logistic). The energy potential of biogas generated from the anaerobic process is also evaluated. 
Experimental results show that the increase in OLR favors the production of biogas. Thus, the chem-
ical oxygen demand (COD) removal efficiency is 85% at an OLR of 4.2 kg COD m3/d and hydrau-
lic retention time of 12 d achieving a methane yield of 70%. The daily energy generation achieved 
is 6.95 kWh/m3 and approximately 50% of this energy is reused to satisfy the needs of Sotrameg 
facilities. The proposed statistical models are used to describe the dynamic behavior of methane 
production and its dependence on OLR. A good fit between the variables estimated by the statistical 
model and experimental data is obtained, reaching determination coefficients (R2) greater than 0.9.

Keywords:  Vinasse; Anaerobic digestion; Methane yield; energy; Organic loading rate; Kinetic; 
statistical models

1. Introduction

Anaerobic digestion (AD) is a process in which micro-
organisms break down the biodegradable material waste in 
absence of oxygen. This process is widely used in the treat-
ment of wastewater and organic waste [1–3]. AD has plenty 
of advantages that can be summarized in two points: on the 

one hand, AD allows the depollution of organic effluents 
by considerably reducing their chemical oxygen demand 
(COD). On the other hand, it allows the production of bio-
gas, which contains more than 60% of methane [4,5]. The 
latter has very high energy potential and is considered 
renewable energy [6].

In Morocco, AD can be a strategic choice for the pro-
motion of green energy, thanks to the significant potential 
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of biomass available in the Kingdom and due to its strong 
commitment to environmental protection and promotion 
of sustainable development (Law n° 13-09). Thus, the pro-
duction of biogas by AD of biomass is one of the prom-
ising resources of renewable energy not yet supported in 
Morocco [7]. The potential for development of this technol-
ogy is promising in agriculture, industry or agri-food sectors.

Sotrameg Company, Souk EL HAD, Municipality 
Benmansour, Province of Kenitra, Morocco, established in 
1975, is the Moroccan leader of ethanol production by meso-
philic fermentation of molasses with Saccharomyces cerevisiae 
for chemical, pharmaceutical, cosmetics and vinegar indus-
try. The company has a long historical tradition and today, 
Sotrameg is one of the most important agro-industries in the 
country, which contributes largely to providing the local mar-
ket. The annual production reaches more than 50 million L 
of alcohol with yields up to 250 L of alcohol/ton of molasses. 
Nowadays, Sotrameg Company, Souk EL HAD, Municipality 
Benmansour, Province of Kenitra, Morocco is facing a real 
problem, which is the generation of highly polluting effluents, 
also called vinasse (the main liquid stream from the first-gen-
eration ethanol production process). This major environmen-
tal problem is related to the sugarcane processing plants, 
which generally generate up to 10–15 m3/h of vinasse for each 
liter of produced ethanol [8–10]. So presently, in Morocco 400–
750 million L of vinasse per year are generated. The nature and 
the quantities of this waste constitute a real danger and threat 
to the environment and public health. Moreover, with the par-
adigm shift brought recently by the water-energy nexus, this 
effluent very rich in organic matter is now viewed not as a 
waste but rather as a resource with high potential.

There are several treatment methods of vinasse, physic- 
chemical treatment such as (sedimentation and flotation, 
coagulation and precipitation, filtration, reverse osmosis, 
adsorption, wet oxidation, ozonation and other advanced oxi-
dation processes) and biological treatment, such as AD, aero-
bic treatment, activated sludge and fungal treatment [11,12]. 
It is generally accepted that anaerobic processes offer several 
advantages over aerobic ones for the treatment of vinasse 
because the anaerobic processes are considered energy, envi-
ronmental and economically viable. Anaerobic and aero-
bic digestions of vinasse have been the subject of a number 
of studies using laboratory or pilot scale digesters [13].

Among various environmental conditions, the organic 
loading rate (OLR) is an important parameter that has an 
essential effect on AD performance. Indeed, the suitable 
increase in OLR can favor cell activity, which allows amelio-
ration of the methane (CH4) production and degradation of 
the substrate, that is, increasing OLR can improve the over-
all performance of the AD process. In this way, Wijekoon 
et al. [14] studied the effect of OLR in the production of 
volatile fatty acids (VFA) from wastewater, identifying that 
the moderate increase in OLR improves the efficiency of 
organic load degradation.

Blasius et al. [15] focused on the determination of the 
ideal conditions for treating household waste by AD, to eval-
uate the potential of methane generation under mesophilic 
and thermophilic conditions and to determine the maximum 
OLR not to be exceeded in the digesters. Barros et al. [16] 
evaluated startup and stabilization of the AD of vinasse to 
methane with a gradual increase of OLR in UASB reactors. 

The study showed that increasing OLR value improved 
the efficiency of total COD conversion into methane. In 
another work, Arreola-Vargas et al. [17] studied the effect 
of OLR on AD of tequila vinasse, concluding that methane 
production can be enhanced by increasing OLR.

Recently, Moguel-Castañeda et al. [18] investigated the 
effect of OLR on methane production on AD of raw whey 
experimentally and theoretically. They evaluated through 
an experimental study and numerical simulations based 
on an applied mathematical model (Levenberg–Marquardt 
algorithm), the operating conditions that promote methane 
production.

Thus, this work aims at evaluating over 1 y the AD perfor-
mance of Sotrameg Company, Souk EL HAD, Municipality 
Benmansour, Province of Kenitra, Morocco in industrial 
conditions. The evolution of OLR on the system stability 
is explored in terms of pH, COD removal, biogas produc-
tion, methane yield and hydraulic retention time (HRT). 
Furthermore, based on the laboratory data, kinetic results 
of the methane production from the AD of vinasse using 
statistical models (ANOVA, Modified Gompertz, Richards, 
and Logistic kinetic) are compared to determine the best-fit 
method. Lastly, the technical study of the energy potential 
of biogas generated from the anaerobic process is evaluated.

2. Methods and materials

2.1. Description of Sotrameg Company, Souk EL HAD, 
Municipality Benmansour, Province of Kenitra, Morocco

Sotrameg Company, Souk EL HAD, Municipality 
Benmansour, Province of Kenitra, Morocco adopted AD as an 
interesting alternative for treatment of vinasse to promoting 
the stabilization of organic matter and for biogas production. 
Fig. 1 shows the schema of the entire processing plant of the 
vinasse adopted by the Company. Table 1 gives the criteria of 
dimensioning for the anaerobic bioreactor process.

2.2. Vinasse characterization

Vinasse is characterized as an effluent with a high pollu-
tion potential, containing high levels of organic compounds 
and nutrients (mainly total phosphorus (TP) and total 
nitrogen (TN)). The characterization of the raw vinasse is 
summarized in Table 2.

2.3. Chemicals analysis

Routine analyses including total biochemical oxygen 
demand (BOD5) and COD, alkalinity, nitrogen, pH, total 
suspended solids (TSS), TP and TN are performed using 
procedures outlined in standard methods [20]. The AD per-
formances of this study are followed by HRT, OLR, COD 
removal efficiency and volumetric methane production 
rate. Most of the parameters are monitored daily during 
the startup phase and every other day during the normal  
operation.

•	 Hydraulic retention time (d):

HRT =
V
Q

 (1)
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•	 Organic loading rate (g/(Ld)):

OLR CODint=
O
V

 (2)

•	 COD removal efficiency (%):

%COD
COD COD

COD
100INT OUT

INT

�
�

�  (3)

•	 Volumetric methane production rate (LCH4/(Ld)):

rCH CODCH
int4

4=
Q
V

 (4)

where Q: effluent flow rate (m3/h); V: effective volume of 
reactor bed (m3); CODint and CODout: concentrations (mg/L) 
in the influent and effluent stream respectively; QCH4: volume 
of biogas produced per day (m3/d).

3. Results and discussion

3.1. Evolution of OLR, COD abatement efficiency and HRT 
during the company experiments

The industrial AD performance is evaluated over the 
long-term on the basis of results obtained over a year. This 

study compares the performance of an anaerobic digester 
at fluctuating and constant daily OLR. Fig. 2 shows 
the change in OLR imputed to HRT and COD removal 
efficiency during AD of vinasse. Fig. 2a shows that at 
the startup of the AD process, the OLR value is close to 
0.2 kg m3/d while the HRT appears to take too long, more 
than 40 d. It takes the time required for the reactor to com-
pletely stabilize the biomass. However, this long period 
before stabilizing is likely due to the shock created by the 
nutriments, which consequently change of state of the 
OLR. After a short adaptation period of the ecosystem, 
the OLR stepwise increases from 0.7 to 4.2 kg m3/d and the 
HRT is shortened progressively up to 10 d. Indeed, this 
observation indicates a good activity of biomass formation 
and organic matter degradation. The slight drop in OLR 
(Fig. 2a) has a value of 2.3 kg m3/d causes a slight increase 
of the HRT up to 13 d, this is mainly due to a technical 
electricity problem.

Fig. 2b shows that the efficiency of COD abatement is 
between 56%–60% at OLR 0.2 kg m3/d, that is, at the startup 

Lagoonbuffer

Anaerobic compartments 

AnaerobiccompartmentC
JJNClarifier 

Centrifuge 

Aerobic clarifier 

Biogas 

Aerobiccompartment 

Fig. 1. Schematic of the full-scale plant of vinasse treatment of Sotrameg Company, Souk EL HAD, Municipality Benmansour, 
Province of Kenitra, Morocco.

Table 1
Criteria of dimensioning for the anaerobic bioreactor process

Average volume load 3 kg DCO/m3d
Liquid volume 8,539 m3

Hydraulic retention time 20 d
Diameter 30 m
Total height 6.5 m
Digester volume 4,200 m3

Organic load 23 tons COD/d

Table 2
Characteristics of the vinasse

Parameters Vinasse Moroccan Standard 
discharge valuesa

pH 4–5 6.5–8.5
TSS (mg/L) 1,500–2,500 50
T (°C) 58.2 <30°C
COD (mg/L) 6,000–70,000 500–800
BOD5

b (mg/L) 35,000–40,000 100–200
TP (mg/L) 270 10
TN (mg/L) 31–1,250 30

aMoroccan Pollution Standards: specific limits for industrial dis-
charge [19].
bBOD5: 5’d biochemical oxygen demand.
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of the AD process, after stabilization, the increase of OLR 
leads to a clear improvement of COD abatement efficiency 
to achieve values ranging from 85% to 90%. These values are 
higher by more than 50% compared with those observed by 
Santos et al. [21]. In spite of the OLR disturbances, the COD 
efficiency is maintained constant throughout the experi-
ment. It is remarkable that the COD abatement efficiency 
is not affected even though for higher OLR.

3.2. Evolution of OLR, daily volume of produced biogas and 
methane yield during the company experiments

The production and composition of the biogas are 
monitored throughout the AD reactor with the objective 
to assess the effect of OLR on the production of methane. 
Fig. 3a shows the total amount of biogas produced during 

the reactor-operating period. After acclimatization and 
subsequent batch studies, the initial OLR of 0.2 kg m3/d 
is gradually raised up to 4.2 kg m3/d, leading to a grad-
ual biogas production. This production peaks at a max-
imum value of 11,660 m3/d for OLR equal to 4.2 kg m3/d 
of COD. Fig. 3a shows clearly that the behavior of biogas 
evolution is identical to that of the OLR. Generally, papers 
that reported methane production show some tendency 
towards an increased influent concentration and a con-
comitant rise in stability and methane production if not 
inhibited by substrate concentration [14].

However, the biogas composition of methane yield is 
maintained constant during the three first months of oper-
ation of the digester at 60% ± 5% (Fig. 3b). As shown in 
Fig. 3b, the percentage of methane yield peaks in the range 
of 75%–88%. Subsequently, the OLR is then increasing to 
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Fig. 2. (a) Evolution of OLR and HRT during the company experiments and (b) evolution of OLR and COD abatement during the 
company experiments.
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4.2 kg m3/d and the percentage of methane yield remains 
at 60%. It is clear that a drop in methane production occurs 
with the increase in OLR at some points [22]. It seems that 
this is attributed to the shock received by the system due 
to changes in OLR that affect the methanogenic metabolic 
activities in the reactor.

3.3. Evolution of OLR and effluent pH during the 
company experiments

The pH is the most sensitive parameter in the AD pro-
cess. The pH of liquid effluent in the digester indicates 
the stability of the system and its variation depends on 
the buffering capacity of the system. Fig. 4 shows that the 
pH at various OLR is comparatively stable in the range 
between 7.6–8.01 throughout the study period. Hence, the 
effluent in this reactor exhibits high buffering capacity 
and, consequently, does not require pH correction. In fact, 

several studies reported that most of the anaerobic bacte-
ria, especially methanogens, enhance biogas production at 
a pH range of 7.8–8.2 [23,24]. Thus, the slight decrease of 
the pH is attributed to the accumulation of the fatty acids 
in the digester.

3.4. Statistical models

3.4.1. Correlation between OLR and cumulative 
biogas production

Fig. 5 confirms a linear trend and a strong relation-
ship between cumulative biogas production and OLR. 
The cumulative biogas production tends to increase when 
vinasse residue is treated at high OLR, this result agrees 
with previous studies [25]. The obtained value of the coef-
ficient (R2) is estimated at 0.99, which indicates a very  
good fit.
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Fig. 3. Evolution of (a) OLR and biogas production and (b) OLR and methane yield during the company experiments.



M. Elazhar et al. / Desalination and Water Treatment 240 (2021) 97–105102

3.4.2. ANOVA test

The statistic regression on the performance data is 
performed to predict the cause and effect relationship 
of biogas production and OLR. Fig. 6 shows the sum-
mary of a multiple regression plot of biogas production 
in the anaerobic reactor during the period of the opera-
tion. The obtained value of coefficient (R2) 0.86 indicates a 
very good fit. 86% of the variation of biogas production is 
explained by OLR variation in an anaerobic digester. The 
value of significance F is obtained as 0.0035, which is less 
than 0.05. The p-value of the hypothesis test, that is, H0: 
b1 = 0 is 0.0031, which is less than 0.05 for intercept, indi-
cates an existing good relationship between biogas volume 
and OLR. The regression summary output with ANOVA 
results for biogas production is presented in Table 3.

3.4.3. Kinetic performances

Based on industrial data above, the accuracy of biogas 
yield prediction using three statistical models is analyzed 
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[26]: Modified Gompertz model [Eq. (1)], Logistic model 
[Eq. (2)] and Richards model. The aim of the kinetic study 
is to adjust the experimental results in terms of the volume 
of produced methane during the experiment for the differ-
ent added loads. In addition, this information is important 
to describe the kinetic parameters of methane production 
and to select the most useful model(s) for the AD of vinasse. 
Fig. 7 shows that the model fits with the experimental 
data. The estimation of the kinetic parameters of three sta-
tistical models, Gompertz, Logistics and Richard, is sum-
marized in Table 4.
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where Y is the biogas accumulation (m3/g VS) at time t (d), 
“t” is the time (d) over the digestion period. P is the bio-
gas production potential (m3/g VS), Rm is the maximal bio-
gas production rate (m3/g VS/d) while “a” is the lag phase 
(d) or minimum time to produce biogas and “e” is a mathe-
matical constant (2.718282).

Fig. 7 indicates that the volume of methane production 
values predicted is almost equal for all three models when 
all values are in the range of 11,660 m3/d. Furthermore, the 
difference between the predicted and measured biogas 
yield is higher with the Logistic kinetic model 3.55% than 
with the Richards model 0.65% and the Modified Gompertz 
model 0.56%. Consequently, the small difference between 
the theoretical values and the experimental values (less 
than 10%) indicates that all the proposed models accurately 
predict the behavior of the AD reactors. The coefficient cor-
relation (R2) indicates how best the predictive model curve 
fits the experimental observations. Although the three 
models have desirably high values of R2 which are higher 
than 0.99. Therefore, the lag phase required to producing 

Table 3
Summary of regression

Regression statistics

Multiple R 0.855
R-square 0.947
Adjusted R-square 0.813
Standard error 1.788
Observations 7

ANOVA results

df ss Ms F Significance F

Regression 1 86.660 86.660 27.090 0.0035
Residual 5 15.995 3.199
Total 6 102.654
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Fig. 7. Simulation by three models and experimental production of cumulative methane for AD of vinasse.

Table 4
Kinetic parameters by applying the three statistical models

Logistic Gompertz Richards

Measured CH4 (m3/d) 11,660 11,660 11,660
Predicted CH4 (m3/d) 11,245.23 11,594.23 11,548.5
Difference (%) 3.55 0.56 0.65
Rm 9,534.95 9,320.064 11,548.5
P 2.64 × 106 2.89 × 106 2.31 × 106

a (d) 156.5 146.7 164
n – – 1.8
R2 0.92827 0.99854 0.98854
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biogas is short with the Modified Gompertz model. From 
the obtained results by the kinetic study with nonlinear 
regression, it appears that the Modified Gompertz model 
has a better fit for vinasse substrate.

3.4.4. Energy potential of AD of vinasse

The result shows that the Sotrameg distillery plant with 
a capacity of 4,200 m3 could generate 7.95 kWh/m3 of daily 
energy potential, with a capacity biogas production reaches 
11,660 m3/d and the percentage of methane yield is 70%. 
During this process, approximately 50% of the recovered 
energy is contributed to satisfy Sotrameg Company, Souk 
EL HAD, Municipality Benmansour, Province of Kenitra, 
Morocco needs in the plant. From an overall balance, the 
adoption of AD for vinasse treatment in biorefineries could 
potentially lead to profit from energy, environmental and 
economic perspectives. These performances will improve 
and optimize the plant in terms of sustainability [27]. 
The energy generated by the AD process is calculated as [28]:

E � � � �LHVCH ECOD CCOD CH4 4�  (8)

where E is the AD energy production (kWh/m3), LHVCH4 
is the low heating value of methane which is 38 MJ/m3 
(10.55 kWh/m3), ECOD is the COD removal efficiency, CCOD 
is	 the	 total	COD	 fed	 to	 the	 reactor	 (kg	COD)	 and	αCH4 is 
the methane production coefficient (m3/kg COD removed). 
Table 5 shows the evaluation of the energy potential gener-
ated from the AD reactor.

4. Conclusion

This study is dedicated to the AD of vinasse on an indus-
trial-scale of Sotrameg Company. AD of vinasse is an effec-
tive and sustainable solution to convert organic matter into 
biogas rich in methane. The results reveal that OLR affects 
many aspects concerning the performance of an anaerobic 
reactor. The reactor appears to support high organic loads. 
However, the industrial AD process works without inhibi-
tion problems. The COD reduction reaches 80%–90% and 
the biogas production reaches 11,600 m3/d with an OLR of 
4.2 g COD/L. According to the data of the biogas composi-
tion, the average percentage value of methane is equal to 
70% and the daily energy generated is 7.95 kWh/m3. A good 
fit between the variables estimated by the statistical model 
and experimental data is obtained, reaching determination 
coefficients (R2) greater than 0.9 of each applied model. 
Therefore, the obtained results of the kinetic study with 
nonlinear regression, reveal that the Modified Gompertz 
model is found to have a better fit for vinasse substrate. The 
lag phase required to producing biogas is short than the 
other models. This study indicates that AD is a sustainable 

alternative to simultaneously solve the environmental pol-
lution issue engendered by the vinasse and to offer an 
excellent opportunity to exploit locally and internally the 
economic benefits of the produced energy.
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a b s t r a c t
The surface treatment workshops (brassware) are among the artisanal specialties of the city of Fez, 
which generate toxic and harmful effluents. In fact, the large amount of produced effluents is rich 
in heavy metals. Hence it is necessary to treat these effluents before returning them to the natural 
environment or for reuse. In the brassware workshops, the production of craft items passes through 
a chain of surface treatment and rinsing baths. Various rinsing baths are used: degreasing baths, alka-
line copper-plating baths, acid copper-plating baths, nickel-plating baths and silver-plating baths. 
These rinsing baths are loaded with heavy metals (copper, silver and nickel). In order to treat these 
effluents to comply with the discharge limit values, the Ministry of Tourism, Crafts of Air Transport 
and Social Economy and Ibn Tofail University have agreed to launch a research collaboration to 
study the feasibility of membrane-based processes — electrodialysis (ED), nanofiltration and reverse 
osmosis — in the treatment of these effluents. This first study aims to investigate the removal of 
heavy metals from rinsing baths by ED. Two couples of ion-exchange membranes have been tested 
ACS/CMX and AXE/CMX. Using the selected couple of ion-exchange membranes (CMX/AXE), the 
treatment by ED of mixing of all rinsing baths, brassware wastewater loaded with copper, silver, 
nickel is performed. Removal of 98%, 95%, 97% of copper, nickel and silver are respectively achieved.

Keywords:  Ion-exchange membrane; Electrodialysis; Brassware wastewater; Heavy metals removal; 
Copper ions, Silver ions, Nickel ions

1. Introduction

The art of brassware dates back to the twelfth century 
and blossoms in the fourteenth century in Morocco and it 
is well known as a traditional handicraft industry in the 
city of Fez. The brassware workshops of Fez include baths 
and a treatment area well-equipped with materials and 
products necessary for this process. The surface treatment 
carried out by electrolytic pathway (wet-laid) represents 

today and probably for a long time, the main part for metal 
surface treatment and coating. It consists in applying a 
deposit on the parts to be processed and is based on the 
electrolysis process. It aims to modify and transform the 
surface of the metal part to give it new properties, either 
the mechanical characteristics of a product (electric con-
ductivity, anti-corrosion, stainless protection, etc.) or its 
aesthetic properties (silver deposit, gilting, chrome plating, 
nickel plating, copper plating, etc.). The brassware activity 
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(the surface treatment workshops) produces handicrafts 
items, which pass through a chain of surface treatment and 
rinsing baths. These baths are numerous; degreasing bath, 
alkaline rinsing bath, acid rinsing bath, nickel rinsing bath 
and silver rinsing bath. Both nickel plating and silver baths 
are followed by a rinsing bath, which is more dangerous 
because of their composition in toxic elements. Thus, the 
effluents generated by this industry are very harmful and 
rich in heavy metals like nickel, copper and silver. These 
elements are the main pollutants in brassware (mixture of 
all rinsing baths) and result from the use of copper salts, 
nickel chlorides, nickel sulfate and silver cyanide during 
copper plating, nickel plating and silver-plating operations. 
All heavy metals are deleterious to human health even at 
low content [1,2]. Their toxicity may be the origin of several 
illnesses such as nervous activities, damage to the lungs, 
liver, kidneys, blood compositions and other fundamental 
organs. Moreover, these metals may cause muscular dys-
trophy, Alzheimer’s disease, different types of cancers and 
multiple sclerosis [3,4]. In addition, they are not degradable 
in the receptor environment and are harmful to creatures 
and plants when their concentrations exceed the permissible 
limits. Accordingly, the brassware effluent’s direct discharge 
into the river of Sebou causes aquatic and environmental 
disturbance. It is, therefore, necessary to treat this waste-
water before returning them to the natural environment. 
Many methods to treat such effluent charged with heavy 
metals are reported in the literature such as: adsorption [5], 
surfactants [6], precipitation [7,8], chemical coagulation/
flocculation [9], ion-exchange resins [10,11], reverse osmo-
sis (RO), nanofiltration (NF) [12,13], ultrafiltration [14,15] 
and electrodialysis (ED) [16,17]. ED is an electro membrane 
separation process, based on the selective migration of ions 
through ion-exchange membranes as a result of an electrical 
driving force [18]. The most ED applications are demineral-
ization of whey [19], nitrate removal from groundwater [20], 
desalination of brackish water [21–23], sugar industry [24], 
removal of fluoride [25] wastewater treatment [26], recovery 
and removal of heavy metals [27–29]. In this way, Guvenc 
and Karabacakoglu [17] used ED cell made of Plexiglas with 
two couple of ion-exchange membrane I (Nafian-424/Ionac 
MA-3475) and II (K-501/A-501) to remove silver ions from 
wastewater with a concentration of 101 mg/L. Under an elec-
trical voltage of 15 V, they removed silver ions with faradic 
efficiency of 100%. In addition, Benvenuti et al. [16] used 
ED to treat nickel electroplating rinse water. They removed 
97.43% of nickel at a demineralization rate (DR) of 94.61% 
by using a cation-exchange membrane (Ionac MC-3470) and 
anion-exchange membrane (Ionac MA-3475). The diluate 
was reused in the nickel-plating rinsing bath and the con-
centrate was returned to the nickel bath as a reinforcement. 
In another study, Scarazzato et al. [28] conducted ED tests 
on a cyanide-free copper plating bath. With a DR of 90%, 
they extracted more than 80% of ions. Laidi et al. [30] study 
the treatment of the brassware effluents in the city of Fez 
using a sequential batch reactor at low and medium organic 
load. The results showed a significant reduction in carbon 
organic demand and biochemical oxygen demand (BOD5) 
for both applied organic loads. In contrast, the obtained 
abatements of heavy metals such as silver, copper and nickel 
with low and medium load were 32.87%, 41.42%, 30.98% 

and 27.77%, 34.63%, 26.06% respectively. These values are 
still very low since the biological treatment is efficient for 
organic matter pollution and not for metallic ions. It seems 
that membrane-based processes, such as ED, NF and RO 
are promising for the treatment of this kind of effluent. The 
overall objective of this research is to study the feasibility 
of ED, NF and RO in the treatment of brassware effluents 
loaded with heavy metals, in order to comply with the 
Moroccan discharge limit values and protect the environ-
ment. The purpose of this study, which is the first step of 
this research, is dedicated to evaluating the feasibility of 
ED, in the removal of heavy metals from the rinsing baths of 
brass workers of Fez.

2. Material and methods

The ED operation is carried out on a lab-scale pilot 
provided by Eurodia French Company, which was already 
described in previous works [31,32]. The membranes used 
are two couples of ion-exchange membranes: AXE/CMX 
and ACS/CMX manufactured by Tokuyama Corp., (Japan).

Table 1 compiles the main characteristics of the three 
ion-exchange membranes.

In all tests, a conductivity meter (Inolab WTW, WTW 
Company located in France) is used to measure the electrical 
conductivity (E) and temperature of the samples. A pH-me-
ter (Jenway 3510 pH-Meter, Cole-Parmer Company located 
in France) is used for measuring the pH of the solutions, 
heavy metals concentrations are determined by the tech-
nique of inductively coupled plasma spectrometry ICP-OES 
(PerkinElmer Optima 8000, PerkinElmer Company located 
in United States), bicarbonate ions are analyzed by titration 
(HCl 0.1 M), Ca2+ and Mg2+ are analyzed by atomic absorp-
tion spectroscopy, chloride and cyanide ion concentrations 
are determined by ionometer (Mettler Toledo, Greifensee, 
Switzerland).

The ED operations are conducted on a copper acid rinse 
bath and a brassware effluent (mixture of all the baths) 
and the analytical results are calculated by using three 
different measurements for untreated water, the average 
indicated in Table 2.

Fig. 1 represents a picture of the ED pilot and the ED 
stack design characteristics are given in Table 3. After exper-
iments, the membranes are cleaned using alkaline and acidic 
solutions according to the manufacturer’s recommenda-
tions. The DR reflects the total amount of salts removed, it 
can be calculated from the electric conductivity values using 
the following equation [34,35]:

Table 1
Characteristics of AXE, ACS and CMX membranes [25]

Commercial name ACS AXE CMX

Membrane type AEM AEM CEM
Thickness, mm 0.17 0.17 0.18
Electrical resistance, ohm cm2 2.0 1.4 3.0
Exchange capacity, meq g–1 1.8 2.0 1.65
Burst strength, mPa cm–2 0.40 0.14 5.5

CEM: cation-exchange membrane; AEM: anion-exchange membrane.
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where E0 and Et are the eclectic conductivities of the diluate 
before and after treatment (expressed in mS cm–1) respectively.

The ion removal (R%) is calculated using the following 
expression:
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where CP and C0 are respectively the permeate and the initial 
concentration.

3. Results and discussion

3.1. Physicochemical and metal characterization 
of effluent brassware

The physicochemical and metallic analyses of acid 
copper rinsing bath (ACRB) and the mixture of all rinsing 
baths (MARB) give a clear idea of the nature and degree 
of pollution of these effluents. Table 2 shows the analyti-
cal results for ACRB and MARB. The characterization of 
ACRB shows that it is highly charged in copper, nickel and 
silver. All these metal ions exceed the Moroccan discharge 
limit values especially copper which is the main compo-
nent in this bath and which comes essentially from the 
use of the copper sulfate (CuSO4). The sulfate content 
(384.27 mg/L) is high but remains in the limit values of 
discharge standards. Finally, the ACRB is characterized 
by a low electric conductivity (1,161 µS/cm), a pH of 5.56 
and a temperature of 17.4°C. The MARB (degreasing bath, 
alkaline rinsing bath, acid rinsing bath, nickel rinsing 

Table 2
Characteristics of untreated wastewater

Acid copper rinsing  
bath (ACRB)

Mixture of all rinsing  
baths (MARB)

Discharge limits  
values [33]

Temperature, °C 17.4 20.3 30
pH 5.56 9.62 6–9
E, µS/cm 1,161 3,420 2,700
Cu2+, ppm 78.85 51.99 4
Ag+, ppm 0.672 87.26 0.1
Ni2+, ppm 13.45 50.86 5
Cd2+, ppm <DL <DL 1
Cr3+, ppm 0.132 0.09 5
Pb2+, ppm 0.105 <DL 1
Zn2+, ppm 1.612 <DL 10
Ca2+, ppm 55.94 42 –
Mg2+, ppm 46 16.82 –
HCO3

–, ppm 55 451 –
SO4

2–, ppm 384.27 430 600
Cl–, ppm 68.5 390 –
CN–, ppm – 0.32 0.5

DL: detention limit

Fig. 1. ED pilot plant.
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bath and silver rinsing bath, nickel plating and silver 
baths = brassware effluents) is characterized by an alka-
line pH (9.62), a temperature of 20.3°C, a high electric con-
ductivity (3,420 µS/cm) and a high content of copper, sil-
ver and nickel (51.99, 87.26, and 50.86 mg/L respectively), 
which exceed the Moroccan discharge limit values. These 
high concentrations are due to the use of chemicals in the 
electrolytic baths (copper cyanide, copper sulfate, nickel 
sulfate, nickel chloride, silver cyanide).

The ED operations are conducted for the ACRB in 
order to compare the performance of two anion-exchange 
membranes ACS and AXE using in couple with the cation- 
exchange membrane CMX.

3.1.1. Treatment of ACRB by ACS/CMX membrane couple

The ED experiments are conducted under the following 
operating conditions: initial current intensity is 0.4 A, elec-
trical voltage is 10 V, the flow of dilute and concentrate are 
120 L/h and flow of the electrode compartment is 150 L/h.

Fig. 2 shows the variation of electric conductivity and 
pH of diluate during ED. Fig. 3a and b show the variation of 
% removal of the most anions (Cl–, HCO3

–, SO4
2–) and cations 

(Cu2+, Ni2+, Ag+) as a function of DR.
According to the results in Fig. 2, the electric conduc-

tivity decreases during ED operation and reaches 232 µS/
cm after 136 min, which corresponds to a DR of 80%. After 
this time, precipitation appears in the concentrate. At the 
same time, a slight increase in pH is observed in the diluate, 
due to the removal of HCO3

– ions.
Fig. 3a shows the DR of cations and anions from ACRB 

during ED. The % removal of anions increases with DR for 
the three anions, it follows the following order:

Cl– (94%) > HCO3
– (74%) > SO4

2– (72%)

The transport of chloride and bicarbonate ions across 
the membrane ACS is greater than that of sulfate. This 
result is due to the nature of the ACS membrane which is 
preferentially selective to monovalent ions. The size of the 
chloride and bicarbonate ions may have an additional effect; 
the larger the ion, the more it is sterically hindered in its 
transport across the membrane [36]. The hydrated chloride 
has a radius of 0.347 nm, and its mobility is large compared 
to that of bicarbonate.

For cations, Fig. 3b shows that a linear increase in cop-
per removal is achieved; a % removal of 97% is obtained at 
DR of 80%. During the same time and for the same DR, the 
% removal of chloride, bicarbonate and sulfate ions reach 
94%, 74% and 72% respectively. The % removal of silver 
obtained for a DR of 30% is 95% and the % removal obtained 
for nickel is 93% for a DR of 10%.

For metallic cations, the % removal of follows the 
following order:

Ag+ > Ni2+ > Cu2+

The % removal of Ag+ ions is higher than the % removal 
of Ni2+ and Cu2+ ions even though the charge is lower than 
that of these two ions. This behavior is due to both selectiv-
ities of the ACS membrane and the initial Ag+ concentration 

Table 3
ED stack design

Membrane area, cm2 200

CEM CMX Tokuyama Corp., (Japan)
AEM ACS, AXE Tokuyama Corp. , 

(Japan)
Number of cell pair 10
Separator PE + PP
Electrode DES
Flow of dilute 
and concentrate 
compartments, L/h

180–200

Flow of electrode 
compartment, L/h

150

Current max, A 9
Maximum voltage, V/cell 1.5
Polarity reversal Manual
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Fig. 2. Electric conductivity and pH of diluate vs. time.
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which does not exceed 0.6 mg/L. On the other hand, for Ni2+ 
and Cu2+ ions, the % removal of Cu2+ is lower than the % 
removal of Ni2+ even though they have the same charge. 
The concentration of Ni2+ ions is much lower than that of 
Cu2+ ions. For Cu2+ the removal rate of 97% is achieved for a 
DR of 80%. For Ni2+ the rejection reaches 95% after only 20% 
of DR. For Ag+, the elimination is instantaneous and the % 
removal obtained is 93%. This behavior is due essentially 
to the difference in the initial concentration of the three 
metallic ions.

3.1.2. Treatment of ACRB by AXE/CMX membrane couple

The ED is conducted under the same operating condi-
tions as with the first couple ACS/CMX with the only dif-
ference of the initial current intensity which has been fixed 
at 0.8A. Fig. 4 shows the variation of electric conductivity 
and pH as a function of the time of ED using the AXE/CMX 
membrane couple. Fig. 5 represents the variations of % 

removal of all anions (Cl–, HCO3
–, SO4

2–) and cations (Cu2+, 
Ni2+, Ag+) as a function of DR.

As shown in Fig. 4 with the first couple, ED using the 
AXE/CMX membrane couple, the electric conductivity 
decreases and reaches a value of 232 µS/cm after only 21 min 
(136 min for the couple ACS/CMX). At the same time, a slight 
increase in pH is attributed to the removal of bicarbonate ions.

Fig. 5a depicts that the % removal of anions increases 
with DR. For the three studied anions, this removal fol-
lows the following order:

SO4
2– > Cl– > HCO3

–

The transport of sulfates is higher than that of chloride 
and bicarbonate due to the nature of the AXE membrane, 
which is a non-selective membrane [37] unlike the ACS mem-
brane of the first couple which is preferentially selective to 
monovalent ions. Then, the AXE membrane will favor the 
removal of the most charged ions first. For ions having the 
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Fig. 3. % removal of anions and cations vs. DR.
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Fig. 4. Electric conductivity and pH of diluate vs. time.
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same charge, the mobility of chloride is greater than that of 
bicarbonate.

For cation removal, the same evolution obtained previously 
with ACS/CMX couple is exhibited with the AXE/CMX cou-
ple. A quasi-linear removal of copper is achieved as a function 
of DR. For a DR of 80%, 97% of copper is removed (Fig. 5b) .

The removal of metallic cations follows the following 
order:

Ni2+ > Cu2+ > Ag+

The % removal of nickel and copper increases in parallel 
with DR. Also, almost removal of 96% is obtained for nickel 
and copper for a DR of 30% and 90% respectively. Silver is 
eliminated with a much slower speed than copper and nickel 
according to DR. An increase of DR from 10% to 90%, leads 
to a variation in silver removal of 10% to 20% only. The elim-
ination of silver ions is poor compared to the divalent ions 

(Ni2+, Cu2+). Because of the low concentration of nickel ions 
compared to copper, the elimination of nickel by ED is higher 
than that of copper.

Finally, the treatment by ED of ACRB with two couple 
of cation-exchange membrane (CEM) and anion-exchange 
membrane (AEM) was used with the aim of selecting the 
best ion-exchange membranes couple. The results show that 
the couple AXE/CMX exhibits the greater % removal of cop-
per ions which is 94% after 21 min at a DR of 80%. On the 
other hand, the couple ACS/CMX performance in % removal 
of copper ions is 97% at a DR of 78% and during 128 min.

For both pairs of membranes, and without the use of any 
sequestering agent or addition of acid, precipitation in the 
concentrate compartment is only observed with the naked 
eye after the DR of 80%.

This result can be explained by the characteristics of the 
AXE membrane which is a sieve and a non-selective mem-
brane which lowers the resistance of the cell and facilitates 
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Fig. 5. % removal of anions and cations as a function of DR.
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the passage of ions compared to the ACS membrane which is 
selective monovalent ions [24].

Hence, the best couple of membranes is AXE/CMX and 
the next tests of ED will be performed with these couple of 
membranes.

3.2. Treatment of MARB effluents by ED

This part is dedicated to study the performance of the 
AXE/CMX membranes couple in the treatment of MARB efflu-
ents by ED. As indicated in Table 2, these effluents are mainly 
loaded by nickel, silver and copper ions, 50.86, 87.26 and 
51.99 mg/L respectively. The ED experiments on these efflu-
ents are performed under the following operating conditions: 
Initial current intensity is 0.55 A, electrical voltage is 15 V, the 
flow of diluate and concentrate are 120 L/h and flow of the 
electrode compartment is 150 L/h. The voltage is increased 
because the effluent is too loaded with metals ions (Fig. 6).

As shown in the previous section concerning the selec-
tion of the best couple of ion-exchange membrane of ACRB 

and MARB effluents during ED, the abatement of electric 
conductivity is high and reaches 96.7% during only 41 min 
of ED using AXE/CMX membranes couple. At the same 
time, a slight increase in pH is observed which should be 
attributed to the removal of bicarbonate ions.

Fig. 7a shows that the % removal by ED of all followed 
anions (chloride, bicarbonate and sulfate) of MARB efflu-
ent increases with DR, and respectively reaches 76%, 86% 
and 94% at DR 90%. In all the range studied of DR, the % 
removal of bicarbonate appears to be greater than that of 
chloride.

Fig. 7b shows that the % removal by ED of copper, nickel 
and silver from MARB effluent increase significantly with 
a DR and tend towards a plateau for the high DR values. 
A DR of 30% is sufficient to eliminate more than 95% of these 
three cations. The apparition of a plateau for a DR upper 
than 90% means that even DR increases, there will be no 
influence on the % removal of these cations. This behaviour 
is attributed to the concentration polarization which limits 
the ions transfer at the membrane-solution interface, the 
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precipitation appears in the concentrate and the operation 
should be stopped immediately.

Fig. 7c shows that the % removal by ED of calcium and 
magnesium from MARB effluent increases almost linearly 
with DR. In all the studied range of DR, % removal of mag-
nesium is greater than that of calcium. During the same time, 
the % removal of chromium III stills low (<10%) and constant 
until DR of 80%. Afterwards it seems to increase due to its 
low concentration. This behaviour shows that removal of 
chromium III starts when the quasitotality of calcium and 
magnesium is removed.

Table 4 summarizes the concentration of different ions 
in the diluate compartment of MARB effluent treated by ED 
using the AXE/CMX membranes couple. The obtained values 
are compared to the Moroccan discharge limit values.

The concentrate is too loaded with metallic elements 
that can be recovered and reused either by precipitation or 
by using other membrane-based filtration methods such as 
NF and RO.

According to the obtained results, the physicochemi-
cal quality of the treated water shows that the ED is able to 
bring all ion concentrations of the brassware effluents under 
the Moroccan discharge limit values. No precipitation is 
observed in the concentrate during the experiments, which 
is the main limitation of the ED.

In terms of electric conductivity, the abetment of this 
magnitude is significant, due to the fact that MARB effluent 
treated by ED is not characterized by high values of total 
dissolved solids.

The only ion whose content has not been brought below 
the standards is silver. The explanation of this behaviour is 
mainly due to the high concentration of silver ion in the feed 
solution and also to the fact that, compared to copper and 
nickel ions, silver is a monovalent cation. Therefore, others 
options should be proposed to bring the silver content to 
standards of discharge limit. Among these possibilities, an 

additional treatment may be conducted on the diluate at the 
outlet of ED such as second stage of ED or by combining 
ED and ion-exchange resin. The other option would be to 
lower the silver concentration at the entrance of ED by set-
ting up a pretreatment step upstream of ED. Precipitation 
of the silver could lead to the desired result and make sure 
that, ED downstream leads to bring concentration of silver 
ions to agree with the discharge limit. These two options 
are currently under consideration and results will be 
published soon.

4. Conclusion

This work is devoted to study the effectiveness of ED 
in the treatment of brassware effluents in the city of Fez. 
These wastewaters are known to be highly loaded with 
heavy metals, toxic and harmful for humans and environ-
ment. ED is used to remove heavy metals pollutants heavy 
metals and to bring the main characteristics of these effluents 
to comply with the discharge limit values. Further studies 
will be carried out to develop a method for recovering these 
metals and reusing them in the brassware industry.

This study shows the effectiveness of ED in the treat-
ment of ACRB. Two couples of AEM (ACS and AXE) cou-
pled with the CMX CEM are compared in the elimination 
of heavy metals (Cu2+, Ni2+, Ag+). The obtained results con-
firm the feasibility of the ED in the treatment of ACRB and 
the AXE/CMX membrane couple exhibits the best perfor-
mance in terms of metallic ion removal (at DR 80%, % cop-
per removal is 94% and for the other ions the % removal  
reaches 96%).

For the treatment of MARB by ED and with the AXE/
CMX couple, the % removal of 98%, 95% and 97% is 
achieved for copper, silver and nickel, respectively.

The concentrations of these ions in the treated effluent 
are below the discharge limits except for Ag+. Due to the high 
initial concentration and charge of silver ion introduced, fur-
ther treatment is required. Otherwise, a pre-treatment step 
should be performed upstream of ED to decrease the sil-
ver ion content and allow the treated water to comply the 
limit discharges standards.
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a b s t r a c t
In this study, we investigate the effect of aqueous extract of Eucalyptus globulus leaves (EGL) as a 
new green inhibitor on the precipitation of calcium carbonate (CaCO3) by using the rapid controlled 
precipitation method in synthetic solution. The EGL inhibitory characteristics were studied using 
several parameters including pH, calcium, and bicarbonate ions concentrations. The obtained 
results revealed that the inhibitory capacity of the EGL extract is proportional to its concentra-
tion. The total inhibition of CaCO3 precipitation was achieved after adding a low concentration of 
75 mg/L. Moreover, the precipitation threshold of CaCO3 occurs at a higher germination time and 
lower supersaturation coefficient with a dissolved CO2 outgassing rate. The mechanism of inhibi-
tion scaling by EGL was proposed. Therefore, E. globulus leaves could be taken as a novel scale 
inhibitor on reverse osmosis membrane.

Keywords: Green inhibitor; Calcium carbonate; Inhibition; Scale inhibitor; Reverse osmosis

1. Introduction

In the last decades, in the areas of the world in which 
people suffer from water scarcity, water reclamation strat-
egies are becoming increasingly relevant [1–3]. Owing to 
the excellent and reliable performance of different rejects 
(ions, microorganisms, and organic pollutants), reverse 
osmosis (RO) technology has proved to be an effective treat-
ment strategy. However, in addition to providing highly 

cleaned water for potable reuse [4,5], fouling is a common 
problem with RO membrane systems.

Scaling is the term for inorganic fouling. It is defined 
as the formation of deposits due to the precipitation of 
poorly soluble salts when a surface comes into contact 
with water [6]. The formation of this deposit in water sys-
tems such as industrial systems, domestic systems, waste-
water reuse systems, groundwater exploitation systems, 
seawater, and brackish water desalination systems has 
been widely known as a major problem [7–10]. In reverse 
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osmosis membranes, the deposits could alter their perfor-
mance associated with permeate flow and salt rejection as 
well as decrease their life span which leads to economic 
losses [11,12]. This condition usually arises whenever 
the membrane surface gets excessive salt concentration 
beyond the solubility limitations.

One of the most prevalent scale deposits is calcium 
carbonate (CaCO3). As known, the CaCO3 exists in differ-
ent forms such as amorphous calcium carbonate, calcite, 
aragonite, and vaterite [13–15]. Nevertheless, the calcium 
carbonate scale is easily deposited after its solubility limit 
has exceeded which is due to its low solubility in water 
or the systems are saturated with scaling ions. Also, the 
precipitates of calcium carbonate are the result of external 
modifications of specific factors [16]. These precipitates 
cause many problems such as increased energy consump-
tion, restricted fluid flow, and equipment damage, and 
then leave negative aspects in membrane processes. On 
the other hand, the calcium carbonate crystals tend to form 
hard deposits on the exchange surfaces of brackish water 
treatment reverse osmosis, which leads to fouling and fail-
ure of reverse osmosis modules. For these reasons, many 
efforts have been made to delay or inhibit CaCO3 formation 
by using several methods (i.e., the physical methods and 
the chemical methods) [17,18]. In most cases, the only way 
to remove precipitated calcium carbonate is by scraping 
or cleaning which is impractical and expensive. Therefore, 
inhibitors have been used in various applications thanks 
to their cost-effectiveness and high performance [19–22]. 
The use of these inhibitors in the RO feed stream instead 
of acid injection helps to reduce the possibility of scaling 
[23–25]. Because they can interfere with deposit formation 
during crystallization processes and scale nucleation in a 
variety of ways, including crystal modification, dispersion, 
threshold inhibition, crystal, and chelation [26–28]. The 
experimental determination of antiscalant effectiveness has 
been generally studied by several methods, namely: the 
critical pH method, LCGE method, rapid controlled pre-
cipitation method, chronoelectrogravimetry, and electro-
chemical impedance technique [29]. Scale inhibitors largely 
retard the rate of crystal growth in an aqueous solution 
and the behavior of the crystals can be modified. However, 
chemical inhibitors are no longer recommended for the 
treatment of drinking water for human consumption. As 
a result, the “green scaling inhibitor” has become a pop-
ular research topic in recent years. Green inhibitors have 
no harmful effects on the human body. Plant extracts are 
becoming increasingly popular thanks to their availability, 
cheapness, renewability, and great performance [30,31].

In this study, Eucalyptus globulus leaves (EGL) were 
selected as a green antiscalant to protect the RO system. 
E. globulus is an evergreen tree native to Australia and cul-
tivated in the Mediterranean and subtropical areas [32], 
indeed, it is very abundant in Morocco especially in the 
region of Souss Massa. Its leaves have been used as raw 
material for food, nutritional, and pharmaceutical supple-
ments thanks to being bioactive, antioxidant, and neuro-
protective properties [33,34]. Moreover, they contain main 
chemical compounds such as terpenoids and polyphe-
nols, flavonoids, and tannins [35]. Thus, E. globulus leaves 
can be used as an alternative and cheap way to reduce the 

growth of scale deposits. The objective of this research was 
to examine the efficiency of inhibiting or preventing the 
formation of CaCO3 on the RO membrane during opera-
tion, by the extract of EGL. This inhibitor was prepared by 
infusion. A series of inhibition experiments by green inhib-
itor effect, including monitoring of a set of measurements 
of pH, calcium hardness (TCa), complete alkalimetric titer 
(TAC), a supersaturation coefficient (β), partial pressure of 
CO2 ( PCO2

), and then carried out for the study of scaling 
in order to describe the kinetics of precipitation. Finally, 
the mechanism of inhibition scaling by EGL was proposed.

2. Materials and methods

2.1. Reagents

Sulfuric acid (H2SO4), calcium carbonate (CaCO3), eth-
ylenediaminetetraacetic acid (EDTA), ammonia (NH3), and 
ammonium chloride (NH4Cl) were obtained from Sigma-
Aldrich. Methyl orange (indicator), hydrochloric acid (HCl), 
and Eriochrome Black T (indicator) were purchased from 
Loba Chemie. All of these reagents were reagent grade 
and directly used without further purification.

2.2. Synthetic solution

The synthetic solution is pure calco-carbonic water. 
It was prepared using a high-quality analytical product 
(CaCO3) by dissolving 0.4 g L−1 of calcium carbonate in 
bi-distilled water, to simulate the impact of green inhibitor 
presence over the germination time of CaCO3. Its prepa-
ration was done under the bubbling of carbonic (CO2) for 
complete solubilization of CaCO3 during 30 min under 
magnetic stirring, following the reaction given below: 

CaCO H O Ca HCO23
2

32+ ↔ ++ −  (1)

2.3. Preparation of E. globulus extract

E. globulus leaves (EGL) were harvested during February 
in the Souss Massa region (Agadir, Morocco). It was oven-
dried at a temperature of 40°C for 24 h. Also, they were 
pulverized with a closed electric mill to obtain a fine 
powder. The aqueous extract solution was obtained by 
adding 100 mL of distilled water to 5 g of plant and let it 
boil for 1 h. After that, it was filtered through a filter paper 
of 0.45 μm pores. The pH of the plant extract was initially 
slightly acidic (pH 5.8). The extract was obtained after 
drying the aqueous solution and then stored until its use. 
For inhibition tests, appropriate amounts of this extraction 
were prepared and added to the calco-carbonic solution.

2.4. Fourier transform infrared spectrum

A Fourier transform infrared spectroscopy (FTIR) 
Thermo-Nicolet spectrometer (AVATAR 320 AEK0200713) 
was used for characterizing the EGL extract. The spectra 
were recorded in the wavenumber range of 400 to 4,000 cm−1. 
The FTIR was executed to identify the sample functional 
group of EGL extract.
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2.5. LCGE controlled degassing method

Roques and his partners created this method [36,37], 
which is known as the Laboratory of Chemistry and 
Environmental Engineering (LCGE). It allows for the 
separation of the many kinetic processes in order to iso-
late the one that is the most typically kinetically limiting, 
namely the matter transfer at the liquid/solid interface. 
Water degassing (displacement of the calco-carbonic equi-
librium in the direction of calcium carbonate formation) to 
be examined by a working gas, most commonly via atmo-
spheric air, is a major of cause calcium carbonate precipi-
tation. The latter is the main engine of a system evolution 
leading to scaling as shown by the following reaction [38]:

Ca HCO CaCO CO H O2
3 3 2 22+ −+ ↔ + +  (2)

The experimental cell contains 500 mL of the solution 
to be studied. It was then kept in a thermostatic bath to 
keep the temperature at 30°C (Fig. 1). The cell is equipped 
with a gas inlet (atmospheric air) at the bottom of a per-
forated bottom, which ensures its uniform dispersion in 
the whole solution. The gas flow rate is set at 8 L/min for 
all experiments. During the test, the pH, calcium titer, and 
full alkalimetric titer of the solution were measured con-
tinuously every 2 min by a pH meter (Hanna HI 5221). 
The concentration of calcium and bicarbonate ions was 
determined by the complexometric EDTA titration and 
acid titration, respectively. The CO2 partial pressure and 
supersaturation can be calculated using the evolution of 
pH and calcium titer over time. These parameters allow a 
complete description of the precipitation kinetics.

3. Results and discussion

3.1. Characterization of scale deposits on the reverse 
osmosis membranes

Scale deposits on reverse osmosis membranes were 
structurally and morphologically characterized in detail 
and the results are presented in our previous literature [39].

3.2. Functional group characterization of EGL extract

An FTIR analysis was used to identify some func-
tional groups found in the E. globulus leaves powder. As 
seen in Fig. 2, a broad band at 3,281 cm−1 is attributed to 
the stretching of the hydroxyl group [40]. The appearance 
of the O–H band’s vibration at 3,200–3,431 cm−1 is an indi-
cation of the presence of phenolic [41]. The band located 
at 2,928 cm−1 is assigned to the C–H stretching vibra-
tion of aliphatic hydrocarbons absorption, and a band at 
2,864 cm−1 corresponds to the C–H stretching of aldehydes. 
In regards to phenolic compounds attributed bands, the 
FTIR spectrum of EGL shows bands at 1,631 cm−1 indi-
cates the stretching vibration of the C=C, 1,341 cm−1 due 
to the C–N stretching vibration for aromatic amines, and 
1,040 cm−1 for the C–N stretching vibration of aliphatic 
amines, respectively [42]. These results are similar to those 
obtained by Saleem et al. [35] and Wang et al. [43].

3.3. Evaluation of the scale inhibition performance by LCGE tests

3.3.1. Effect of green inhibitor (EGL) on pH 

The pH vs. time curves is shown in Fig. 3. It is indicated 
that when the concentration of EGL was lower than 

Fig. 1. Experimental setup of the LCGE method. 1: Stripping gas; 2: Thermostatic baths; 3: Humidifier; 4: Humidity traps; 5: Work cell; 
6: Simple taken for dosage of [Ca2+] and TAC; 7: Temperature sensor; 8: pH meter.
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75 mg/L, the inhibition of scaling in the calco-carbonic 
solution was hardly affected, and when it was higher than 
75 mg/L, the effectiveness of total inhibition was observed 
during the 120 min of the experience.

At the germination points, the pH of untreated water 
was found to be 8.56 and then dropped quickly. The 
pH-time curves extended linearly to the right when the 
inhibitor was added, and no precipitate emerged during 
the experience. The germination pH (pHg) values increase 
due to hydrolysis of CO3

2− to OH−, and the pH drops were 
less abrupt when the inhibitor was added. This reflects the 
start of CaCO3 precipitation and then becomes stable. The 
two responses of gas transport at the liquid/gas interface 

and chemical reaction in the liquid phase are reflected in 
this change in pH. The precipitation reaction of calcium 
carbonate is pH-depending [44], as shown in Eq. (3):

Ca HCO H O CaCO H O2 3
2

3 3
+ − ++ + ↔ +  (3)

According to Table 1, which summarizes the main 
experimental results, the germination time without inhib-
itor was 14 min. The germination time was only 34 min 
and the minor effects on scaling inhibition were found 
even after the introduction of 40 mg/L EGL. The Tg began 
to drop 70 min later in water treated with 60 mg/L EGL 
than in untreated water. Thus, with the addition of EGL 
extract, the pHg values increased, indicating a low car-
bonate consumption, and then a decrease in CaCO3 pre-
cipitation. The germination time became longer with the 
addition of EGL, as shown in Fig. 3. The pHg increases 
with the EGL concentration, which can be due to the pres-
ence of more polyphenols existing in EGL extract will 
react to Ca2+ ions to inhibit the formation of CaCO3 nuclei. 
Therefore, shows a double effect according to this com-
parison of pH-time curves. This variation of pH reflects 
both responses of chemical reaction in a liquid phase 
and gas transfer at the gas/liquid interface. As a result, 
it approves that the property of EGL has a direct effect 
on calcium carbonate precipitation. 

3.3.2. Effect of green inhibitor (EGL) on TCa and βcal

As shown in Fig. 4a, the calcium ions concentration does 
not vary at the beginning of the experiment. However, the 
volumetric measurement is done after every 2 min. The 
obtained results of experiments show the formation of the 
first colloidal nuclei of CaCO3, which due to the fact that the 
decrease of calcium ions indicates the beginning of precip-
itation. In this stage, the solution became slower (Fig. 4a) 
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with the increase of EGL concentration reflects the preven-
tion of Ca2+ binding to CO3

2− in the solution decreased accord-
ingly. It then gradually decreases as equilibrium conditions 
are approached. It should be noted that the germination 
time calculated using the TCa = f(t) curve is identical to that 
calculated using the pH = f(t) curve.

Kezia describes the CaCO3 crystallization as a multi-
step process that includes crystal development, recrystalli-
zation, germination, and agglomeration [45]. The degree of 
supersaturation is the most important factor in germination 
and development [46].

The supersaturation coefficient (β) could be computed 
via the ratio of dissolved CaCO3’s ionic activity prod-
uct to its solubility product (Ks), which is mentioned in 
Eq. (4) [47]:
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where [Ca2+] and [CO3
2−] are calcium and carbonate ions 

concentrations, respectively, while that of �Ca2�  and �CO3
2�  

are activity coefficients of [Ca2+] and [CO3
2−], respectively. 

The divergence of the system from its steady-state is rep-
resented by these supersaturation values at the germi-
nation point [48]. Three primary regions can be seen in 
Fig. 4b. The first is a quick increase in β, where the β 
inclined to highest called β germination (βg), which is con-
nected with a lack of Ca2+ precipitation before germination 
time. A rapid decrease in the supersaturation coefficient 
characterizes the second region coincides with the onset 
of homogeneous CaCO3 precipitation. The supersatura-
tion coefficient-loaded the third phase corresponds to 
precipitation end leads to a constant value.

Table 2 shows that the increase in findings as the EGL 
concentration increased, indicating that an exceptionally 
high EGL concentration could inhibit the CaCO3 precipitation.

3.3.3. Influence of green inhibitor (EGL) on TAC and PCO2

Fig. 5a and b shows the evolution of TAC and PCO2
as 

a function of time. The partial pressure (PCO2
) can be 

calculated as follows:
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where K1 and K2 are the dissociation constants of car-
bonic acid; fa is the activity coefficient of the species a; and 
D is Henry’s law constant (mol−1 L atm).

The findings demonstrated that there was a stabil-
ity period at the start of the experiment. Throughout 
this stage, the TAC values stabilize associated with a 
decrease in PCO2

. Consequently, no possibility of germi-
nation was observed. It can be observed that before the 
addition of EGL, the precipitation started. However, 
for EGL values up to 60 mg/L, there is a decrease in TAC 
after 70 min, accompanied by an increase in PCO2

 indicated 
the germination of CaCO3, following this reaction:

Table 1
Values of pHg and germination time tested by pH measurement 
testing in different concentrations

Inhibitor (mg/L) 0 40 60 75
pHg 8.56 8.78 8.80 8.83
Germination time (min) 14 34 70 –
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Fig. 4. [Ca2+] – time curves (a) and βcal– time curves (b) during 
the precipitation of CaCO3 in different concentrations.

Table 2
Values of βg and germination time tested by βcal measurement 
testing in different concentrations

Inhibitor (mg/L) 0 40 60 75
βg 120.62 211.87 223.77 224.57
Germination time (min) 14 34 70 –
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Ca HCO CaCO H2
3 3

+ − ++ ↔ +  (6)

At 75 mg/L of EGL (efficiency concentration), the 
inhibition is complete and no extra calcium carbonate 
precipitation occurs.

3.4. Kinetic study

For the kinetic exploitation of the CaCO3 precipita-
tion results, we used a calculation program. This program 
allows the systematic exploitation of the experimental 
results of the two models diffusional and Reddy. The 
diffusional model is the first-order model which was 
used for the exploitation of the results of precipitation 
of CaCO3 in the most stable forms (calcite) [39]. Then the 
Reddy model is the second-order model which was used 
in different operating conditions. A linear regression 
program establishes the correlation line in each exam-
ple, providing the correlation coefficient (R2) and the 
rate constant for the comparability of fits made [49].

Expressing the Ca2+ concentrations in French hydro-
timetric degree, we will have:

(Diffusional Model) first-order

ln
Ca Ca
Ca Ca

eq

eq

T T
T T

−
−

= ⋅
0

K tT
 (7)

(Reddy Model) second-order

1 1

0T T T TCa Ca Ca Caeq eq�
�

�
� �K tT  (8)

where KT is the global speed constant; TCa0 is the initial Ca2+ 
concentration; and TCaeq is the concentration at thermody-
namic equilibrium.

According to the analysis of the curves presented in 
Figs. 3, 4 and 5 and the kinetic modeling, the different val-
ues of the rate constants, with respect to calcite, are rep-
resented in Table 3. For inhibitor doses of 0–60 mg/L, the 
pHg tends to increase by 8.83–9.23 at the start of precipita-
tion. The decrease in pH is more obvious in the test in the 
absence of an inhibitor, but it gets less noticeable as the con-
centration increases. After the introduction of EGL, there 
was an increase in the degree of supersaturation. Then, as 
compared to the control test, the germination time is lon-
ger. As a result, the precipitation kinetics for the assay in 

the presence and absence of inhibitor E. globulus leaves 
follow a diffusion model.

3.5. Mechanism of inhibition of CaCO3

The inhibition mechanism of EGL extract is illustrated 
in Fig. 6. This extract contains different antioxidants, mainly 
contained in a large amount of polyphenols and flavonoids 

Table 3
Variation of Tg, pHg, βg, and kinetic constants (KD: diffusional and KR: Reddy) as a function of the increasing quantities of inhibitor

PCO2 
gaz = 3 × 10−4 atm Concentration 

(mg/L)
Tg  
(min)

pHg βg Diffusional calcite Reddy calcite

KD (mn−1) R2 KR (F−1 mn−1) R2

Without inhibitor 0 14 8.56 120.62 1.41 × 10–2 0.991 8.32 × 10–4 0.978

With inhibitor
40 34 8.78 211.87 1.22 × 10–2 0.990 5.49 × 10–4 0.957
60 70 8.80 223.77 9.74 × 10–3 0.966 3.47 × 10–4 0.957
75 – 8.83 224.57 – – – –
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Fig. 5. TAC – time curves (a) and PCO2 
– time curves (b) during 

the precipitation of CaCO3 in different concentrations.
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[34]. Agarwal et al. [50] show that the polyphenols and 
flavonoids are responsible for the inhibition of CaCO3 for-
mation by reacting with Ca2+ ions present in water [50]. 
On this subject, polyphenols possess −OH functional groups 
that interact with the Ca2+ ion by ion-dipole interaction. 
Thus, OH groups prevent calcium ions from reacting with 
carbonate ions, and then this interaction causes the revers-
ible reaction of CaCO3 [Eq. (9)], and as a result, the forma-
tion of CaCO3 will be decreased. The obtained results show 
that EGL can be used as a greater inhibitor of CaCO3 in 
desalination water.

Ca CO CaCO2
3
2

3
+ −+ →←  (9)

4. Conclusion

In this work, E. globulus leaves extract (EGL) was tested 
as an inhibitor to control scaling in controlled laboratory 
experiments. Inhibition tests confirmed that EGL has a strong 
ability to effectively inhibit CaCO3 formation and growth. 
LCGE tests were performed using several key parameters 
that could affect the inhibition performance of CaCO3 for-
mation. The results revealed that when the concentrations 
of EGL were below 75 mg/L, practically a small inhibition 
effect on CaCO3 scaling could be observed. However, when 
the doses were increased to 75 mg/L, full inhibition could 
be achieved during the 120 min of the experience with the  
percentage of inhibitor efficiency 100%. Nevertheless, its inhi-
bition power is pH dependent. The pHg rises with the inhib-
itor concentration from 8.65 for 0 mg/L to 8.83 for 75 mg/L. 
Thus, this work not only provided information on the use of 
the EGL extract to inhibit CaCO3 formation, but also argued 
that the use of the EGL extract to control scaling can serve 
as an environment-friendly scale inhibitor; and then can be 
considered as a green product for treating drinking water.

Symbols

(Ca2+) — Activity of the ion Ca2+

[Ca2+] — Ca2+ concentration
(CO3

2−) — Activity of the ion CO3
2−

[CO3
2−] — CO3

2− concentration
D — Henry’s law constant, mol−1 L atm
fa — Activity coefficient of the species a
Ks — Solubility product 
K1 and K2 — Dissociation constants of carbonic acid
KD  — Calcite diffusional constant
KR  — Reddy’s constant calcite
KT — Global speed constant
PCO2

 — Partial pressure 
pH — potential of hydrogen
t — Induction time
TCa — Ca2+ concentration
TCa0 — Initial Ca2+ concentration
TCaeq —  Ca2+ Concentration at thermodynamic 

equilibrium

Greek letters

β — Supersaturation coefficient
βcal —  Coefficient of supersaturation with respect 

to calcite
�

Ca2�  — Activity coefficients of [Ca2+]
�

CO3
2�  — Activity coefficients of [CO3

2−]
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a b s t r a c t
The current study was carried out to examine the pre-treated Moroccan natural clays for the 
removal of methylene blue dye by the adsorption method. The adsorbent was characterized by 
X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy. After per-
forming the experiment and analyzing the data, it was found that the optimum conditions for fix-
ing yellow marl and kaolinite (0.05 mm) are 93%–98%. The adsorption kinetics of methylene blue on 
kaolinite (C = 300 ppm, 50 µm) and on yellow marl (C = 500 ppm, 50 µm) is very efficient. Kaolinite 
adsorbed better towards basic pH. The equilibrium adsorbed amounts reached 27.5 mg g–1 for yel-
low marl and 16 mg g–1 for kaolinite. Application of the membranes developed in the treatment of 
dyes shows that the rejection rates obtained depend on the charge of the ions, their sizes, the charge 
of the membrane linked to the pH of the filtered solution. The difference in adsorption capacity 
between the two clays studied is due to the percentage of the clay phase in each and its composition.

Keywords: Moroccan natural clays; Wastewater treatment; Textile dye; Adsorption

1. Introduction

The quality and availability of water resources are 
undoubtedly one of the major challenges of our century. 
Its preservation requires better management of pollutants, 
mainly from human activities [1]. Let us see where water 
resource pollution comes from and what measures exist 
to control it and reduce the threat it poses to our environ-
ment. Water pollution is characterised by the presence of 

micro-organisms, chemical substances or industrial waste. 
It can affect rivers, groundwater, brackish water, but also 
rainwater [2]. In addition to the toxicity caused by chemi-
cal agents to exposed organisms, genotypic and mutagenic 
effects have been found to be of concern, causing several 
health problems and also affecting future generations due 
to hereditary alterations of genetic material [3–6].

The discharge of industrial effluents is strictly con-
trolled and regulated and in order to control and estimate 
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the evolution of the main industrial discharges, the laws 
and regulations have defined the modalities for monitor-
ing these discharges. Self-monitoring is therefore imposed 
on the largest polluters, considering that these industrial-
ists are responsible for controlling the quality of their dis-
charges [7]. A prefectural decree prescribes the nature and 
frequency of the measurements to be carried out by the 
operator himself while following the standards for sampling 
and analysis of the samples [8].

Chemical oxidation techniques are generally applied in 
the literature for the treatment of organic hazardous com-
pounds present in low concentrations, as a pre-treatment 
before biological processes, the treatment of wastewater 
loaded with constituents resistant to biodegradation meth-
ods and as a post-treatment to minimise aquatic toxicity. 
In general, wastewater treatment in the textile industry is 
based on physical-chemical and biological treatment [8–11]. 
During adsorption, the pollutant is removed from the liq-
uid phase to the solid phase. Activated carbon is the most 
widely used adsorbent for colour reduction, but it is very 
costly and requires regeneration [12]. It is in this context 
that we are interested in the valorisation of a food industry 
reject, which is olive pumice, to use as an adsorbent for the 
decolourisation of textile industry rejects. Other research 
has chosen to develop or use other less expensive natu-
ral materials (sawdust, wood bark and flour, etc.) for the 
extraction of dyes by means of adsorption [13,14]. Despite 
its efficiency, activated carbon remains an expensive and 
mostly imported material, and the search for new prod-
ucts from a cheap and available source is proving useful. 
We were interested in the adsorbent properties of clays that 
could be used in the treatment of waste from the textile 
industry [15,16]. The use of clay in a new treatment process 
would be in line with sustainable development, both from 
an ecological and a societal point of view; but it is also nec-
essary to take into account the economic aspect and there-
fore to try to use a local clay close to the industry in order 
to reduce transport costs. The objective of our work, we 
have characterized the two clays studied by studying their 
adsorption capacity of methylene blue and heavy metals. 
The application is to develop a model of treatment of tex-
tile wastewater using local products, such as the valorisa-
tion of Moroccan natural clays (yellow marl and kaolinite) 
in the treatment of water from the textile industry.

2. Materials and methods

2.1. Materials and apparatus

All of the reagents were of analytical grade with the 
mass fraction purity of 0.99 and used as received with-
out further purification. Methylene blue (MB) was pur-
chased from Sigma-Aldrich Company (USA) and was used 
as received. The MB dye stock solution was prepared by 
accurately dissolving a weight of dye in distilled water 
to the concentration of 1 g L–1. The experimental solutions 
were obtained by diluting the dye stock solution in accurate 
proportions to needed inlet concentrations.

The adsorbents used in this study are Moroccan clays, 
namely yellow marl and kaolinite. The arrangement of clay 
particles is studied via scanning electron microscopy (SEM) 
using scanning electron microscope Hitachi S-4500 (Japan), 

the degree of hydration of clay assemblages is obtained via 
thermogravimetric analysis (TGA) and differential thermal 
analysis (DTA) using SDT 2960 simultaneous DSC-TGA 
instruments. The molecular-scale study is achieved by infra-
red (IR) spectroscopy using Nicolet ZDX FTIR spectrometer 
(USA). The mineralogical composition of clay assemblages 
is deduced from X-ray diffraction spectra using X’Pert Pro 
MRD. Semi-quantitative analysis was performed by ener-
gy-dispersive X-ray spectroscopy (EDX) coupled to the 
LEICA S-260 scanning electron microscope (Germany). 
The granulometric analysis of the clay powder is carried 
out using AccuSizer Optical Particle Sizer Model 770.

2.2. Preparation of adsorbents

The yellow marl and kaolinite were pre-treated by acid 
attack according to the following protocol: a mixture of 
1 g of clay and 50 mL of nitric acid (0.1 M) was stirred for 
24 h. Centrifugation of this mixture allows the solid phase 
to be collected and washed with water to eliminate the 
excess of H+ ions. The clay obtained after washing with dis-
tilled water and drying in an oven at 100°C for 24 h will be 
kept for later use.

2.3. Sorption capacity and removal efficiency

This part represents the contribution to the study of 
the surface properties of yellow marl and kaolinite during 
the adsorption of methylene blue. This dye is used to 
study the adsorption capacity of solids and to determine 
their specific surface area and has been the subject of sev-
eral works [15,17–19]. The choice of this dye lies in the fact 
that it behaves like a positively charged organic molecule 
in solution. The adsorption of methylene blue is carried out 
in a batch reactor. Masses (m) of adsorbent of 1 g are intro-
duced, to which the same volume (50 mL) of methylene blue 
solution of different concentrations is added. These closed 
bottles are placed on a stirring table for an average contact 
time of 4 h at room temperature, after which equilibrium 
between the different phases is supposed to be reached. 
The contents of the flask were then centrifuged and the 
filtrates were analysed by a spectrophotometer (UNICAM 
UV/Vis Spectrometer) at a wavelength of 664 nm. The pH 
of the solutions was measured before and after adsorption. 
The determination of the adsorption kinetics of the two 
clays and the influence of the physico-chemical parameters 
(pH, solute concentration and granulometry) are studied. 
The removal efficiency (Re) is calculated by Eq. (1):

Re � �
�

100 0C C
C

e

e

 (1)

where C0 is the initial concentration of methylene blue 
(mg L–1) and Ce is the final concentration of methylene blue 
after adsorption (mg L–1).

The quantities of methylene blue fixed on the clay is 
calculated by the sorption capacity (qe) according to the 
following equation:

q V
C C
me

e� �
�0  (2)



H. Loukili et al. / Desalination and Water Treatment 240 (2021) 124–136126

where qe is the uptake capacity (mg g–1), C0 and Ce (mg L–1) 
are the liquid-phase concentrations of MB at initial and any 
time t, respectively, V is the volume of the solution (mL) 
and m is the mass of the adsorbent (g).

3. Results and discussion

3.1. Characterization of clays

3.1.1. Yellow marl

The yellow marl used comes from the Rabat-Salé 
region. The samples taken are air-dried for a week, then 
crushed to obtain small grains and sieved to get rid of 
larger particles. The yellow marl clay powder is ground to a 
particle size of £125 µm after crushing and sieving.

Fig. 1 shows the particle size distribution of the pow-
der using a particle size analyzer. It can be seen that there 
is a significant proportion of particles smaller than 5 µm.

The morphology of the powders was observed using 
SEM. Fig. 2 shows the morphology of a sample of raw yel-
low marl sieved to 125 and 50 µm, it shows that the pow-
ders are formed of agglomerates of small particles and also 
indicates the presence of laminated grains in the structure.

The EDX analysis of the raw yellow marl and the frac-
tion below 125 µm are shown in Figs. 3 and 4. From these 
figures, it can be seen that the two spectra indicate the pres-
ence of silica, aluminum, magnesium and calcium. The 
mass and atomic percentages of these elements are given 
in Table 1. The change from raw marl to the fraction below 
125 µm shows the decrease in the percentage of calcium 
and the increase in the percentage of silica and aluminum.

An X-ray diffraction pattern was performed on the raw 
and calcined powder at different temperatures of 600°C and 
1,150°C as shown in Fig. 5.

The diffraction patterns of the raw samples reveal the 
presence of silica mainly in the form of quartz, carbon-
ate and dolomite. Heat treatment at 600°C and 1,150°C is 

accompanied by a decrease in the calcite line, an increase 
in the dolomite line and the appearance at 1,150°C of a new 
mullite phase resulting from the formation of a calcium 
silico-aluminate.

Thermal analysis TGA/DTA for yellow marl treated at 
various temperatures are shown in Figs. 6–8.

From Fig. 6, the TGA curve of the yellow marl (frac-
tion < 0.125 mm) recorded during heating indicated a total 
loss of 22% of the initial sample mass. This loss of weight 
occurs in two distinct stages, the first at 250°C corresponds 
to that of the absorbed water and the second at around 
650°C corresponds to the departure of the constitutive water 
to which is added the release of CO2. Above 800°C the loss 
of mass remains negligible. On the DTA curve, four endo-
thermic peaks are observed at 68.0°C, 250.63°C, 572°C and 
756.71°C, which corresponds respectively to the depar-
ture of wet water, to the departure of water adsorbed in 
the inter-pillar space, to the presence of quartz and to the 
decomposition of CaCO3. To this is added the presence of 
an exothermic peak at around 894.64°C which corresponds 
to the formation of a calcium silico-aluminate.

The TGA/DTA curves of the yellow marl treated at 
600°C and 1,150°C respectively, as shown in Figs. 7 and 8. 
For the TGA, a total mass loss of 17.43% for the marl treated 
at 600°C and no loss for the marl treated at 1,150°C. This is 
explained by the fact that at 600°C there is still some organic 
matter present in the sample. For the DTA, at 600°C we 
have the same reactions as for the raw clay, beyond 1,150°C 
no weight loss is observed.

Infrared spectroscopic analysis of yellow marl treated at 
various temperatures is shown in Fig. 9.

According to Fig. 9, we see the presence of ten main 
absorption bands for raw yellow marl namely at 3,650 and 
3,620 cm–1 due to vibrations of hydroxyl groups, at 3,420 cm–1 
due to hydroxyl groups in water, at 945 and 915 cm–1 due 
to deformation vibrations of the Al–OH bond, at 1,400 cm–1 
attributed to the presence of carbonate, at 800 and 796 cm–1 

Fig. 1. Size distribution of the powder yellow marl sieved to <125 µm.
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reflecting the symmetrical valence band of quartz and at 
530 and 400 cm–1 due to the Si–O bond deformation of 
quartz. In this figure, it can also be seen that the calcining 
of the sample at 1,150°C resulted in the disappearance of 
the phyllite bands and carbonates. The characteristic quartz 
bands are not affected by the heat treatment.

3.1.2. Kaolinite

The kaolinite analyzed comes from the Oulmès region 
near Rabat and has a high fraction of particles smaller than 
5 µm as shown in Table 2.

Fig. 10 shows the morphology of the studied kaolinite. 
We note the existence of layered grains in its structure.

The chemical composition and surface analysis of kaolin-
ite are presented in Table 3 and Fig. 11. From these analyses, 
it appears that kaolinite consists mainly of silica and alu-
mina. The alkaline and alkaline earth element contents are 
low.

Fig. 12 shows the diffractograms of natural kaolinite and 
calcined kaolinite at different temperatures. The diffracto-
gram of raw kaolinite reveals, on the one hand, a strong pres-
ence of silica, mainly in the form of quartz, and on the other 
hand that kaolinite and illite are the main phyllite phases 

Fig. 2. SEM of the raw yellow marl and the fractions below 125 and 50 µm.
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present in the sample. Heat treatment at 600°C results in 
the disappearance of all reflections characteristic of kaolin-
ite, this treatment seems to have no effect on illite. This 
phenomenon has already been observed by several authors 
and is the result of the dehydroxylation of kaolinite to 
meta-kaolinite which presents a poorly organized structure. 
Heat treatment at 1,250°C results in the appearance of new 
lines associated with the formation of mullite crystals and 
the disappearance of the characteristic lines of illite.

The two DTA and TGA curves of kaolinite are shown in 
Fig. 13. They were carried out in the air with a temperature 
rise of 5°C/min to 1,250°C.

The TGA of kaolinite shows that during the heating, 
there are two weight losses corresponding to the total 
loss of the initial mass of the sample of 6.9%. The first loss 
starts around 35°C and ends around 200°C, it is mainly 
due to the departure of physisorbed water. The second 
loss starts at about 400°C and ends at about 780°C, it corre-
sponds to the dehydroxylation phenomenon which marks 
the destruction of the kaolinite structure. On the DTA 

Fig. 3. EDS of the raw yellow marl.

 
Fig. 4. EDS of the powder yellow marl sieved to <125 µm.

Table 1
Weight and atomic percentages of chemical elements in 
yellow marl

Element Raw yellow marl Yellow marl (≤125 µm)

Weight % Atomic % Weight % Atomic %

O 46.37 63.79 47.39 64.74
Na 1.11 1.06 – –
Mg 2.63 2.38 2.75 2.47
Al 6.40 5.22 6.96 5.64
Si 17.70 13.87 18.00 14.01
Cl 1.10 0.68 1.01 0.62
K 2.24 1.26 2.38 1.33
Ca 18.61 10.22 18.00 9.81
Fe 3.84 1.51 3.52 1.38
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Fig. 5. X-ray diffraction patterns of yellow marl treated at various temperatures.

 
Fig. 6. TGA/DTA for yellow marl sieved to <125 µm.
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Fig. 7. TGA/DTA for yellow marl treated at 600°C.

 
Fig. 8. TGA/DTA for yellow marl treated at 1,150°C.
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curve, three endothermic peaks are observed at <100°C, 
520°C and 570°C, which corresponds respectively to the 
departure of physisorbed water, to the dehydroxylation of 
kaolinite and to the transformation of a-quartz to b-quartz. 
To this is added the presence of an exothermic peak at 

 
Fig. 9. Fourier transform infrared spectra of yellow marl treated at various temperatures.

Table 2
Kaolinite particle size distribution

Particle diameter (µm) Ratio (%)

[10,36] 4.342
[5,10] 12.618
<5 83.040

Fig. 10. SEM of the powder kaolinite.

Table 3
Chemical composition of kaolinite

Oxide Weight %

SiO2 80.00
Al2O3 12.09
Fe2O3 1.00
Na2O 0.50
K2O 3.73
CaO 1.21
MgO 0.06
TiO2 1.21
SO2 <0.2
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Fig. 11. EDS of the powder kaolinite.

Fig. 12. X-ray diffraction patterns of kaolinite treated at various temperatures.
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around 1,000°C which corresponds to the mullite phase  
crystallization phenomenon.

3.2. Adsorption study

Generally speaking, adsorption is defined as a process 
resulting from a net accumulation of a substance at the 
interface between two contiguous phases [20–24]. It is there-
fore a surface phenomenon, and the ions and molecules 
adsorbed do not in any way become part of the structure 
of the solid on which they are adsorbed. The term adsorp-
tion does not specify the nature of the reaction between the 
adsorbed solute and the solid phase.

Two modes of adsorption are generally proposed 
to describe the retention of molecules on the surface of 
the adsorbent namely, chemical adsorption and physical 
adsorption. Chemical adsorption (specific or chemisorp-
tion) corresponds to the establishment of chemical bonds 
between the surface of the adsorbent and the adsorbed mol-
ecule, and therefore depends on the surface chemical prop-
erties (functional groups) of the adsorbent. It is an often 
irreversible fixation on specific sites. Physical adsorption 
(non-specific or physisorption) involves Van Der Waals type 
forces between the surface of the adsorbent and the mole-
cules physisorbed on it. It is a reversible process (dynamic 
equilibrium of adsorption and desorption) that preserves the 
chemical identity of the adsorbed molecule.

Despite the importance of the physico-chemical stud-
ies undertaken on the retention of organic matter, several 
factors influencing the efficiency of an adsorbent remain 
unknown. Among the parameters that intervene during 
adsorption. We can mention, the physico-chemical prop-
erties of the solute, the properties of the adsorbent, the 

physico-chemical properties of the aqueous phase and the 
presence of several solutes.

The effect of varying the concentration of methylene 
blue on the removal efficiency for the two clays is shown 
in Fig. 14.

For yellow marl, there is the complete removal of MB 
dye for concentrations between 100 and 550 ppm, beyond 
which it starts to decrease. For kaolinite, the maximum 
removal efficiency is less important than that of yellow marl, 
it is between 100 and 200 ppm and starts to decrease from 
300 ppm. This can be explained by the saturation of the num-
ber of available sites at high dye concentrations [25–29].

The equilibrium between the adsorbent in the liquid 
phase and the adsorbent fixed on the solid is reached with 
a rapidity that depends not only on the diffusion rate of the 
components in the adsorbent and in the fluid but also on 
the adsorbent–adsorbate interface. The study of the adsorp-
tion of a compound on an adsorbent makes it is possible to 
examine the influence of the contact time on its retention.

The study of decomposition kinetics is a very import-
ant step in determining the time required to reach equilib-
rium. It was carried out in order to determine the station-
ary quantities of methylene blue from the contact time to 
equilibrium. The methylene blue concentrations, the masses 
of the adsorbent and the flasks are all identical. The results 
are shown in Fig. 15. The adsorption of methylene blue was 
found to be faster for yellow marl, which is probably related 
to the physico-chemical properties of this clay and more par-
ticularly to the nature of the sites, the specific surface and 
the porosity of the support. Equilibrium is reached after 
60 min for yellow marl and 150 min for kaolinite. Usually, 
an adsorption mechanism comprises the following general 
steps: migration of the dye from the solution to the surface 

 
Fig. 13. DTA/TGA of the powder kaolinite.
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of the adsorbent, diffusion of the dye through the diffu-
sion layer, adsorption of the dye on the active sites of the 
clay and intraparticle diffusion of the dye to the internal  
clay pores.

The effect of clay particle size on the removal effi-
ciency of MB dye is shown in Fig. 15. The particle size of 
the yellow marl has no effect on the removal efficiency of 
methylene blue, a total removal is seen for all the particle 
sizes studied, on the other hand for kaolinite the removal 
efficiency decreases when the particle size increases, this 
is due to the increase in the specific area of the clay when 

the particle size becomes finer [30]. This is why we chose 
to work with a granulometry lower than 0.05 mm for both 
clays in order to have a better dye removal. The pH effect 
on the removal efficiency of methylene blue by yellow marl 
and kaolinite are reported in Fig. 16.

Fig. 16 shows that the pH has no influence on the 
removal efficiency of methylene blue by the yellow marl, 
whatever the concentration of the solution.

Fig. 16 also shows that the removal efficiency of methylene 
blue by kaolinite is better in basic media for concentrations 
ranging from 200 to 400 ppm. The decrease in the removal 

Fig. 14. Adsorption of methylene blue on pre-treated Moroccan natural clays.

 
Fig. 15. Effect of clay particle size on the removal efficiency of MB dye.
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efficiency in the acidic medium (pH < 3) can be explained 
by the competition between the protons and the molecules 
of the cationic dye with regard to the retention sites.

4. Conclusion

The study of the absorption of methylene blue on two 
clays (yellow marl and kaolinite) was carried out in static 
mode at 25°C. This adsorption is dependent on the type of 
adsorbent, the initial dye concentrations, the granulometry 
of the adsorbent and the pH of the environment. Yellow 
marl showed a higher dye-binding capacity than kaolinite 
at the different concentrations and particle sizes and pH 
levels studied. Kaolinite adsorbed better towards basic pH. 
The adsorbed quantities at equilibrium reached 27.5 mg g–1 
for yellow marl and 16 mg g–1 for kaolinite. The difference 
in adsorption capacity between both clays studied is due to 
the percentage of the clay phase in each and to its composi-
tion. These results encourage us to use yellow marl as clay 
support in the preparation of a ceramic membrane for future 
application in the ultrafiltration of industrial wastewater.
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a b s t r a c t
Coagulation–flocculation is one of the more commonly used techniques for treating industrial 
effluents. The present work provides the results obtained in the treatment of textile effluent by 
applying the coagulation–flocculation process with a new reagent derived from cactus Opuntia 
ficus-indica largely found in Morocco. The objective herein is two-fold: to test the efficiency of this 
technique and establish the action mechanism of this new biodegradable and natural coagulant. 
The use of this new cactus-based product has shown a very significant effect on turbidity removal 
(96%), as well as on sludge production reduction (3.3 mL L–1), compared to other chemical coagu-
lants, such as ferric chloride and aluminum sulfate. Settling time however is relatively long (5 h). 
To assess the mechanism involved in this coagulation–flocculation, we proceeded with global 
characterization by infrared (IR) spectroscopy and zeta potential measurements on the cactus. 
These measurements indicated that the colloids associated with the cactus material are negatively 
charged (at pH = 10.0). The IR spectroscopy analyses revealed in this new material the presence 
of aromatic groups, such as phenols and aromatic proteins, thus suggesting that Moroccan cac-
tus Opuntia ficus-indica rely on a different mechanism than a chemical reagent like metallic salts. 
The cactus effect likely occurs through a flocculation reaction of a large concentration of metallic 
hydroxides by tannin molecules of cactus material combined with a “sweep coagulation” mechanism.

Keywords:  Coagulation–flocculation; Bioflocculant; Opuntia ficus-indica; Zeta potential; Textile 
industrial effluent

1. Introduction

The toxicity of textile effluents has been the topic of 
several studies [1–3] and has revealed the need to treat or 
optimize the treatment of wastewater before discharge into 
the environment. The coagulation–flocculation process has 
exhibited great efficiency in eliminating pollution during 
the treatment of textile effluents [4–7]. Previous studies have 
demonstrated that the optimization and adjustment of the 

effluent physicochemical parameters or the coagulant treat-
ment rate can lead to flocculation and efficient pollutant 
removal [6–8]. This process may be directly applied to the 
effluent in order to remove organic materials with colloids 
or supracolloids without effective reduction of the effluent 
toxicity [9]. Colloids or supracolloids particles can aggregate 
and settle out of solution through four basic mechanisms: 
(i) double-layer compression, (ii) sweep flocculation, (iii) 
adsorption and charge neutralization and (iv) adsorption and 
interparticle bridging [10]. The presence of salts can cause 
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compression of the double layer, resulting in destabiliza-
tion of particles whereby repulsive electrostatic interactions 
are overcome by attractive van der Waals forces (i). Sweep 
flocculation or enmeshment in the precipitate occurs when 
precipitating coagulant traps suspended particles within a 
colloidal floc as it forms or settles (ii) [10]. Destabilization 
of particles through charge neutralization can occur when 
suspended particles in solution sorb to oppositely charged 
ions (iii). Bridging can occur when a coagulant forms a 
polymer chain that can attach to multiple particles so that 
particles are bound to the coagulant and need not contact 
one other (iv) [11,12].

Over the last several years, many studies at the lab-
oratory scale have been conducted to evaluate the effi-
ciency of several coagulants in water treatment, sometimes 
using pilot unit experiments [13]. The most commonly 
used in wastewater treatment are the trivalent salts of iron 
(FeCl3·Fe2(SO4)3) and aluminum (Al2(SO4)3) [14,15]. When 
applying coagulation–flocculation treatment, however, a 
large amount of sludge may sometimes be generated. This 
factor must be taken into consideration when choosing 
the coagulant [16,17]. Furthermore, to minimize the toxic 
effects of chemical coagulants and respect new stringent 
regulations, non-toxic and biodegradable coagulants and 
flocculants have been introduced [18,19], such as chitosan 
[20], tannin or seed extract from a tree (Moringa oleifera) 
that grows throughout the tropics and subtropics [21]. In 
this context and to enhance the use of natural substances, 
we have developed a cactus-based extract as a flocculant. 
Several studies have shown that cactus possess flocculent 
properties suitable for water treatment [11,12,22,23]. The 
reaction mechanisms however are still not well explained 
nor, have the active molecule’s support in the flocculation 
reaction has not been fully identified. The objectives of this 
study include examining the efficiency of the flocculation–
coagulation process for the treatment of textile effluent, 
particularly in terms of metal pollution, turbidity, sludge 
production and color removal. Material characterization 
by means of infrared (IR) spectroscopy and zeta potential 
measurements has been conducted to better understand its 
operating mechanism. Moreover, a comparative study of 
the cactus with other chemical coagulants is performed. The 
ultimate goal of this work is to demonstrate the efficiency 
and the mechanism of action of a new bioflocculant.

2. Materials and methods

2.1. Material characteristics

The textile effluent samples were extracted at the 
MultiWash Company (Fez, Morocco). The treatment process 
was applied to the textile effluent, whose characteristics are 
given in Table 1.

The cactus was harvested at a wild plantation near Fez 
in Morocco, geographic coordinate: latitude: 33.979/longi-
tude: –4.863. The cactus pads were washed, and all thorns 
were removed and dried at 80°C. The material was ground 
and sieved to obtain a solid powder with a diameter of 0.5–
1.00 mm. The powder obtained was then used as a reagent 
for treating the textile effluent.

Lime (Ca(OH)2) (>95% Sigma-Aldrich, France), ferric 
chloride (FeCl3·6H2O) (>99.99% Sigma-Aldrich, France) and 

aluminum sulfate (Al2(SO4)3·18H2O) (>97% Fluka, France) 
of commercial-grade were utilized for the experimental 
procedure. Lime was prepared in the form of a slurry (10–
20 g L–1), ferric chloride and aluminum sulfate as a solution 
(20–40 g L–1) using the distilled water in all three cases.

2.2. Jar test experience

Coagulation–flocculation tests were performed using 
a flocculator (i.e., Jar test). The testing equipment is com-
posed of four stirred reactors (Flocculator Fisher 1198) with 
a rotation speed of between 0 and 200 rpm. Reactors contain 
1 L of textile residual effluent, the mass of cactus extract 
(from 5.0 to 55.0 mg). Impact of pH (from 4.0 to 12.0) was 
conducted and adjustment was done by using 1.0 M HCl 
or 1.0 M NaOH. The volume of bases or acid is negligible 
(Vmax added is 10 mL) compared with the volume of efflu-
ent (1 L). Different concentrations of the selected coagulant 
were added to the effluent, using the optimal pH of the 
coagulant. The mixture was then quickly stirred at 200 rpm 
for 10 min. Thereafter, the speed was reduced to 30 rpm 
for 30 min. The last step, using an Erlenmeyer of (1 L) to 
determine the volume of sludge after a settlement stage of 
5 h was carried on.

The coagulation–flocculation process efficiency for 
treating the effluent was specifically evaluated in terms 
of turbidity, sludge production, metal contamination and 
color removal. Sludge generation was assessed according to 
the settling time of the treated effluent.

After flocculation, turbidity was monitored during the 
settling stage until reaching a pseudo-balance between the 
liquid and solid phases. Both settling time and sludge vol-
ume were measured once the turbidity in the supernatant 
became constant.

2.3. Analytical techniques

For all treated effluent samples, we conducted the 
following physicochemical analyses: pH, turbidity, and 
absorbance in the range of 200–800 nm spectrum. All these 
parameters were determined using standard methods for 
examining wastewater. The turbidity of the wastewater 
samples was measured using a Hanna Turbidity Meter 
(HI88713). UV-Vis analyses were performed on a UV-Visible 
spectrophotometer (UV 2300), and metal elements in both 
the raw and treated textile effluent were analyzed by 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES ULTIMA 2 instrument (Jobin Yvon, Longjumeau 
Cedex, France)) after mineralization in aqua regia [24]. 

Table 1
Textile effluent characteristics

Characteristics Values

pH 6.45
Turbidity (NTU) 214
COD (mg L–1) 1,266
Color Blue
Conductivity (mS cm–1) 2.13
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Data acquisition and processing were performed using the 
ICP JY v. 5.2 software (Jobin Yvon). The daily calibration 
of the monochromator was performed by using the carbon 
emission lines and each operating wavelength was individ-
ually centered before the experiment beginning. The wave-
lengths used and the appropriate detector voltages, set by 
analyzing a 100 mg L–1 multielement standard solution [25]. 
The zeta potential was measured by means of a Malvern 
Master Zetasizer 3000 device (France).

Spectral analysis Fourier transform infrared spectros-
copy was measured by an infrared spectrometer affinity 
in the region of 400–4,000 cm–1. Samples were prepared 
under high pressure between (12–15 tons pressure) with the 
cactus and KBr powder (KBr > 99% Acros Organics).

3. Results and discussion

3.1. Coagulation–flocculation efficiency

3.1.1. Turbidity removing

This study of treating textile effluent by coagulation–
flocculation using a cactus-based product is illustrated 
in Fig. 1. The turbidity of effluent is 214 NTU (Table 1). 
After coagulation–flocculation at pH 10.0, the turbidity 
varies from 68 to 4 NTU for an amount of cactus between 
10 to 55 mg L–1. The lowest turbidity value was obtained 
with a dose of 35 mg L–1 which matches with the lowest 
value of the volume of sludge (3.5 mL L–1) (Fig. 1a). Fig. 1b 
shows that the lowest turbidity for 25 and 50 mg L–1 of 
cactus is pH 10.0. The pH increases all the more as the 
pH is adjusted from 10.

In a previous work [11], we have obtained similar 
results with experiments realized at pH 10 in a synthetic 
effluent with 33 mg L–1 of cactus Opuntia ficus-indica and 
removal efficiency of 96% ± 2. The volume of sludge pro-
duced after 5 h of settling was 3.3 mL L–1.

3.1.2. Organic matter and metal removing

Beyond turbidity, and in order to see if organic pol-
lutants from textile residual effluent are also removed. 
UV-Visible detection is conducted before and after 

coagulation–flocculation. Table 2 shows the absorbance in 
the UV and visible range of the effluent, in the presence of 
various coagulant cactus doses. Tests were carried out at 
the optimal pH of 10.0. The raw effluent spectrum shows 
two broad bands located at wavelengths 290 nm and 675 nm.

The absorbance at 290 nm may be due to conjugated 
molecules such as proteins, nucleic acid or humic acid 
[26,27], at 675 nm may be due to the presence of the reac-
tive blue 15 dye [28]. These absorbance bands decrease 
with the amount of coagulant (from 0 to 33 mg L–1 of cac-
tus). They disappear in the presence of the optimal cactus 
concentration (33 mg L–1) with more than 90% and 97% of 
absorbance removals at 290 and 675 nm respectively.

The results of metals analysis in both raw effluent and 
effluent treated with cactus flocculants are displayed in 
Table 3. Several metallic elements were present in the efflu-
ent: Fe being the most prevalent, followed by Zn, Mn, Cr 
and, to a lesser extent, Cu and Ni, effluent treatment by 
coagulation–flocculation found that the process is very suit-
able for removing copper, chromium and zinc. All solubil-
ity products of these metallic hydroxides are very low, the 
theoretical solubility is less than 10–8 mole at pH 10 except 
for Mn with a theoretical residual concentration close to 
1 mg/L. For this metal, sorption or coprecipitation mecha-
nisms could explain the reduction of concentration by the 
coagulation–flocculation treatment. The metal reduction 
percentage actually exceeded 91%. Let’s note that effluent 
treatment at a basic pH of 10 increases the metal hydrox-
ide deposits while the colloids produced can facilitate 
the coagulation mechanism.

(a) (b) 

0

2

4

6

8

10

0

20

40

60

80

15 25 35 45 55

Vo
lu

m
e 

of
 s

lu
dg

e 
m

l/L)UTN( ytidibruT

Concentra�on of Cactus (mg/L)

Turbidity Volume of sludge

0

50

100

150

200

250

4 5 6 7 8 9 10 11 12

Tu
rb

id
ity

 (N
TU

)

pH

0 mg/L 25 mg/L 50 mg/L

Fig. 1. (a) Evolution of turbidity and sludge volume depending on the dose of cactus (from 15 to 55 mg L–1) at pH 10 and (b) Evolution 
of turbidity depending on the pH for different doses of cactus (0, 25 and 50 mg L–1).

Table 2
UV and visible absorbance of effluent without and with 
coagulant

Coagulant dose 
(mg L–1)

Absorbance at 
290 nm

Absorbance at 
675 nm

0 1.75 0.67
25 0.63 0.02
33 0.16 0.02
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3.2. Mechanism

To clarify the cactus action mechanism, we proceeded 
with an infrared spectrophotometric characterization. The 
results obtained by IR spectroscopy using the KBr method 
indicated the presence of several peaks (Fig. 2). We observed 
a peak between 3,200 and 3,500 cm–1, which reveals the 
existence of carboxylic acids. On the other hand, the vibra-
tion bands at 1,620 cm–1 indicate the presence of C=O 
groups, while the vibration at 1,430 cm–1 is characteristic of 

phenol groups [29]. Lastly, the peaks at 1,320 and 1,050 cm–1 
prove the presence of aromatic proteins and polysaccha-
rides respectively [30].

Fig. 3a shows the variation of zeta potential vs. pH in 
the case of a cactus solution 30 mg L–1: as pH increases, the 
zeta potential becomes more highly negative (3.31 mV at 
pH = 3.0. moving to –21.8 mV at pH = 12.0). The pH corre-
sponding to the isoelectric point equals 4.1; Fig. 3b provides 
the variation in zeta potential vs. cactus dose (mg L–1) in 
the case of textile effluent treatment. The increase in dose 
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Table 3
Concentrations of metallic elements in the raw effluent and after treatment

Metals (mg L–1) Fe Cr Zn Mn Ni Cu

Raw effluent 2.61 0.094 0.36 0.15 0.03 0.09
pKsp (25°C) 39 31 17 13 16 20
Treated effluent 0.32 0.008 0.03 0.06 0.02 0.009
Limits of detection (µg L–1) 0.41 ± 0.01 0.08 ± 0.04 0.09 ± 0.01 0.32 ± 0.02 0.81 ± 0.01 0.26 ± 0.01
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causes a low decrease of zeta potential. The zeta potential 
measurements showed that the colloids associated with the 
cactus-based product were negatively charged (at pH = 10.0) 
and for all pH values the synthetic water solution with 
clay presents negative colloids [22].

As observed with the metallic quantification, all met-
als precipitate at pH 10 with a very high colloidal concen-
tration and the appearance of a mechanism of sweep coag-
ulation. Anion exchange was proposed for an explanation 
of the coagulation reaction between the tannin of cactus 

Turbidity 

Volume of sludge 

Settling time 

Fig. 4. Evolution of the turbidity (a), the volume of sludge (b), and the settling time (c) according to the type of coagulants.
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material and the numerous colloids (metallic hydroxides 
and clay) [22].

However, it is possible that naturally existing ions 
present in the cactus itself may provide the ionic strength 
necessary for compression of the double layer and there-
fore coagulation. However. theoretical analysis of cactus 
O. ficus-indica inorganic cation content and experimental 
analysis from conductivity measurements [31] of water 
treated with cactus O. ficus-indica indicate that the ionic 
strength provided by cactus O. ficus-indica itself is not high 
enough to cause coagulation as a result of double-layer 
compression.

The zeta potential measurements showed that the col-
loids associated with the cactus-based product were nega-
tively charged (at pH = 10.0). Infrared spectroscopy exhib-
ited the presence of aromatic groups, such as phenols and 
aromatic proteins. This analysis suggested that the plant 
material operates through a mechanism different from 
that of chemical coagulants. Cactus action probably occurs 
through a flocculation mechanism with adsorption and 
bridging between particles along the lines of a “sweep coag-
ulation” mechanism. Furthermore, the cactus O. ficus-in-
dica with a negatively charged backbone (carboxyl and 
hydroxyl groups from phenol) at pH 10.0 allowed the poly-
mer molecules to be extended into solution and produce 
loops and tails to promote bridging of flocs, as other bio-
flocculants, such as tannin and anionic cellulose [32].

3.3. Comparison of cactus with metal salts flocculants

Fig. 4 shows the evolution in parameters (turbidity, 
sludge volume production and settling time) of the treated 
effluent depending on coagulant type. The cactus was com-
pared with three coagulants, including aluminum sulfate 
(Al2(SO4)3), ferric chloride (FeCl3) and lime (Ca(OH)2).

The optimal dose obtained by aluminum sulfate has 
been estimated at 3 g L–1 with an efficiency of turbidity 
removal of 98%. The sludge production after 2 h of settling 
was 360 mL L–1. The lime allows a turbidity elimination of 
93% for an optimal dose of 1.3 g L–1. It seems to be the best 
suitable for low production of decanted sludge, just after 
30 min for settling. The ferric chloride allows turbidity 
elimination and produced the same quantity of decanted 
sludge such as aluminum sulfate (380 mL L–1). The opti-
mal dose obtained has been estimated at 3.2 g L–1. These 
results demonstrate that the relation between the volume of 
sludge produced and the amount of coagulant introduced 
is globally the same for both the ferric chloride and alumi-
num sulfate coagulants and it is higher compared with the 
one from the cactus extract. As regards the lime coagulant, 
the sludge volume decreases to 40 mL L–1 for lime and less 
with cactus material (3.3 mL L–1) but the effect on turbid-
ity is less than FeCl3 and Al2(SO4)3. The use of the vegetal 
material has eliminated turbidity to a similar extent as the 
ferric chloride and aluminum sulfate 96%. The main dif-
ference between the two classes of coagulant (chemical 
and natural) is more distinct in the difference of both the 
amount of added coagulant 100 times higher for chemical 
coagulant than for cactus and sludge production. Indeed, 
we observed that in the case of cactus, the optimal dose 
and sludge volume are very small compared to those of the 

other chemical coagulants. The settling velocity, however, 
is much faster in the case of lime, followed by ferric chlo-
ride, aluminum sulfate and lastly the cactus. Accordingly, 
other bioflocculants, such as tannin and sodium alginate, 
have a very slow settling time [32], which is probably 
due to a slow micro aggregation of the flocs.

4. Conclusion

Flocculation–coagulation is an unavoidable pro-
cess for reducing the turbidity of wastewater. The cactus  
O. ficus-indica was tested as a coagulant for textile indus-
trial effluents. For test conditions (200 rpm for 10 min 
and then 30 rpm for 30 min), the method is optimum 
for a cactus dose of 33 mg L–1 at pH 10.0 removal is 98% 
for turbidity, >90% of UV-Visible absorbance (dissolved 
organic matter and dye), 91% for metals (Fe, Zn, Mn, Cr, 
Cu, Ni). Compared to the metal salts (Ca(OH)2, Al2(SO4)3, 
FeCl3) widely used in coagulation–flocculation (i) the 
coagulant dose is 60–90 times lower and (ii) the volume of 
sludge after settling is 50–400 times lower.

Zetametric analyses have suggested that the cactus 
material operates through a mechanism different from that 
of metal salt coagulants, with its action likely occurring 
through a flocculation mechanism with adsorption and 
bridging between particles along the lines of a “sweep coag-
ulation” mechanism. Ionized groups amine, carboxyl, phe-
nol detected by IF spectroscopy could be involved in those 
mechanisms.

In addition, the use of cactus O. ficus-indica as a biofloc-
culant is an economic solution and providing an environ-
mental-friendly approach for the sustainable development 
of bio-based renewable energy in the future.
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a b s t r a c t
Textile manufacturing is one of the major industries that discharge an enormous quantity of dyes 
over the printing and dyeing process. Accordingly, the increasing demand for efficient and inexpen-
sive treatment has enabled the innovation of low-cost alternative adsorbents. In this study, agricul-
tural biomass from the Moroccan Sahara (ABMS) was investigated as an ecofriendly and low-cost 
biosorbent of textile dye. The effect of independent variables affecting the process fixed-bed adsorp-
tion such as inlet textile dye concentration (40, 80, and 120 mg L–1), flow rate (2, 4, and 6 mL min–1) 
and bed height (5, 10, and 15 mm), were modeled and evaluated by response surface methodol-
ogy based on the Box–Behnken design. The kinetic models, Thomas and Yoon and Nelson model 
were applied to experimental data to predict the breakthrough curves using linear regression and 
to determine the characteristic parameters of the packed bed column. The data were in good agree-
ment for both models with R2 > 0.95. The maximum Methylene blue dye removal capacity was found 
to be 30.15 mg g–1. These findings suggested that ABMS biosorbent without any activation in the 
column structure presents great potential in the removal of dyes from textile wastewater.

Keywords:  Biosorption; Textile dye; Continuous system; Fixed-bed; Agricultural biomass; Moroccan 
Sahara

1. Introduction

The development of the Moroccan textile industry, which 
represents 31% of all Moroccan industries, is accompanied 
by high water consumption and increasing wastewater 
discharge [1]. Indeed, effluents of the textile industry are 
very complex mixtures of organic and mineral matter [2,3]. 

Thus, the discharge of these wastewaters into the receiving 
environment without any treatment causes potential dam-
age to the environment in general and to human health in 
particular [4]. This is why the reduction of pollution at 
the source and the treatment of these effluents are consid-
ered an absolute necessity in many countries, knowing 
that around 80 countries suffer from water scarcity.

Several research works have shown that the discolor-
ation of textile effluents is possible using different techniques 
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such as biological treatment [5], advanced oxidation pro-
cesses [6], photocatalytic degradation [7], membrane tech-
nology [8] and coagulation–flocculation [9]. Indeed, these 
textile wastewater treatment processes have not proven to 
be cost-effective and some of these treatment processes also 
involve the use of excessive chemicals which subsequently 
cause additional environmental problems.

The adsorption process [10] is a relatively simple tech-
nique and is often used in the treatment of industrial waste-
water. It has the advantage of adapting to a wide range of 
effluents, with low energy consumption and without the 
formation of dangerous by-products. Activated carbon is 
the most widely used adsorbent for color reduction, but it is 
very costly and requires regeneration [11].

Recently, various studies have focused on the use of 
renewable biomass as an alternative solution to solve these 
problems such as palm waste [12], peanut husk [13], acti-
vated artichoke leaves [14], activated fallen leaves of Ficus 
racemosa [15], wheat straw [16], potato plant wastes [17], 
activated coconut shell [18], agriculture waste corncob [19], 
chitosan composites [20], alginates [21], functionalized 
cellulose nanocrystals [22], activated Prunus dulcis leaves 
[23] have been used to remove dyes from wastewater.

The literature analysis established that researchers 
have not used agricultural biomass based on a prickly 
pear from the Moroccan Sahara, for biosorbent prepara-
tion in raw form without any activation and subsequent 
application for the removal of cationic dye, Methylene blue 
(MB) under continuous mode has also not been investi-
gated. However, Methylene blue is a cationic dye widely 
used for dyeing paper, leather, plastic, wood and particu-
larly textiles, in particular denim, a cotton fabric used for 
making jeans. Moreover, the advantage of our biosorbent 
over other biosorbents is it’s available free of charge and in 
large quantities, especially in the southwestern region of 
Morocco. However, the cactus sector in Moroccan Sahara 
has undergone a remarkable transformation by relying 
on biotechnology through the valorization of this agricul-
tural product in canned products and cosmetic products 
[24]. Indeed, this agro-industry produces a lot of biowastes 
which must be managed by sustainable methods [25].

The objective of this work is to enhance this agricul-
tural biomass from the Moroccan Sahara (ABMS) in order 
to prepare an eco-friendly and low-cost biosorbent for the 
removal of MB dye from wastewater under continuous 
mode. The effect of continuous column operations was also 
investigated to establish breakthrough conditions using 
response surface methodology.

2. Materials and methods

2.1. Adsorbent and adsorbate

The adsorbent used in this study was prepared from 
prickly pear waste. This agricultural biomass was collected 
from agricultural cooperatives in the provinces of the 
Moroccan Sahara and more particularly the coastal areas 
of the region of Guelmim-Oued Noun.

The general procedure for the preparation of our bio-
sorbent was as follows. First of all, agricultural waste was 
washed several times with boiling distilled water. Secondly, 

they were dried in the open air and then in an oven at 50°C 
until a constant mass was obtained. Third, they were cut 
into small pieces, crushed and sieved. Finally, the dry adsor-
bent named ABMS was stored in a desiccator for further 
study without any chemical or physical activity that causes 
loss of energy and mass and moreover the use of a large 
amount of water for rinsing.

In this study, we have chosen Methylene blue (MB) as the 
model pollutant of the textile industry. Indeed, MB is widely 
used in dyeing and printing processes during textile man-
ufacturing. Methylene blue was supplied by Sigma-Aldrich 
Company (USA) and was used as received without any prior 
purification.

The Methylene blue stock solution was prepared by dis-
solving 1 g of this dye without further purification in dou-
ble-distilled water. The experimental solutions were obtained 
by diluting this stock solution in accurate proportions to 
needed inlet concentrations.

2.2. Fixed-bed experiments

Methylene blue biosorption experiments by agricultural 
biomass from the Moroccan Sahara in the continuous mode 
were carried out using a column with an internal diam-
eter of 20 mm having a layer of glass wool at the bottom. 
The colored Methylene blue solution was pumped using a 
peristaltic pump as shown in Fig. 1.

Once the colored solution of initial concentration Ci is 
pumped, the dye is adsorbed on a packed bed filled with 
ABMS biosorbent. After each time, samples of Methylene 
blue at the outlet of the column were taken and analyzed 
using a UV-Vis spectrophotometer type Shimadzu (Japan) 
at λ equal to 664 nm.

The sorption front moves gradually down towards the 
saturation zone, arriving at the lower end of the packed 
bed. At that point, the effluent concentration at the outlet of 
the stack gets closer and closer to the initial concentration, 
which signifies the saturation point of the stack. In fixed-
bed adsorption, the break-through time (tb) is the time 

 
Fig. 1. Fixed-bed experiments.
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when the effluent concentration at the column outlet is 5% 
of the initial concentration. While the exhaustion time (te) is 
established when the effluent concentration is above a level 
of between 90% and 95% of the initial concentration.

2.3. Response surface methodology

The most widely used and most general model for 
adjustment in the methodology of the response surfaces is 
the Box–Behnken design [26]. In this design, a few points 
of the design matrix are needed for experimental model-
ing with efficient estimation of first and second-order coef-
ficients. The expected Box–Behnken design answers were 
computed using the second-order polynomial formula:

Y X X X Xi i
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n

ij i j
j
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� � � � ��
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where the predicted response is represented by Y; the coef-
ficients of the intercept, linear, quadratic and interaction 
terms among independent factors (X) are indicated respec-
tively by β0, βi, βii and βij; and the model error is denoted by e.

3. Results and discussion

3.1. Box–Behnken design

In this study, we used the Box–Behnken design with 
three levels per factor to find the optimal fixed-bed adsorp-
tion conditions of Methylene blue using agricultural bio-
mass from the Moroccan Sahara. Based on data from the 
literature review [27–29] and on preliminary tests, three 
factors were chosen as independent variables to predict 
the dye removal efficiency (Y), are the inlet dye concen-
tration (X1), the feed flow rate (X2) and the bed height 
(X3). The experimental ranges and levels of independent 
variables are reported in Table 1.

During non-exceptional rainfall events, the optimiza-
tion of wastewater treatment is a complex matter that will 
probably only be completed in the long or very long term. 
The aim is to minimize the impact of discharges on the nat-
ural environment, which is currently often very roughly 
assessed by a few parameters. The design matrix with four-
teen experiments for 3 factors and 3 levels that were carried 
out and their responses notified, shown in Table 2.

According to the data in this table, it is observed that 
the three-level Box–Behnken design necessitates exact val-
ues for each variable at the low (–1), medium (0), and high 
(+1) levels, namely: 40, 80, and 120 mg L–1 for the initial con-
centrations of Methylene blue aqueous solution; 2, 4, and 

6 mL min–1 for the influent flow rate; and 5, 10, and 15 mm 
for the adsorbent bed height.

The software Statgraphics Plus was used to create a 
Box–Behnken design matrix. The second-order polynomial 
equation for the predicted responses in terms of coded inde-
pendent factors was deduced by fitting the experimental 
data. In this work, the relationship between independent 
variables and response was drawn by a second-order poly-
nomial equation.

The coefficients of the regression equation (β0, βi, βii and 
βij) were calculated easily calculated by the least-squares 
method and data were fitted to second-order polynomial 
equations for dye removal efficiency [30].

The final empirical model of the dye removal efficiency 
rate by fixed-bed biosorption using ABMS biosorbent, 
in terms of coded factors after exclusion of non-signif-
icant terms, is presented in Eq. (2):

Y X X X
X X X X

� � � �
� �
72 15 14 94 16 53 12 35

16 95 8 88
1 2 3

1 1 3 3

. . . .
. .  (2)

Based on the second-order polynomial equation of the 
response surface methodology, the effect of independent 
variables affecting the process of fixed-bed adsorption on 
the response (Y) was analyzed.

Table 1
Study field and coded factors

Factors Unit Levels of coded variables Xi

Low (–1) Center (0) High (+1)

X1 = Ci = Inlet dye concentration mg L–1 40 80 120
X2 = Q = Feed flow rate mL min–1 2 4 6
X3 = Z = Biosorbent bed height cm 5 10 15

Table 2
Box–Behnken design matrix

Runs Coded units of variables Xi Response Y

X1 X2 X3

1 –1 –1 0 44.67
2 1 –1 0 81.42
3 –1 1 0 23.46
4 1 1 0 47.18
5 –1 0 –1 21.08
6 1 0 –1 44.16
7 –1 0 1 42.02
8 1 0 1 78.02
9 0 –1 –1 68.26
10 0 1 –1 24.28
11 0 –1 1 84.67
12 0 1 1 51.83
13 0 0 0 72.14
14 0 0 0 72.06



147Y. Abrouki et al. / Desalination and Water Treatment 240 (2021) 144–151

The significance of effects can be estimated by compar-
ing the F distribution of the experimental values to a crit-
ical value (F0.05(1;4) = 7.71) according to the results shown 
in Table 3.

In this case, the linear terms (X1, X2 and X3) and the 
squared terms (X1X1 and X3X3) were significant model terms 
whereas the squared terms (X2X2) and the interaction terms 
(X1X2, X1X3 and X2X3) were insignificant to the response.

The analysis of variance (ANOVA) for a model of the 
dye removal efficiency rate by fixed-bed biosorption using 
agricultural biomass is reported in Table 4.

From the results of ANOVA, we notice that the model 
F-value is greater than the critical value F0.01(9;4) by 1%, 

which implies that the regression is globally significant at 
a confidence level of 99% for this model. The influence of 
each independent variable on the dye removal efficiency is 
shown in Fig. 2.

From this figure, it can be seen that the flow rate (X2) 
has a negative effect on the dye removal efficiency (Y). 
However, the initial concentration of Methylene blue (X1) 
and the height of the bed (X3) have a positive effect on the 
response, but looking at this figure, we see that they have a 
negative effect in the positive area, which can be explained 
by the negative effect of the interaction of the squared term.

Response surface plots were prepared for the purpose 
of evaluating the effect of each two parameters influencing 

 

Fig. 2. Main effects plot for dye removal efficiency.

Table 3
Experimental design and data analysis

Terms Coefficient Sum of 
squares

Df Mean square Fexp p-value Significance test

b1 14.944 1,786.53 1 1,786.53 99.23 0.0006 ***
b2 –16.534 2,186.92 1 2,186.92 121.47 0.0004 ***
b3 12.345 1,219.19 1 1,219.19 67.72 0.0012 ***
b11 –16.929 919.775 1 919.775 51.09 0.0020 ***
b22 –5.989 115.729 1 115.729 6.43 0.0643 NS
b33 –8.851 252.121 1 252.121 14.00 0.0201 **
b12 –3.258 42.4452 1 42.4452 2.36 0.1995 NS
b13 3.230 41.7316 1 41.7316 2.32 0.2025 NS
b23 2.785 31.0249 1 31.0249 1.72 0.2595 NS

***p ≤ 0.01; **p ≤ 0.025; *p ≤ 0.05; NS: No significant.

Table 4
Analysis of variance

Source of variation Sum of squares Df Mean square Fexp F0.01(9;4) Significance test

Regression 6,337.9255 9 704.2139 39.12 14.66 ***
Residue 72.0145 4 18.0036
Total 6,409.94 13

***p ≤ 0.01; **p ≤ 0.025; *p ≤ 0.05; NS: No significant.
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the phenomenon of fixed bed absorption of Methylene 
blue by keeping the third operating variable constant, as 
shown in Fig. 3.

Fig. 3A shows the interaction between the initial con-
centration of Methylene blue (X1) and feed flow rate (X2) 
at a constant value of the bed height (X3 = 0). Interaction 
between the initial concentration of Methylene blue (X1) 
and bed height (X3) at a constant value of the feed flow 
rate (X2 = 0) is shown in Fig. 3B. Fig. 3C shows the inter-
action between feed flow rate (X2) and bed height (X3) at a 
constant value of the Inlet dye concentration (X1 = 0).

From these response surface plots, we can conclude that 
when the initial concentration of Methylene blue and the 
agricultural biomass bed height increase simultaneously or 
when the initial concentration of adsorbate increases and the 
bed height remains unchanged, the discoloration efficiency 
rate increases until an optimum which remains unchange-
able in the experimental study area. On the contrary, for 
interactions involving the feed flow rate, the discolor-
ation efficiency rate decreases until a minimum is obtained.

3.2. Column studies

In this work, the study of the operating conditions that 
control the sorption capacity of MB dye on ABMS biosor-
bent in continuous mode was carried out by passing an 
influent dye concentration (Ci) at a flow rate (F) through a 
biosorbent bed height (Z). Indeed, the breakthrough time 
is a very important factor in evaluating the operation of the 
column. Generally, a higher breakthrough time value indi-
cates a higher biosorption capacity of the column.

3.2.1. Effect of biosorbent bed height (Z)

To study the effect of biosorbent bed height on the fixed 
bed adsorption column operation parameters, column 

experiments were carried out for different heights at 5, 10 
and 15 cm by passing an MB dye solution with an initial 
concentration of 80 mg L–1 and at 4 mL min–1 flow rate. The 
experimental data for the various breakthrough parame-
ters such as breakthrough time (tb), exhaustion time (te) and 
maximum uptake capacity (qm) are described in Table 5.

From this table, it is noted that the increase in the bed 
height (5 to 15 cm) causes both the increase in the break-
through time (120 to 250 min) and the biosorption capac-
ity of ABMS biosorbent (22.48 to 26.81 mg g–1). This result 
could be due to the fact that by increasing the height of 
the bed, the contact time of the dye inside the column 
will be increased. Moreover, the higher bed heights have 
a greater amount of biosorbent, which gives more contact 
time for the adsorption of the dye molecules to the bio-
sorbent. A similar effect of biosorbent bed height has been 
reported for the adsorption of acid violet 17 dye using 
biosorbent obtained from NaOH and H2SO4 activation of 
fallen leaves of Ficus racemosa [31].

3.2.2. Effect of dye concentration (Ci)

The effect of dye concentration was achieved via col-
umn experiments by passing influent dye at 4 mL min–1 flow 
rate on ABMS biosorbent at 10 cm bed height with varying 
initial concentrations MB dye (40, 80, and 120 mg L–1). The 
experimental data for the various breakthrough parame-
ters are also reported in Table 5.

From this table, it can be seen that the increase in the 
dye concentration (40–120 mg L–1) causes the increase in 
the biosorption capacity of the ABMS biosorbent (22.12–
30.22 mg g–1), on the other hand, the decrease in the break-
through time (210–130 min). This result could be due to 
the fact that solutions of higher initial dye concentration 
have a greater driving force for mass transfer subsequently 

Table 5
Breakthrough parameters

Ci (mg L–1) Q (mL min–1) Z (cm) tb (min) t50% (min) te (min) qm (mg g–1)

40 4 10 210 480 590 22.12
80 4 10 190 440 550 23.81
120 4 10 130 300 390 30.22
80 2 10 230 500 620 24.96
80 6 10 140 320 410 23.77
80 4 5 120 280 360 22.48
80 4 15 250 540 640 26.81

 
Fig. 3. Response surfaces for discoloration efficiency.
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resulting in increased biosorption capacity. A similar 
effect of dye concentration has been observed for contin-
uous fixed-bed adsorption of direct deep blue dye using 
glucose carbon composite-based bisorbents [32].

3.2.3. Effect of flow rate (Q)

The study of the effect of inlet influent flow rate was 
carried out via column experiments by passing an MB dye 
solution at an initial concentration of 80 mg L–1 on ABMS 
biosorbent at 10 cm bed height with varying inlet MB dye 
flow rate (2, 4, and 6 mL min–1). The experimental data for 
the maximum uptake capacity, breakthrough time and 
exhaustion time are also mentioned in Table 5.

From this table, it is noted that the increase in the inlet 
influent flow rate (2–6 mL min–1) causes both the decrease 
in the breakthrough time (230–140 min) and the biosorp-
tion capacity of ABMS biosorbent (24.96–23.77 mg g–1). This 
result could be due to the fact that the contact time of the 
dye molecules in the column at higher flow rates, is not suf-
ficient and the dye leaves the column before equilibrium 
is established, resulting in subsequently a decrease in the 
breakthrough time and therefore in the biosorption capacity. 
A similar effect of inlet influent flow rate has been reported 
for the adsorption of Acid Green 25 dye using activated 
Prunus dulcis as biosorbent [33].

3.3. Modeling of column data

In continuous packed bed adsorption processes, the 
liquid phase and solid phase concentration vary both spa-
tially and with time, so the design and optimization of fixed 
bed columns are particularly difficult if we do not have a 
quantitative approximation model.

Various theoretical models have been developed to 
describe the equilibrium and breakthrough curves of fixed 
bed adsorption [34]. The Thomas model and the Yoon and 
Nelson model have been widely used to fit experimental 
continuous adsorption data.

The Thomas adsorption model is the most widely used 
theoretical model to describe column performance. The 
Thomas model [35] can be written as follows:
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The Thomas linear equation is described by the following 
equation:
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where Ci: is the influent concentrations (mg L–1); Ct: is the 
effluent concentrations (mg L–1); kT: is the Thomas rate 
constant (mL mg–1 min–1); qT: is the maximum capacity of 
adsorption (mg g–1); W: is the weight of adsorbent (g); Q: is 
the feed flow (mL min–1); t: is the flow time (min).

Yoon and Nelson have developed a relatively simple 
model. This model assumes that the rate of decrease in likely 
adsorption for each adsorbate molecule is proportional 
to the breakthrough of the adsorbent. The Yoon–Nelson 
model [36] is written as follows:
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The Yoon–Nelson linear equation is described by the 
following equation:
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where kY is the rate constant (min–1) and τ is the time 
required for 50% adsorbate breakthrough (min).

Linear Eqs. (4) and (6) were used to estimate the param-
eters for the Thomas model (kT and qT) and the Yoon–Nelson 
model (kY and τ.). The values of these parameters and the 
correlation coefficients (R2) are presented in Table 6.

From Table 6, it can be seen that the values of biosorp-
tion capacity calculated by the Thomas model are on the 
whole very close to those obtained experimentally.

Also, it is noted that the time required for 50% adsor-
bate breakthrough calculated by Yoon–Nelson are compa-
rable to those obtained experimentally.

It was also seen from Table 6 that correlation coeffi-
cient, R2 values for the Thomas and Yoon–Nelson models 
were closer to 1 with a confidence level greater than 95% for 
both models.

All of these results confirmed a better fit of the Thomas 
and Yoon–Nelson models to the obtained column data.

Table 6
Thomas and Yoon–Nelson model parameters

Ci (mg L–1) Q (mL min–1) Z (cm)

Thomas Yoon–Nelson

kT (mL mg–1 min–1) qT (mg g–1) R2 kY (min−1) τ (min) R2

40 4 10 0.45 22.58 0.9837 0.0239 481.37 0.9722
80 4 10 0.32 24.12 0.9776 0.0251 442.13 0.9681
120 4 10 0.17 30.15 0.9822 0.0266 294.28 0.9745
80 2 10 0.26 25.36 0.9806 0.0235 496.22 0.9682
80 6 10 0.38 23.41 0.9793 0.0275 317.73 0.9706
80 4 5 0.36 22.84 0.9754 0.0268 278.25 0.9667
80 4 15 0.21 26.03 0.9843 0.0197 543.19 0.9812
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3.4. Comparison with other adsorbents

The sorption capacity results with agricultural biomass 
from the Moroccan Sahara were compared with those of 
other adsorbents cited in the literature. Indeed, the maxi-
mum MB dye removal capacity under a continuous model 
by ABMS biosorbent was found to be 30.15 mg g–1. Thus, 
the biosorption capacity of our biosorbent was higher than 
kaolin (20.06 mg g–1) [27], also comparable to alginate-sug-
arcane bagasse-based composite (30.13 mg g–1) [37] and 
slightly lower than citrus peel-alginate composite beads 
(31.45 mg g–1) [38]. Moreover, the advantage of ABMS bio-
sorbent which is easily regenerable using methanol as elu-
ent. And also, reusable several times with a very slight 
decrease in adsorption capacity which can be compensated 
by some operational modifications. These findings sug-
gested that this agricultural biomass without any activa-
tion in the column structure presents great potential in the 
removal of cationic dyes from textile wastewater.

4. Conclusion

In this study, the response surface methodology was 
used to optimize textile dye removal under continuous 
mode by agricultural biomass based on a prickly pear from 
the Moroccan Sahara. The interactions between operational 
process parameters for adsorption optimization, such as inlet 
dye concentration, feed flow rate and bed height were ana-
lyzed. Moreover, the interaction of model performance has 
been examined for statistical analysis. The resulting p-value 
of this model was less than 0.01, demonstrating that the sur-
face response model established by the Box–Behnken matrix 
is globally significant at a 99% confidence level.

The optimal conditions for adsorption testing were 
established as shown previously. These results were then 
analyzed using a number of different kinetic models. 
The maximum MB dye removal capacity was found to be 
30.15 mg g–1. The correlation coefficient, R2 values for the 
Thomas and Yoon–Nelson models were closer to 1. These 
two kinetics models were found to be suitably fitted to 
obtained column data. These findings suggested that ABMS 
biosorbent without any activation in the column structure 
presents a great potential in the removal of cationic dyes 
from textile wastewater.
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a b s t r a c t
This work aims to develop a new composite ultrafiltration membrane (CM) by deposition of 
poly(m-phenylenediamine) and poly(vinyl alcohol) on flat porous support made from pozzolan and 
micronized phosphate. The poly(m-phenylenediamine) was synthesized by chemical polymeriza-
tion of m-phenylenediamine and added to poly(vinyl alcohol) in order to prepare the suspension. 
The selective layer was deposed on the flat support via dip-coating with different polyvinyl alcohol 
content, ranging from 8 to 12 wt.%, and kept for 24 h under 60°C. The obtained CM was char-
acterized by Fourier transform infrared spectroscopy, water contact angle, permeability, scanning 
electron microscopy, energy dispersive X-ray analysis, and filtration performances. The optimized 
membrane containing 10 wt.% of poly(vinyl alcohol) is homogenous and exhibits a good adhesion 
on the pozzolan/micronized phosphate support. Furthermore, the CM has a water contact angle of 
about 80°, a permeability of 203.66 L/h m² bar a thickness of 19.67 µm, and a pore size of 71 nm. In 
addition, the filtration performance of the membrane was evaluated by filtration of congo red dye. 
The effect of operating pressure (1–3 bar), feed concentration (20–600 ppm), and feed pH (4–10) 
were investigated. The CM was able to remove up to 98.63% of congo red under optimal conditions 
(ΔP = 3 bar, C = 600, and pH = 4).

Keywords:  Composite membrane; Poly(m-phenylenediamine); Poly(vinyl alcohol); Pozzolan/
micronized phosphate; Congo red dye; Ultrafiltration

1. Introduction

Water is the most precious, essential resource on the 
planet for any living organism [1]. In recent decades, the 
excessive consumption of water resources due to the indus-
trial revolution, agricultural development, and population 
growth affect its worldwide availability [2]. Therefore, a 
significant amount of wastewater is discharged [3] par-
ticularly from pharmaceutical [4], cosmetic [5], and paper 
industries [6] as well as textile effluents [7].

Production processes in different industrial fields 
depend on chemical products, heavy metals, and organic 
materials including synthetic dyes that end up in waste-wa-
ter streams and must be treated before release. In particu-
lar, aqueous solutions of synthetic dyes that are chemi-
cally/thermally stable and non-biodegradable can directly 
damage both the environment and human health [8].

In this regard, the treatment and the reuse of wastewa-
ter have become an obligation to alleviate water scarcity [9]. 
Several physico-chemical and biological techniques have 
been used for the removal of dyes including: adsorption 



153D. Beqqour et al. / Desalination and Water Treatment 240 (2021) 152–164

by conventional (activated carbon) [10] or unconventional 
adsorbents (pozzolan) [11], electrochemical methods [12], 
ion exchange [13], coagulation–floculation [14], and encap-
sulation processes [15]. Among wastewater treatment tech-
niques, membrane filtration, particularly low-pressure 
ultrafiltration (UF) may remain the best choice for dye 
removal owing to its selectivity, efficiency, and economic 
reliability [16,17].

UF membranes can be fabricated with different mate-
rials. Depending on the nature of the material used, three 
types of membranes are possible: polymeric (organic mate-
rial), ceramic (mineral material), and composite mem-
brane (CM) where more than one material is required [18]. 
Generally, the organic membranes are made from cellu-
losic, polysulfone, and polyamide [19–21]. This type of 
membrane is frequently used due to its low cost but it has 
drawbacks such as low mechanical, chemical, and thermal 
resistance as well as a short lifetime. In contrast, ceramic 
membranes are usually more costly than polymeric ones. 
This can be related to the use of expensive raw materials 
such as alumina, zirconia, and titania as well as manufac-
turing complexity. However, they present a high resistance 
(mechanically, chemically, and thermally) and have long-
term durability [18].

In recent years, the development of thin-film CMs 
has attracted much attention through several studies that 
combine the qualities of polymeric and ceramic mem-
branes, leading to a strong, and selective CM. For instance, 
Derouich et al. [22] have developed a new CM using flat 
ceramic support based on pozzolan and a thin film of 
polypyrrole for the removal of the anionic congo red dye 
(CR). Similarly, Benkhaya et al. [23] used flat pozzolan 
support with a polysulfone layer for CMs capable of filter-
ing dyes including acid orange 74 and methyl orange [23]. 
Another study used tubular ceramic support to prepare a 
CM with PVA for the production of bio-ethanol [24].

The present work aims to develop a new CM using 
poly(m-phenylenediamine) (PmPD) and poly(vinyl alcohol) 
(PVA) as a thin film deposed on flat microfiltration (MF) 
pozzolan membrane incorporated with micronized phos-
phate (Pz/MP) that was developed in our previous study 
[25]. This MF membrane that will be used as support was 
selected owing to its appropriate characteristics: good poros-
ity (32.07%), permeability (1,732.50 L/h m² bar), and high 
mechanical resistance. Additionally, it was prepared from 
environmentally friendly and abundant geomaterials.

PmPD and PVA polymers were selected as the active 
layer because PmPD is insoluble in any organic sol-
vent under neutral conditions and it easily aggregates in 
water, thus promoting layer formation [26]. In addition, 
the m-phenylenediamine (mPD) exhibits a high oxidative 
polymerization yield. For this purpose, the fine, nontoxic, 
and odor-free microparticles were prepared by a simple 
oxidative precipitation polymerization from mPD [27].

PVA is an environmentally friendly polymer, with 
low-cost, and wide use in the manufacture of UF mem-
branes due to its excellent mechanical properties, chemical 
and thermal resistance, hydrophilicity, and water perme-
ability [28,29], anti-fouling, and film-forming propensity 
[30,31]. Consequently, all these specific properties of PVA 
will allow the preparation of a chemically, thermally, and 

mechanically resistant membrane with a thin homoge-
neous layer that is also resistant to fouling. Furthermore, 
the dense network structure of the PVA will embed and 
constrain PmPD into the network [26].

In order to ensure the formation of PmPD and to 
examine the surface characteristics of the developed PmPD/
PVA membrane, samples were characterized by Fourier 
transform infrared spectroscopy (FTIR), scanning electron 
microscopy (SEM), energy dispersive X-ray analysis (EDX), 
pore size, and water contact angle (WCA) measurements. 
The optimized PmPD/PVA membrane was selected based 
on the performance metrics obtained by varying the PVA 
content in the deposit solution.

This membrane was evaluated by studying the param-
eters influencing CR dye rejection namely operating pres-
sure, feed concentration, and feed pH using cross-flow 
filtration.

2. Experimental

2.1. Materials

The flat Pz/MP ceramic support was used for the prepa-
ration of the CM as described elsewhere [25]. The main 
characteristics of the support are reported in Table 1. PVA 
(Rhodoviol 25/140) and ferric chloride hexahydrate LR 
(FeCl3, 98%) were purchased from Prolabo and SDFCL, 
respectively. Both mPD monomer and CR dye (35%) were 
obtained from Sigma Aldrich.

CR is a sodium salt of benzidine diazo-bis-1-naphthyl-
amino-4-sulfonic acid. Additional characteristics of this 
dye are shown in Table 2. All water used in this work was 
distilled prior to use.

2.2. Chemical polymerization of the mPD

To the mPD monomer (1 M), the oxidant FeCl3 (4 M) 
was added dropwise with constant stirring and it was left 
stirring for 6 h to complete the polymerization. The formed 
polymer was collected by filtration and washed several 
times with distilled water then was dried.

2.3. Preparation of the PmPD/PVA membrane

In the first step, the Pz/MP support was cleaned with 
water via ultrasound irradiation in order to eliminate any 
residual particles, then dried overnight at 100°C. In the 
second step, the same amount of PmPD was added to the 
PVA solution (8, 10, and 12 wt.% of PVA) with constant 

Table 1
Characteristics of the flat Pz/MP support

Diameter (mm) 37
Thickness (mm) 2.90
Shrinkage (%) 1.80
Porosity (%) 32.07
Pore size (µm) 1.33
Water permeability (L/h m2 bar) 1,732.50
Mechanical strength (MPa) 15.69
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magnetic stirring. The mass ratio of PmPD/PVA is equal to 
0.57, 0.45, and 0.36 for membrane with 8, 10, and 12 wt.% 
of PVA, respectively.

The Pz/MP support was coated using the PmPD/PVA 
suspension by dip-coating in atmospheric conditions. 
Thereafter, the membrane was kept in air for 1 h, then dried 
for 24 h at 60°C before evaluation, and characterization.

2.4. UF experiments

The cross-flow filtration experiment was carried out 
using a stainless steel UF pilot described in Fig. 1. It is com-
posed of a feed tank of 5 L, circulation pump, membrane 
housing with 4.52 cm2 of filtering surface area, manome-
ters, and an air compressor. The cooling system was used 
to maintain a constant temperature during the experi-
ments. Water permeability for all the studied membranes 
was determined from filtration of water under different 
pressures ranging from 1 to 3 bar at room temperature. 

The permeate flux Jw (L/h m2) and the permeability Lp 
(L/h m2 bar) were calculated using Eqs. (1) and (2), respectively:

J V
A tw � �  (1)

L
J
Pp
w�
�

 (2)

where V (L) is the volume of permeate collected during the 
time interval t (h), A is the effective membrane area (m2), 
and ΔP is the operating pressure (bar).

The experimental parameters influencing filtration 
performance were studied using the optimized membrane. 
First, the effect of operating pressure was studied by vary-
ing the pressure from 1 to 3 bar. Second, the effect of feed 
concentration on membrane performance was investigated 
from 20 to 600 ppm. Finally, the feed pH was varied from 4 

Table 2
Characteristics of CR dye

Chemical formula C32H22N6Na2O6S2

Molecular weight (g/mol) 696.66
Type of dye Anionic
Chemical structure

Fig. 1. Scheme of UF filtration pilot.
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to 10 by adding drops of HCl (2 M) and NaOH (2 M) solu-
tions. All the effects were studied over 2 h of filtration.

The rejection factor R (%) was calculated according to 
the following equation (Eq. (3)):

R
C
C

� �
�

�
��

�

�
���1 100permeate

feed

 (3)

where Cpermeate and Cfeed (ppm) are respectively the concentra-
tion of the permeate and the feed.

2.5. Antifouling study

The antifouling characteristics of the optimized mem-
brane were evaluated under a pressure of 3 bar for 2 h. 
Several antifouling parameters namely flux recovery 
ratio (FRR), total flux decline ratio (TFR), reversible flux 
decline ratio (RFR), and irreversible flux decline ratio (IFR) 
could be calculated according to the following equations 
(Eqs. (4)–(7)) [32]:
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where Jw0 is the water permeate flux of the membrane, Jp is 
the permeate flux of the membrane using CR dye at a con-
centration of 600 ppm. Jw1 is the water permeate flux of the 
membrane measured for 2 h at 3 bar after physical clean-
ing and rising the membrane for 1 h using the UF pilot 
(pressure of 3 bar).

2.6. Characterization

FTIR analysis of the synthesized polymer, PVA, and the 
membrane layer (PmPD/PVA, peeled off of the ceramic sup-
port) was carried out using a Bruker spectrometer (Vertex 
70). The morphology of the elaborated membranes was 
observed using an SEM operating at 10 kV (FEI Company, 
Quanta 200). An EDX detector on the SEM was used 
to identify the elemental composition of the optimized 
membrane.

The average pore size was calculated using the extended 
Hagen–Poisseuille equation (Eq. (8)) [33]:

d J X
Pw� � � �2 8 �

�
�
�
�

 (8)

where d (m) is the pore diameter, Jw (m/s) is the water flux, 
δ (Pa.s) is the water viscosity, τ is the tortuosity factor (2.5 
for sphere particle packing), ε (%) is the porosity of the 
membrane, ΔP (Pa) is the applied pressure, and ΔX (m) is 
the membrane thickness.

In order to measure the hydrophilicity of the Pz/MP 
support and the elaborated CMs, the WCA was measured 
using a Digidrop goniometer (GBX Instruments).

The concentration of CR dye before and after filtration 
was measured by UV-vis spectrophotometry (JASCO V-730 
spectrophotometer) using quartz cells at a wavelength of 
maximum absorbance of 499 nm. The pH was measured 
by a pH meter (METTLER TOLEDO SevenCompact pH/Ion).

The point of zero charge (PZC) of CM was determined 
by solid addition as described in other work [34].

3. Results and discussion

3.1. Membrane of PmPD/PVA characterization

3.1.1. FTIR analysis

The FTIR spectra of the PmPD, PVA, and PmPD/PVA 
layers are illustrated in Fig. 2. For the PmPD, the two peaks 
located at 3,320 and 3,200 cm–1 are attributed to the N–H 
stretching mode [26,35–37]. The peak at 1,620 cm–1 corre-
sponds to the stretching mode of quinoid imine [38–40] 
and the peak at 1,508 cm–1 is ascribed to the stretching 
vibrations of benzenoid amine [41]. The peaks at 1,403 and 
1,250 cm–1 are associated with the C–N stretching vibra-
tions in benzenoid units [35,42,43]. The characteristic peaks 
at 1,105; 830; and 619 cm–1 together represent in-of-plane 
and out-of-plane bending vibrations of the C–H bonds of 
1,2,4-trisubstituted benzene rings. This is consistent with 
a phenazine-like ladder structure involving both amino 
groups for PmPD [27,40,42,44]. All the above observations 
indicate the successful formation of PmPD.

The main peaks of PVA were observed at 3,280; 2,917; 
1,718; 1,425; 1,324; 1,081; 916; and 839 cm–1. The high-
est band intensity in the region of 3,280 cm–1 is associ-
ated with the O–H stretching vibration of the hydroxy 
group [45,46]. The peak located at 2,917 cm–1 is assigned 
to CH2 asymmetric stretching vibration [46]. For the 

Fig. 2. FTIR spectra of PVA, PmPD, and PmPD/PVA membrane 
layer.
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peak at 1,718 cm–1, it corresponds to the C=O vibra-
tion [26]. The peak at 1,425 cm–1 is due to C–H bending 
vibration of CH2 [46] whereas the peak at 1,324 cm–1 is 
attributed to C–H deformation vibration [45]. The peak 
at 1,081 cm–1 is related to C–O stretching of acetyl groups 
[46]. The peak at 916 cm–1 is linked to CH2 rocking [46], and 
the last peak at 839 cm–1 is due to C–C stretching [45].

From the spectrum corresponding to the PmPD/PVA 
membrane layer, there are some peaks that correspond to 
the PVA (peaks at 2,917; 1,425; and 1,081 cm–1) and others 
that correspond to the PmPD (peaks at 3,320; 3,200; 1,620; 
1,403; and 1,250 cm–1). In addition, the peaks at 839 cm–1 
from the PVA and 830 cm–1 from the PmPD overlap to 
form a new broad peak.

3.1.2. WCA measurement

The surface wettability technique was performed via 
WCA measurements of Pz/MP support and UF CMs in 
order to evaluate the influence of PVA content on mem-
brane hydrophilicity. Fig. 3 shows results of WCA mea-
surement of the support and CMs as a function of PVA 
content. The Pz/MP support has 21° of WCA which means 
that the support surface has a higher hydrophilic charac-
ter. WCA value is about 77°, 80°, and 82° for membranes 
with 8, 10, and 12 wt.% of PVA, respectively. Increasing the 
PVA content slightly increases the WCA.

3.1.3. Permeability

The permeate flux of the membranes (8, 10, and 12 wt.%) 
as a function of operating pressure, which was varied from 
1 to 3 bar, is depicted in Fig. 4. It is clear from Fig. 4 that 
the relationship is linear and therefore the permeability 
of the membranes could be calculated by determining the 
slope of these lines. The permeability of the membranes 
are 265 L/h m² bar for the membrane with 8 wt.% of PVA, 
203.66 L/h m² bar for the membrane that contains 10 wt.% of 
PVA, and 170.35 L/h m² bar for the membrane with 12 wt.% 
of PVA. The permeability remarkably decreases when the 
amount of PVA increases. This drop-in permeability value 
could be explained by the fact that the membrane layer 
became thicker with the addition of PVA. This is consistent 
with SEM characterization (section SEM observation).

3.1.4. Pore size

Fig. 5 shows the pore size of prepared membranes. 
It can be clearly observed that the pore size of the mem-
branes is 92, 71, and 62 nm when the PVA content is 8, 10, 
and 12 wt.%, respectively. This could be explained by the 
fact that the membrane layer becomes thicker with the addi-
tion of PVA content which leads to a reduction in the pore 
size in the membrane.

3.1.5. Membrane performance

Fig. 6 shows the permeate flux and the rejection of CR 
as a function of PVA content. Membrane performance in 
CR removal was evaluated by cross-flow filtration during 
2 h with two concentrations: 20 and 100 ppm. The operat-
ing pressure was 3 bar. The permeate flux decreases when 
the amount of PVA increases from 8 to 12 wt.% as shown 
in Fig. 6a which is in agreement with the obtained values 
of the water permeability.

Rejection results of CR solution with concentrations 
of 20 and 100 ppm for the three membranes vs. wt.% PVA 
are presented in Fig. 6b. These results show that the rejec-
tion after 2 h of filtration is 88.22% (8 wt.% of PVA), 93.83% 
(10 wt.% of PVA), and 91.82% (12 wt.% of PVA) when the 

Fig. 3. WCA of Pz/MP support and PmPD/PVA membranes with 
different PVA content.

Fig. 4. Water permeate flux as a function of the operating pres-
sure of CMs.

Fig. 5. Pore size of CMs with different PVA content.
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feed concentration is 20 ppm. Increasing the feed concen-
tration to 100 ppm, the rejection is about 49.54%, 94.01%, 
and 88.98% for membranes with 8, 10, and 12 wt.% of PVA 
content, respectively. These results are in accordance with 
the SEM observations below. As a final result, the CM with 
10 wt.% of PVA is the membrane that reaches the high-
est rejection at 20 ppm (93.83%) and 100 ppm (94.01%) of 
feed concentration.

3.1.6. SEM observation

The morphological structure of fabricated membranes 
was observed using SEM. Fig. 7 shows the SEM images 

of the Pz/MP support as well as the PmPD/PVA mem-
branes with different percentages of PVA ranging from 
8 to 12 wt.%. As shown in Fig. 7a, the MF support has a 
microporous structure with a heterogeneous and irregu-
lar distribution of particles. This is due to the difference 
in particle size of materials used in the support prepara-
tion (Pozzolan <50 µm and phosphate < 1 µm) [25]. Fig. 7b 
reveals that the deposited PmPD particles have a spheri-
cal shape with a diameter ranging from 300 to 500 nm, 
which is approximately the same as reported elsewhere 
[42]. The addition of 8 wt.% PVA does not homogenize the 
PmPD distribution on the support surface as cracks are still 
visible. These cracks in the membrane can allow CR dye 

Fig. 6. CR Permeate flux (a) and rejection (b) of CMs with different PVA content at ΔP = 3 bar, C = 20, and 100 ppm for 2 h of filtration.

Fig. 7. Top-view SEM micrographs of the Pz/MP support (a), the PmPD/PVA membranes with different PVA content: 
(b) 8 wt.%, (c) 10 wt.%, and (d) 12 wt.%.
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to pass through the CM as described in the previous sec-
tion. As displayed in Fig. 7c, the membrane with 10 wt.% 
PVA presents a good deposition of PmPD. The surface of 
this membrane has a homogeneous morphology and good 
adhesion. Fig. 7d illustrates that the PmPD membrane 
with 12 wt.% PVA has a smoother surface [24], with the 
presence of large, non-uniform pores that will affect the 
membrane filtration performance.

Fig. 8 shows the cross-section of the three prepared 
membranes with 8, 10, and 12 wt.% of PVA. It can be 
seen from these images that increasing the PVA con-
tent increases the thickness of the prepared membranes. 
The thickness of the membrane layer (the average of three 
measured values for each) is about 14.70 µm for the mem-
brane with 8 wt.% of PVA (Fig. 8a), 19.66 µm for the mem-
brane that contains 10 wt.% of PVA (Fig. 8b) and 22.48 µm 
for the membrane with 12 wt.% of PVA (Fig. 8c).

From the results of previous sections, as well as SEM 
images from this section, the highest-performing membrane 
is the CM with 10 wt.% of PVA and this will be considered 
as the optimized membrane.

3.1.7. EDX analysis

The chemical composition of the optimized PmPD/PVA 
membrane was determined by EDX analysis. As shown 

in Fig. 9, the intense peaks of carbon (C), oxygen (O), and 
nitrogen (N) are clearly observed with weight percent of 
52.88 wt.%, 31.92 wt.%, and 11.40 wt.%, respectively. It 
should be noted that the PmPD is a compound of C and 
N, while the PVA is a compound of C and O. The presence 
of chlorine (Cl) is attributed to the mPD polymerization 
by FeCl3. The presence of trace amounts of other elements 
including sulfur (S), sodium (Na), silicon (Si), potassium (K), 
calcium (Ca), iron (Fe), aluminum (Al) is due to sampling 
of the chemical composition of the underlying Pz/MP support.

These results indicate that PmPD and PVA contain the 
expected elemental compositions, consistent with an organic 
polymer layer deposited on an inorganic, Pz/MP support.

3.2. UF experiments

The PmPD/PVA membrane performance was assessed 
by the removal efficiency of CR dye. In this part the effect 
of operating pressure, feed concentration, and pH were 
investigated for the optimized UF membrane.

3.2.1. Effect of operating pressure

The UF experiments were carried out at operating 
pressure varying from 1 to 3 bar, a feed concentration of 
20 ppm, and a feed pH of 6 which is around the value 

Fig. 8. Cross-section of the membranes with different PVA content: (a) 8 wt.%, (b) 10 wt.%, and (c) 12 wt.%.
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of pHPZC calculated of the membrane (pHPZC = 6.10). 
The variation of permeate flux and CR rejection vs. oper-
ating pressure are respectively plotted in Fig. 10a and b. 
When the operating pressure increases (from 1 to 3 bar) 
the permeate flux after 2 h of filtration also increases 
from 94.02 to 144.91 L/h m² (Fig. 10a), resulting from 
the increase of driving force across the membrane [22]. 
The permeate flux increases with pressure until 2.5 bar 
where it tends to stabilize. This behavior is due to con-
centration polarization at the membrane surface. Note 
that the permeate flux remains lower than the water flux. 
This may be due to various aspects such as adsorption 
of CR particles on the surface of the CM and in pores [47].

While increasing the operating pressure (Fig. 10b), the 
CR rejection after 2 h of filtration increases from 79.20% to 
93.83%. This higher rejection qualitatively agrees with the 
classical (Spiegler–Kedem) convection/diffusion model for 
solute transport, which predicts that solute rejection by a 

partially retentive membrane should increase with operat-
ing solvent flux [48].

3.2.2. Effect of feed concentration

The effect of CR feed concentration (20–600 ppm) on the 
permeate flux and rejection was investigated at a constant 
pressure of 3 bar and a pH of 6 (pH = pHPZC) (Fig. 11).

In general, a high feed concentration yields a very low 
permeate flux [48]. As expected, the permeate flux decreases 
from 144.91 to 17.92 L/h m² when the feed concentration 
increases from 20 to 600 ppm (Fig. 11a). This trend might 
be related to the anionic CR particles that have settled 
either on the membrane surface or into the pores thus rais-
ing membrane fouling and resulting in a reduction in per-
meate flux. Also, an increase in concentration polarization 
might be responsible for this observation [47] as well as the 
adsorption of the dye on the membrane surface [49].

Fig. 9. EDX spectrum of PmPD/PVA membrane.

Fig. 10. CR permeate flux (a) and rejection (b) as a function of operating pressure at C = 20 ppm and pH = 6 for 2 h of filtration.
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In contrast, the rejection of dye after 2 h of filtration 
slightly increases with the increase of the feed concentration 
(Fig. 11b). At 20 ppm the rejection was 93.83% and reached 
95.06% when the dye concentration is 600 ppm. The rejection 
remained relatively constant even as the dye concentration 
was varied from 20 to 600 ppm which indicates that what-
ever the concentration is, the rejection of the dye is always 
important. The same observation was reported in other 
work [22,47].

These rejection values could be mainly due to the for-
mation of a polarization layer on the membrane surface that 
acts like a second separating layer during filtration [49]. 
This means that the only transport mode within this layer 
is diffusion [50], consistent with conclusions made in other 
studies [51,52]. In addition, the two negatively-charged 
sulfonate groups of the CR dye lead to the formation of 
aggregates or clusters with multiple charges and conse-
quently causes an increase in the effective size of the dye. 
This, subsequently, creates an electrostatic repulsion effect 
and can be partially responsible for the enhancement of dye 
rejection [53–56].

3.2.3. Effect of feed pH

The effect of pH plays an important role during CR 
removal by UF since it influences both the charge of the 
dye molecules and the characteristics of the CM [57]. The 
efficiency of the PmPD/PVA membrane for CR removal in 
terms of flux and rejection was studied in a pH range of 4–10 
under a fixed concentration (600 ppm) and operating pres-
sure (3 bar). Fig. 12 shows that the permeate flux increases 
(from 14.60 to 23.01 L/h m²) whereas the rejection decreases 
(from 98.63% to 89.33%) when the pH is varied from 4 to 10. 
The lowest permeate flux and the highest CR rejection were 
achieved at the lowest pH value where sediments of dye 
occur and its color in solution becomes dark blue [58]. Under 
these acidic conditions, the sulfonated acid groups of CR are 
protonated, resulting in dye aggregation and precipitation 
[59]. Thus, the permeate flux decreases because of mem-
brane fouling. This may be due to the aggregation and 
adsorption of CR within the membrane, blocking the mem-
brane pores [57]. In addition, the weak hydrophilic charac-
ter of the membrane contributes to fouling as an increase in 
membrane hydrophilicity reduces fouling phenomena [23].

The high CR rejection in this acidic medium (98.63%) 
can also be attributed to the polarization of the surface. 
The point of zero charges of PmPD/PVA is 6.10 which means 
that the membrane surface is positively charged under a 
pHPZC of 6.10 and negatively charged above this pHPZC value. 
The negatively charged ions of CR would be drawn to the 
membrane surface by electrostatic attraction, thus creating 
the polarization layer [22]. This provides repulsion between 
the surface layer of CR particles and those still in solution 
as they are both negatively charged. Under basic conditions, 
at high pH, the permeate flux increases slightly but the 
rejection decreases. Apparently, the electrostatic attractions 
became weaker between CR molecules and the membrane 
surface thus reducing the CR rejection rate [22].

3.3. Antifouling study

During filtration, all membranes gradually become less 
effective at separating components from the feed solutions. 
This fouling is coupled with an observable deterioration 
of the membrane surface. Hence, the CM filtration perfor-
mance and long-term stability depend greatly on membrane 
antifouling properties [17,58].

The antifouling study for the PmPD/PVA membrane 
used for CR removal was evaluated by determining four 
fouling parameters: FRR, TFR, RFR, and IFR. In order to 

Fig. 11. CR permeate flux (a) and rejection (b) as a function of feed concentration at ΔP = 3 bar and pH = 6 for 2 h of filtration.

Fig. 12. CR permeate flux and rejection as a function of feed pH 
at ΔP = 3 bar and C = 600 ppm for 2 h of filtration.
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facilitate the comparison, all permeate fluxes are normalized 
to the initial water flux Jw0.

Fig. 13a illustrates the water permeate flux before and 
after filtration, and the permeate flux of CR whereas Fig. 
13b shows the antifouling indexes FRR, TFR, RFR, and 
IFR. The permeate flux of the CM before cleaning (pH = 10 
and C = 600 ppm) is less than the permeate flux of water 
due to the combination of pore-blocking and the forma-
tion of a polarization layer on the membrane surface as 
well as the adsorption of CR dye on the membrane surface. 
Despite that, a significant restoration in the rate of water 
permeates flux was observed after physical cleaning with 
water. From Fig. 13b, it is remarkable that the permeate 
flux recovers to 34.16% (FRR). Regarding the TFR, it has 
a value of 96.16% which could be explained by the block-
age of pores, surface adsorption as well as a formation of 
a concentrated polarization layer on the membrane surface. 
The fouling resulting from the polarization layer surface 

can be measured by calculating the RFR (30.33%) and can 
be removed easily by simple washing. However, the pore 
blockage is irreversible and can be quantified by measure-
ment of IFR (65.83%) and cannot be removed even by strong 
force but only by chemical cleaning [60].

3.4. Comparison of composite PmPD/PVA performance 
with the literature

To compare the efficiency of the current compos-
ite PmPD/PVA membrane in water permeability and dye 
rejection, results of other CMs developed from different 
organic/inorganic materials reported in the literature for dye 
rejection are given in Table 3.

According to the presented data, the PmPD/PVA 
membrane has the highest water permeability compared 
to all other composite membranes except that of Ppy-
PAN-H [61] that has the same value. Whereas the PmPD/

Fig. 13. Permeate flux during filtration experiments (a) and antifouling indexes of PmPD/PVA membrane (b).

Table 3
Comparative study of CM membrane performances with other membranes from literature

aComposite membrane 
(layer – support)

Pressure 
(bar)

Permeate flux 
(L/h m2)

Permeability 
(L/h m2 bar)

bDye Concentration dye 
(ppm)

Rejection 
(%)

Ref.

Ppy – pozzolan 3 30.90 10.30 CR 600 98.00 [22]
PSF/PEI – pozzolan 3 72.60 24.20 MO 50 75.80 [23]
PVA/ZnO – PSF 1 – – CR 100 53.50 [31]
PI-Polyester 1 345.10 345.10 CR 100 95.00 [59]
Caramel – PSF 1 355.00 355.00 CR 50 99.94 [60]
Ppy – PAN-H 4 872.00 218.00 RB 68 87.00 [61]
SMWCNT/PES 6 79.40 13.23 CR 1,000 99.80 [62]
2D MXene – PES 1 115.00 115.00 CR 100 92.30 [63]
PVA-Zeolite 5 3.54 0.70 MB 1,000 93.50 [64]
GA/PVA/PAA-Al2O3 6 25.24 4.20 CR 100 96.00 [65]
PmPD/PVA – pozzolan/
micronized phosphate

3 610.98 203.66 CR 600 98.63 This 
work

aPpy: Polypyrrole; PSF: Polysulfone; PEI: Polyetherimide; PVA: Poly(vinyl alcohol); PI: Polyimide; PAN-H: Hydrolyzed poly (acrylonitrile); 
SMWCNT: Sulfonated multiwall carbon nanotubes; 2D MXene: new 2D transition metal carbide-based material; PES: Polyethersulfone; 
GA: glutaraldehyde; PAA: Poly(acrylic acid); PmPD: poly(m-phenylenediamine).
bCR: Congo red; MO: Methyl orange; RB: Rose bengal; MB: Methylene blue.
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PVA membrane shows higher efficiency of dye rejection 
compared to the PSF/PEI – pozzolan [23] and PSF/PVA/
ZnO [31] membranes, and similar dye rejection for Ppy 
– pozzolan [22], SMWCNT/PES [62], and PSF – caramel 
[60] membranes. Considering these performance metrics 
(water permeability and rejection) and the simplicity of 
preparation, the PmPD/PVA membrane is very compet-
itive for anionic dye rejection from water and could be 
used for dye wastewater treatment.

4. Conclusion

A composite PmPD/PVA membrane was successfully 
prepared on a Pz/MP support by dip-coating. Evaluation 
of the effect of PVA content on UF membrane performance 
led to an optimized membrane containing 10 wt.% of PVA 
with the combined highest CR rejection and permeability. 
FTIR confirmed the formation of PmPD and the co-depos-
ited membrane layer (PmPD/PVA). SEM images showed 
that the PmPD/PVA layer had a homogeneous surface, uni-
form thickness (19.67 µm), a pore size of 71 nm, and good 
adherence to the Pz/MP support. The water permeability 
of the CM is about 203.66 L/h m2 bar and the WCA had a 
value of 80°.

The optimized conditions for CR removal in terms of 
operating pressure, feed concentration, and feed pH were 
determined. The rejection reached 98.63% at 600 ppm of CR 
in an acidic medium (pH = 4) under an operating pressure 
of 3 bar. In addition, the membrane exhibits attractive anti-
fouling characteristics. Based on these promising results, 
the elaborated CM presented in this paper could be effec-
tive for removing soluble dyes from industrial wastewater 
typically generated by textile industries.
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a b s t r a c t
A new composite ultrafiltration membrane made of poly(p-phenylenediamine) and poly(vi-
nyl alcohol) as a selective layer on flat ceramic support fabricated from pozzolan and micron-
ized phosphate was developed and characterized. The p-phenylenediamine was polymerized 
via a chemical route. The active layer was deposited on the flat support by dip-coating. The 
poly(p-phenylenediamine) and 10 wt.% of polyvinyl alcohol solution were used as the initial 
suspension. The composite membrane was kept for 24 h at 60°C. The developed membrane was 
characterized by Fourier transform infrared spectroscopy, scanning electron microscopy, ener-
gy-dispersive X-ray analysis, as well as water contact angle, permeability and filtration perfor-
mance measurements. The obtained ultrafiltration membrane has a thickness of 4.1 µm, a water 
contact angle of 50°, a permeability of 12.20 L/h m2 bar and pore size of 43 nm. In addition, the 
composite membrane presents good adhesion on the flat support. Furthermore, it was evaluated 
by tangential filtration of Congo red dye. The dye filtration was optimized by varying the oper-
ating conditions including the applied pressure (1–3 bar), the feed concentration (20–600 ppm) as 
well as the feed pH (4–10). Under the optimal conditions of Congo red filtration, the developed 
membrane achieved a rejection of 99.54% (at ΔP = 3 bar, C = 600 ppm and pH = 4).

Keywords:  Poly(p-phenylenediamine); Poly(vinyl alcohol); Composite membrane; Pozzolan/
micronized phosphate; Ultrafiltration; Congo red dye

1. Introduction

Through rapid developments in industrialization, cli-
mate change, population growth and over-consumption, 
sources of drinking water have been contaminated by 
human activities [1,2]. One of these major human activi-
ties is the textile industry. Indeed, this sector is one of the 
prime consumers and polluters of water. It generates large 
amounts of wastewater rich in dyes, salts, and reagents that 
have important potential impacts on the degradation of the 

environment [3]. The presence of organic dyes in waste-
water is a significant contributor to water pollution [4]. 
Approximately 70% of dyes used in industry are azo dyes [5].

Congo red (CR) is one of the most hazardous organic 
dyes, due to its structural stability, its complicated aro-
matic structure as well as resistance to biodegradation 
[6]. CR properties combine to pose significant risks for 
the environment and human health, its discoloration and 
degradation is a major concern for the protection of the 
environment [7].
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To address this problem, water treatment techniques are 
required including coagulation, chlorination, ozonation, 
flotation, chemical oxidation, adsorption, reverse osmo-
sis, ultrafiltration (UF) and nanofiltration [1,4]. Membrane 
filtration, particularly low-pressure UF is one of the most 
attractive and powerful treatment processes because it 
is a cost-effective and sustainable wastewater technol-
ogy [8,9]. It offers great stability, easy operation, and high 
efficiency [10,11].

Although several studies explored the elaboration of 
ceramic membranes from industrial oxides such as silica, 
alumina, zirconia and titania, the approach is costly. As an 
alternative, there has been interested in using low-cost nat-
ural materials for membrane preparation [12–18]. Recently, 
many low-cost UF membranes were developed based on 
these materials [19–21]. Besides, plenty of research was 
oriented toward the development of UF composite mem-
branes (CMs). The composite polymer-ceramic membranes 
are characterized by structural integrity, fouling resistance, 
and both high flux and selectivity [22]. Moreover, CMs pre-
pared from polymers on low-cost ceramic supports attracted 
much interest. For instance, pozzolan was used as a support 
for both, the development of polypyrrole UF membrane 
for CR removal [23] and the preparation of polysulfone/
polyetherimide UF layer for removal of methyl orange and 
acid orange 74 [24].

This paper presents the development of a new CM 
prepared by depositing an organic layer of poly(p-phenyl-
enediamine) (PpPD) and poly(vinyl alcohol) (PVA) on a 
flat pozzolan ceramic support incorporated with micron-
ized phosphate (Pz/MP). This support was selected for 
the preparation of the UF membrane because of its inter-
esting attributes such as porosity (32.07%), permeability 
(1,732.50 L/h m2 bar) and mechanical strength (15.69 MPa) as 
mentioned in our previous work [25].

The PpPD is brown–to–black and insoluble in water 
[26]. It was selected as an organic layer for its wide appli-
cations, particularly in water treatment [27,28]. PVA was 
selected for inclusion since it is an excellent biodegradable 
biopolymer. Because of its environmentally friendly prop-
erties, PVA has been widely used to fabricate PVA-based 
ceramic and polymeric membranes for various industrial 
applications [29,30].

The characteristics of these polymers (PpPD and PVA), 
as well as the Pz/MP support, will combine to enhance 
the performance of the developed PpPD/PVA membrane 
with respect to permeability and rejection. To evaluate the 
efficiency of the CM and to investigate the morphology 
as well as the hydrophobicity of the membrane surface, 

a series of characterization techniques have been used: 
Fourier transform infrared spectroscopy (FTIR), scanning 
electron microscopy (SEM), energy-dispersive X-ray anal-
ysis (EDX) and water contact angle measurements (WCA). 
The evaluation of the membrane performance in terms of 
dye removal from aqueous solution was studied via tan-
gential filtration using CR dye. Filtration performance is 
influenced basically by three parameters including the 
operating pressure, the feed concentration and the feed pH. 
This work also addressed the antifouling characteristics of 
the developed PpPD/PVA UF membrane.

2. Experimental

2.1. Materials

In order to elaborate the CM, the selective PpPD/PVA 
layer was deposited on a flat Pz/MP ceramic support that 
was prepared as previously described [25]. This support 
is characterized by a diameter of 37 mm, a thickness of 
2.90 mm, a porosity of about 32.07%, a permeability of about 
1,732.50 L/h m2 bar and mechanical strength of 15.69 MPa.

The p-phenylenediamine (pPD) monomer and CR dye 
(35%) were purchased from Sigma-Aldrich. The proper-
ties of CR dye are summarized in Table 1. PVA (Rhodoviol 
25/140) and ammonium persulfate (APS, 98%) were obtained 
from Prolabo and Loba Chemie, respectively. Hydrochloric 
acid (HCl, 37%) was obtained from VWR Chemicals.

2.2. Chemical polymerization of the pPD

To the pPD monomer (1 M), the oxidant APS was dis-
solved in HCl (0.5 M) and added dropwise under continu-
ous stirring, then the solution was stirred for an additional 
6 h in order to complete the polymerization. The obtained 
PpPD was recuperated, washed with distilled water and 
dried at 60°C.

2.3. Preparation of the PpPD/PVA membrane

Prior to any modification, the flat Pz/MP ceramic sup-
port was sonicated in water for 20 min to remove residual 
particles before drying overnight at 100°C. Next, the PpPD 
powder was added to a solution of PVA (10 wt.%) under 
constant magnetic stirring resulting in a mass ratio of PpPD/
PVA of 0.47 [30].

Under atmospheric conditions, the support surface 
was coated by the PpPD/PVA suspension via dip-coating 
and left for 1 h. Then, it was dried for 24 h at 60°C [30]. The 

Table 1
Characteristics of CR dye

Molecular formula Chemical structure depiction Molecular weight (g/mol) Charge Wavelength (λmax, nm)

C32H22N6Na2O6S2

 

696.66 Anionic 499
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resulting membrane was characterized and evaluated with-
out any additional treatment or modification.

2.4. UF experiments

The effectiveness of the fabricated CM was measured by 
tangential filtration using a laboratory UF pilot described 
in Fig. 1. Briefly, it mainly contains a storage tank of 5 L, a 
membrane holder with an effective filtration area of 4.52 cm2, 
manometers, circulation pump, air compressor and cool-
ing system to maintain the feed solution at a constant tem-
perature. The membrane permeability was measured by 
filtration of water at different operating pressures rang-
ing from 1 to 3 bar at room temperature. Permeate flux Jw 
(L/h m2) and the permeability Lp (L/h m2 bar) crossing the 
membrane are given by Eqs. (1) and (2) respectively:

J V
A tw � �

 (1)

J L Pw p� � �  (2)

where V (L) is the volume of permeate that crosses the 
specific surface A (m2) during interval time t (h) and ΔP is 
the operating pressure (bar).

To evaluate the performance of the PpPD/PVA mem-
brane, a series of experiments on CR were carried out. 
The effect of different experimental parameters on filtra-
tion performance was studied. Parameters investigated 

included the operating pressure which varied from 1 to 
3 bar, the feed concentration ranging from 20 to 600 ppm 
and the feed pH which was adjusted between 4 and 10 
by adding HCl (2 M) and NaOH (2 M) solutions. All the 
effects were studied over 2 h of filtration.

The rejection factor R (%) was calculated by Eq. (3):

R
C
C

� �
�

�
��

�

�
���1 100permeate

feed

 (3)

where Cpermeate and Cfeed (ppm) are respectively the concentra-
tion of the permeate and the feed.

2.5. Antifouling study

The antifouling attributes of the membrane were inves-
tigated after 2 h of water filtration, and flux was measured 
(Jp, L/m2 h) at the operating pressure of 3 bar. The antifoul-
ing capability of the membrane was characterized by cal-
culating flux recovery ratio (FRR), total flux decline ratio 
(TFR), reversible flux decline ratio (RFR) and irreversible 
flux decline ratio (IFR) using the following equations [20].

FRR � �
J
J
w

w

1

0

100  (4)

TFR � �
�

�
��

�

�
���1 100

0

J
J
p

w

 (5)

Fig. 1. Scheme of UF filtration pilot.
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where Jw0 is the water permeate flux, Jp is the permeate flux 
of the PpPD/PVA membrane using CR dye at a concentra-
tion of 600 ppm. After cleaning and rinsing the membrane 
surface underwater, it was rinsed a second time for 1 h with 
water using the UF pilot under 3 bar. Then the permeate 
flux was measured a second time (Jw1) for 2 h.

2.6. Characterization

FTIR of the PpPD, PVA and the PpPD/PVA membrane 
layer (peeled off the flat ceramic support) was investi-
gated using a Bruker Spectrometer (VERTEX 70). The 
top-view of the flat Pz/MP support and the PpPD/PVA 
membrane as well as the cross-section of the CM was char-
acterized by SEM operating at 10 kV (FEI Company, Quanta 
200). The elemental composition of the developed mem-
brane was identified using the EDX detector on the SEM.

The average pore size was calculated using the extended 
Hagen–Poiseuille equation [31]:

d J X
Pw� � � �2 8 �

�
�
�
�

 (8)

where d (m) is the pore diameter, Jw (m/s) is the water flux, 
δ (Pa·s) is the water viscosity, τ is the tortuosity factor (2.5 
for sphere particle packing), ε (%) is the porosity of the 
membrane, ΔP (Pa) is the applied pressure, and ΔX (m) 
is the membrane thickness.

The WCA for the Pz/MP support and the PpPD/PVA 
membrane was measured using a Digidrop goniometer 
(GBX Instruments), then the solution pH was measured 
using a pH meter (METTLER TOLEDO SevenCompact 
pH/Ion). UV-Vis spectrophotometry (JASCO V-730 
Spectrophotometer) was employed to measure the CR 
concentration before and after filtration at a maximum 
absorbance wavelength of 499 nm using quartz cells. 
The determination of the point of zero charge (PZC) of 
PpPD/PVA membrane was ensured by the solid addition 
method as described elsewhere [32].

3. Results and discussion

3.1. Characterization of the PpPD/PVA membrane

3.1.1. FTIR analysis

The FTIR spectra of the PVA, PpPD, and PpPD/PVA lay-
ers are shown in Fig. 2. For PVA, the highest band intensity 
in the region of 3,280 cm–1 is attributed to the O–H stretch-
ing vibration of the hydroxyl group [33,34]. The peaks at 
2,917 and 1,718 cm–1 are due to CH2 asymmetric stretch-
ing vibration [34] and the C=O vibration [35], respectively. 
The peak at 1,425 cm–1 is linked to C–H bending vibration 
of CH2 [30,34] while the peak at 1,324 cm–1 is attributed to 

C–H deformation vibration [33]. The peak at 1,081 cm–1, cor-
responds to C–O stretching of acetyl groups [34] whereas 
the peak at 916 cm–1 is due to CH2 rocking [34], and the last 
peak at 839 cm–1 is assigned to C–C stretching [30,33].

For the PpPD, the band at 3,240 is due to the stretching 
vibrations of the N–H group [36]. The peak at 1,576 and 
1,504 cm–1 can be attributed to stretching deformations of 
quinone and phenazine rings, respectively [37,38]. For the 
peak located at 1,407 cm–1, it corresponds to the C–N–C 
stretching vibration of benzenoid units [38]. The peaks at 
1,346 and 1,286 cm–1 can be due to the C–N stretching vibra-
tion in quinoid imine (–C=N–) and benzenoid units C–N, 
respectively [39]. The peak at 819 cm–1 can be ascribed to 
the C–H out-of-plane bending vibration of the 1,2,4,5-tetra-
substituted benzene ring [39].

In the spectrum of the PpPD/PVA membrane layer, 
peaks correspond for both PVA and PpPD and some of 
these peaks slightly shifted towards shorter wavenumber.

3.1.2. WCA measurement

The surface wettability measurements of both Pz/MP 
support and the PpPD/PVA membrane surface were exam-
ined via the WCA technique and results are depicted in 
Fig. 3. For the Pz/MP ceramic support, the drop of water 

Fig. 2. FTIR spectra of PVA, PpPD and PpPD/PVA membrane 
layer.

Fig. 3. WCA of Pz/MP support and PpPD/PVA membrane.
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permeates almost immediately on the support surface. 
The rather hydrophilic character of this surface was con-
firmed by the obtained value of WCA which is equal to 21°. 
This deduction is coherent with the porous morphology 
of the flat ceramic support. For the PpPD/PVA membrane, 
the WCA is about 50° which means that the membrane 
surface becomes less hydrophilic compared to the bare 
Pz/MP support.

3.1.3. Permeability

Results of permeate flux (of water) for the Pz/MP sup-
port and the PpPD/PVA membrane vs. operating pres-
sure ranging from 1 to 3 bar are displayed in Fig. 4. The 

relationships between flux and pressure in an operating 
pressure range from 1 to 3 are both clearly linear. The slopes 
give permeability values equal to 1,732.50 L/h m2 bar for the 
Pz/MP support (Fig. 4a) and 12.20 L/h m2 bar for the PpPD/
PVA membrane (Fig. 4b). Not surprisingly, the permeabil-
ity was reduced by a factor of 142 after deposition of the 
PpPD/PVA layer on the Pz/MP support.

3.1.4. SEM observation

Fig. 5 illustrates the SEM images of the top-views for 
both the flat Pz/MP support and the PpPD/PVA membrane, 
as well as the cross-section of the developed membrane. 
The morphology of the flat support is microporous with 

Fig. 4. Permeate flux as a function of operating pressure of (a) Pz/MP support and (b) PpPD/PVA membrane.
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an irregular and heterogeneous distribution of particles. 
The developed membrane, in contrast, has a homogenous 
surface with a granular morphology due to the PpPD par-
ticles [37]. The cross-section of the PpPD/PVA membrane 
is revealing a rather uniform layer deposition of 4.1 µm in 
thickness (determined from an average of four measured 
values) on the Pz/MP support.

3.1.5. EDX analysis

The EDX spectrum of the PpPD/PVA membrane is 
shown in Fig. 6. Intense peaks of carbon (C), oxygen (O) 
and nitrogen (N) are observed with a weight percentages 
of 40.41, 41.60 and 13.31 wt.%, respectively. Recall that the 
PpPD is a compound composed of C and N, and the PVA 

Fig. 6. EDX spectrum of PpPD/PVA membrane.

Fig. 5. SEM micrographs of top-view of the Pz/MP support (a), the PpPD/PVA membrane (b), and cross-section (c) of the CM.
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contains C and O. Additional O might be detected from the 
underlying Pz/MP support. Moreover, the presence of chlo-
rine (Cl) and the trace amounts of calcium (Ca), sulfur (S) 
and magnesium (Mg) are attributed to the chemical compo-
sition of the flat ceramic support.

These findings indicate that PpPD and PVA contain the 
intended elemental compositions and are deposited as a 
layer on the Pz/MP support.

3.1.6. Pore size

The pore size of the PpPD/PVA membrane was calcu-
lated and found to be 43 nm. This means that the developed 
membrane could be used for UF applications such as the 
removal of organic soluble dyes.

3.2. UF experiments

In this section, the efficiency of the PpPD/PVA mem-
brane was performed by evaluating the removal of CR dye. 
The effect of operating pressure, feed concentration and 
pH were studied and optimized.

3.2.1. Effect of operating pressure

The effect of operating pressure (from 1 to 3 bar) on 
the permeate flux and the removal of CR dye for the UF 
membrane was studied as shown in Fig. 7. This effect was 
evaluated during 2 h of dye filtration at a constant feed 
concentration of 20 ppm and a solution pH around 6.45 
which is approximately the pHPZC determined experimen-
tally of the membrane (pHPZC = 6.45).

Fig. 7. CR permeate flux (a) and rejection (b) as a function of operating pressure at C = 20 ppm and pH = 6 for 2 h of filtration.
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Increasing the operating pressure from 1 to 3 bar gives 
a corresponding increase in the permeate flux from 5.75 to 
10.29 L/h m2 after 2 h of dye filtration as depicted in Fig. 
7a. This is due to the increase in driving force across the 
membrane. It is remarkable that the permeate flux is less 
important than the permeate flux of water (Fig. 4b). The 
difference in fluxes can be explained by a multitude of 
phenomena such as the adsorption of dyes particles on the 
effective filtration area and in pores [40].

By increasing the operating pressure from 1 to 3 bar 
(Fig. 7b), the CR rejection increases from 94.45 to 95.98% 
after 2 h of filtration. It is clear that a higher operating pres-
sure gives a higher rejection, consistent with other studies 
[30]. This result agrees with the classical (Spiegler–Kedem) 
convection/diffusion model for solute transport [23,30].

3.2.2. Effect of feed concentration

The variation of the flux and the rejection of CR dye as 
a function of feed concentration through the PpPD/PVA 
membrane is illustrated in Fig. 8. To investigate the effect 
of the feed concentration, this last was varied from 20 to 

600 ppm while the pressure and the pH remain constant at 
values of 3 and 6.45 (pHPZC = 6.45), respectively. Generally, 
higher feed concentration results in lower permeate flux [41]. 
As anticipated, the permeate flux decreases from 10.29 to 
6.64 L/h m2 when the feed concentration increases from 20 
to 600 ppm as shown in Fig. 8a. This might be due to mem-
brane surface settlement by the CR particles, or insertion 
into the pores, therefore increasing membrane fouling that 
leads to a reduction in permeate flux [40]. This result can be 
linked to the increase in concentration polarization.

According to the rejection results displayed in Fig. 8b, 
increasing the concentration causes a slight increase in 
the rejection after 2 h of filtration: at 20 ppm the rejection 
was 95.98% and increases to 97.22% when the feed con-
centration is 600 ppm. This variation could be explained 
by the formation of a polarization layer following an 
accumulation of anionic CR dye molecules on the surface 
area of the PpPD/PVA membrane. This second layer acts 
as a second membrane [42]. Note that the only possible 
mode of transport through this polarization layer is likely 
to be diffusion [43]. The same deductions were found 
in other studies [19,44,45].

Fig. 8. CR permeate flux (a) and rejection (b) as a function of feed concentration at ΔP = 3 bar and pH = 6 for 2 h of filtration.
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3.2.3. Effect of feed pH

The performance of the PpPD/PVA membrane not only 
depends on operating pressure and the feed concentration 
but also depends on feed pH. Since the pH determines the 
charge of CR dye molecules and influences the membrane, 
its effect is an important factor in CR removal [46]. The 
feed pH effect range of 4–10 on the permeate flux and the 
removal of CR dye was assessed as depicted in Fig. 9. This 
effect was evaluated by filtration of aqueous dye solutions 
under a constant feed concentration of 600 ppm and an 
operating pressure of 3 bar over 2 h of filtration.

Fig. 9a shows the permeate flux of the membrane with 
different pH. It remains nearly constant across the range, 
increasing from 6.63 to only 6.68 L/h m2 bar, whereas 
Fig. 9b shows that the rejection of the CR decreases from 
99.54% to 93.2% with an increase in pH. The minimum per-
meate flux and the maximum CR rejection were reached 
in an acidic medium (pH = 4). Under this condition, the 
color of CR is dark blue and dye sediments occur [47]. 

Furthermore, the protonation of the CR sulfonated acid 
groups reduces both the polarity and solubility of CR, caus-
ing dye aggregation and precipitation [48]. As a result, the 
permeate flux slightly decreases due to dye aggregation 
and precipitation on the effective surface of the UF mem-
brane leading to membrane fouling. For the rejection, the 
phenomenon of polarization may be responsible for its 
increase in the acidic medium. The point of zero charge 
(pHPZC) of the PpPD/PVA membrane is about 6.45, mean-
ing that the membrane surface has a positive charge at pH 
below 6.45 and it is negative above this pH value.

At low pH values, the positive electrostatic charges on 
the surface of the membrane attract the negatively charged 
ions of CR dye, forming a polarization layer [23,30]. The 
resulting negatively charged layer of CR particles on the 
surface results in additional repulsion of negative CR mol-
ecules in solution. However, in the basic medium, the 
permeate flux is greater, but the rejection declines with 
increasing solution pH. The electrostatic attractions became 
weaker between dye particles and the PpPD/PVA membrane 

Fig. 9. CR permeate flux (a) and rejection (b) as a function of feed pH at ΔP = 3 bar and C = 600 ppm for 2 h of filtration.
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surface which leads to a reduction in CR rejection rate. 
Apparently, the surface layer of CR molecules on the mem-
brane at low pH is more negative (greater rejection) than the 
negative surface of the membrane at high pH (above pHPZC).

3.3. Antifouling study

The fouling of the membrane is the most significant 
problem encountered in filtration and likely occurs by the 
accumulation of molecules on the surface and in the pores. 
Fouling negatively affects UF membrane performance, short-
ens the lifetime of membranes, increases the cost of mainte-
nance and reduces the water penetration flux [5]. Although 
membrane fouling can be reduced, it is inevitable [49]. The 
antifouling properties of the PpPD/PVA membrane used 
for CR removal were studied by determining four fouling 
parameters (FRR, TFR, RFR and IFR). Note that all per-
meate fluxes were normalized to the initial water flux Jw0.

Fig. 10 shows the water permeate and CR solution 
flux as well as the antifouling properties of the PpPD/PVA 
membrane. By comparing the permeate flux (Fig. 10a) 
of water (time = 0–120 min), of CR solution (pH = 10 and 

C = 600 ppm, time = 120–240 min) and then of water again 
(time = 240–360 min) the decrease and partial recovery of the 
flux are obvious. The proposed polarization layer is likely 
responsible for the drop; good restoration was obtained 
after physical cleaning and rinsing of the surface. As shown 
in Fig. 10b, the permeate flux of the membrane recovers to 
(FRR = 56.36%) with a TFR value of 81.70%. The increase 
in this rate is related to the formation of a concentrated 
polarization layer on the membrane. These measurements 
are consistent with the results reported in the previous 
Section 3.2.2. The fouling caused by the polarization layer 
is expressed by the RFR (38.06%), indicating the amount of 
fouling that might be removed by membrane rinsing. In con-
trast, the pore blockage is calculated by the IFR (43.63%) 
and is irreversible without chemical cleaning [50].

4. Conclusion

In this work, PpPD and PVA were effectively used 
for the development of a new UF membrane prepared via 
dip-coating on flat ceramic support made from pozzolan 
and micronized phosphate. The polymerization of pPD 

Fig. 10. Permeate flux during filtration experiments (a) and antifouling parameters of PpPD/PVA membrane (b).
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and the co-deposited membrane selective layer (PpPD/
PVA) was confirmed by FTIR analysis. According to SEM 
images, the morphology of the developed membrane is 
uniform and does not exhibit any defects and shows good 
adherence to the support. The fabricated membrane has a 
WCA of 50°, a permeability of 12.20 L/h m2 bar, a pore size 
of 43 nm and an average thickness of 4.1 µm. The PpPD/PVA 
membrane removed CR dye from aqueous solutions under 
various operating pressures (1–3 bar), feed concentrations 
(20– 00 ppm) and feed pH values (4–10). Under the opti-
mal conditions, the rejection of the UF membrane reached 
99.54% in an acidic medium (pH = 4), at 600 ppm of CR and 
operating pressure of 3 bar. Furthermore, the developed UF 
membrane presents attractive antifouling properties.

According to these promising results, the developed UF 
membrane in this paper could be used as an alternative for 
dye removal as well as employed for wastewater treatment 
particularly generated from textile industries.
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a b s t r a c t
The aim of this work is to study the removal of Basic Blue 3 (BB3) and Methylene blue (MB) from 
aqueous solutions using raw and chemically treated cedar sawdust as eco-friendly and sustain-
able bioadsorbents. The raw and treated cedar sawdust (CS) samples were activated with NaOH 
(0.1 N) and HCl (0.1 N) solutions. The surface characteristics of the bioadsorbents were analyzed 
by diverse physico-chemical methods such as scanning electron microscopy with energy-dispersive 
X-ray analysis, Fourier transform infrared spectroscopy, point of zero charge (pHpzc), X-ray diffrac-
tion. The monitoring of the optimal experimental conditions of the different parameters such as dye 
concentration, contact time, adsorbent dose and solution pH were performed in a batch system. 
Experimental results show that the adsorption process is rapid and reaches equilibrium after 1 h 
of contact time. The adsorption capacities of the CS bioadsorbent depend on the pH of the solu-
tion and adsorbent dose. Consequently, the adsorption of BB3 and MB is favored at basic pH with 
the maximum adsorption percentage removal of 98% for BB3 and 99.8% for MB. Adsorption kinet-
ics and equilibrium isotherm parameters were fit using two classic adsorption models (Langmuir 
and Freundlich). The adsorption kinetics of dyes onto CS followed could be described well with 
the pseudo-second-order model, whereas the equilibrium data fitted well to the Langmuir iso-
therm model with a correlating constant (R2) higher than 0.98. The maximum adsorption capacities 
(Qmax) onto of raw-CS, HCl-CS and NaOH-CS were estimated to be 47.62, 71.94 and 76.92 mg g–1 
for MB and 33.67, 72.46 and 85.3 mg g–1 for BB3 respectively, showing that the NaOH-CS adsor-
bent is about 1.6–2.6 time more efficient that the natural-CS. As a result, chemically treated cedar 
sawdust has great potential as an inexpensive and readily available alternative bioadsorbent for 
the removal of cationic dyes from industrial wastewaters.
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1. Introduction

Wastewater effluents from the textile, food and phar-
maceutical industries contain a wide variety of dyestuffs 
[1]. Due to their complex structure, they are very difficult to 
treat by conventional wastewater treatment methods (chem-
ical or biological) [2]. In addition, the presence of synthetic 
dyes in natural water sources can lead to serious problems, 
such as risks to public health and the environment [3–5]. 
It is estimated that approximately 50,000 tons of dyestuffs 
are released annually into the effluents of the dyeing and 
staining industries [6]. In order to reduce all these harm-
ful effects, it is necessary to remove dyes from industrial 
effluents before discharging them into the environment [7].

Many techniques have been tested and used for the 
treatment of effluents loaded with dyes such as membrane 
separation [8], ozonation [9], anodic oxidation [10,11], pho-
tocatalytic oxidation [12,13] and biological degradation [14]. 
However, several of these techniques have limited applica-
bility because of the important generation of secondary pol-
lution, high investment, operational and maintenance costs 
due to huge consumption of energy and chemicals [15].

Adsorption is considered an attractive method for 
wastewater treatment because of its low cost, simple design, 
ease to operate and insensitivity to toxic pollutants [16]. 
Activated carbon is an efficient adsorbent for wastewater 
treatment applications [17], but it is still considered very 
expensive and not able to be regenerated after use.

Therefore, the development of efficient and inexpen-
sive alternative adsorbents for dyes removal is attracting 
increasing attention worldwide [10,18,19]. In this regard, 
raw cedar sawdust (CS) could be used as a low-cost bioad-
sorbent and widely available solid waste, especially after 
its chemical modification that has been shown to be more 
effective than raw sawdust in removing toxic dyes from 
contaminated water through an adsorption process [20] due 
to their relatively high specific surface areas and important 
concentration of functional groups that actively contribute 
to the fixation of dye molecules on their surface site.

Hence, the aim of this study was to contribute to the 
efforts of valorizing the agricultural by-products and to 
investigate the feasibility of applying natural and activated 
cedar sawdust, as an adequate bioadsorbent in the removal 
of two cationic dyes, Basic Blue 3 (BB3) and Methylene 
blue (MB) from textile industries at low cost.

The surface properties of the raw and activated chemi-
cally bioadsorbent have been characterized by several tech-
niques, such as scanning electron microscopy (SEM) coupled 
with energy-dispersive X-ray analysis (EDX), Fourier trans-
form infrared spectroscopy (FTIR), the pH of the point of zero 
charge (pHpzc). In addition, the effect of different operational 
conditions (i.e., pH of the solution, initial dye concentra-
tion, contact time and adsorbent dosage) are evaluated. 
Additionally, kinetic and equilibrium models are applied to 
the experimental data and the best models are selected.

2. Materials and methods

2.1. Materials

The CS samples were collected from the Fez region in 
Morocco, and cut into small portions, then crushed using 

a domestic grinder. It was then washed several times 
with tap water, and rinsed with distilled water to remove 
impurities present on the surface. Samples were dried in 
an oven at 100°C for 24 h. Subsequently, the crushed sam-
ples were sieved through a 100 µm sieve and used in all 
experiments. Samples were kept in hermetic glass bottles 
namely as natural-CS.

Two different commercial dyes were used in this study 
without further purification: Basic Blue 3 (BB3) (C20H26ClN3O; 
Mw = 359.89 g mol–1, purity > 99%, λmax = 654 nm) and 
Methylene blue (MB) (C16H18ClN3S; Mw = 319.85 g mol–1; 
purity > 99%, λmax = 664 nm). They were purchased from 
Sigma-Aldrich Chimie S.a.r.l. (Lyon, France) and Bestchem 
Hungária Kft, (Budapest, Hungary), respectively.

2.2. Chemical treatments of cedar sawdust

In order to increase the adsorption capacity, the material 
underwent activation of the adsorption sites by two differ-
ent chemical treatments (alkaline treatment with sodium 
hydroxide and an acid treatment using chloric acid).

The activation of the cedar sawdust was carried out in 
a 500 mL batch reactor at a temperature of 25°C. A mass 
of natural-CS was treated with 500 mL of 0.1 N reagent 
solutions (HCl (0.1 N) and/or NaOH (0.1 N)). The mixture 
was stirred for 24 h. The treated CS was filtered and then 
washed several times with distilled water until the pH 
was neutralized to remove the excess chemical. Finally, the 
recovered CS was dried at a temperature of 110°C, then 
crushed and sieved in a 100 µm sieve, then stored in a 
vacuum desiccator under to following names HCl-CS and 
NaOH-CS for further application.

2.3. Characterization of cedar sawdust

The CS bioadsorbent was subjected to physico-chemical 
and morphological characterization using different instru-
mental techniques: Brunauer–Emmett–Teller-specific surface 
area measurement (ASAP 2020 Micromeritics sorption ana-
lyzer, Norcross, GA, USA), X-ray diffraction (XRD, Philips 
Analytical X-ray PW1710 diffractometer), scanning electron 
microscopy (SEM, JSM-IT500HR, JEOL, Japan) and Fourier 
transform infrared spectroscopy (FTIR) using a VERTEX 70v 
spectrophotometer (Bruker Optics S.a.r.l., France) within the 
range of 4,000–400 cm–1.

The pH value required to give a zero net surface charge 
(pHpzc) of the CS adsorbent was determined according to 
the procedure described by Bencheqroun et al. [21,22].

2.4. Adsorption experiments

Batch adsorption experiments of dyes onto CS bioadsor-
bent (natural or activated) were carried out to investigate 
the influence of bioadsorbent dosage, pH of the solution, 
contact time, initial concentration dye on the dye adsorption 
capacity. The dose-effect of CS was studied by adding vari-
ous dosages of raw or activated CS in a range of 0.02–0.6 g 
to flasks containing 20 mL of dye solution with concentra-
tions ranging from 5 to 500 mg L–1 without pH adjustment 
(pH = 7) at room temperature (25°C). The mixtures were 
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agitated at 200 rpm until reaching equilibrium using a water 
shaker bath for 24 h.

The adsorption kinetics were studied by introducing the 
optimal dose of raw CS in a volume of 500 mL of the dye 
without adjustment of the pH. Samples were taken after var-
ious contact times ranging from 5 to 180 min to determine 
the dye residual dye concentrations.

For the isotherms experiment, samples were kept in 
agitation for 3 h, using the optimal dose of CS (10 g L−1 
for MB and 15 g L–1 for BB3) without adjustment of the 
pH (pH 7), whereas the dye concentration varied from 0 
to 11,000 mg L–1. After each experiment, the separation of 
the two phases (CS and dye solution) was done by centrif-
ugation at 4000 rpm for 10 min and then the BB3 and MB 
residual concentrations were determined by UV-Visible 
spectrophotometer (UV1600 spectrophotometer) at a maxi-
mum wavelength, λmax = 654 nm for BB3, and λmax = 664 nm 
for MB. Dilutions were made when measurements exceeded 
the linearity of the calibration curves. A similar proce-
dure was carried out for all other adsorption tests on CS. 
All batch experiments were performed in duplicate and 
the standard error was less than 4%.

The total adsorbed amount of dye at equilibrium per 
mass of CS (qe, mg g–1) and the adsorbed amount of dye at 
different time (qt, mg g–1) were determined by mass bal-
ances according to the following equation [23]:
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where c0 (mg L–1) and ct,e (mg L–1) are dye concentrations at 
the beginning and at specific or equilibrium time, respec-
tively. m is the mass of adsorbent (g), and V is the total vol-
ume of adsorption solution (L). The influence of operating 
conditions on the adsorption of dye onto cedar sawdust 
was studied in a batch system.

3. Results and discussion

3.1. Characterisation of cedar sawdust

The specific surface area and porosity of the CS sample 
were determined using nitrogen adsorption–desorption at 
77 K. the CS was degassed before analysis at 383 K for 4 h 
under vacuum at <10−2 Pa in order to remove all physically 
adsorbed water molecules and small organic impurities.

The specific surface area (SBET) of CS determined using 
nitrogen adsorption–desorption at 77 K is presented in Fig. 1. 
The CS bioadsorbent has a very low specific surface area 
(1.33 m2 g–1). According to the IUPAC classification [24], this 
CS bioadsorbent is thus considered nonporous. However, 
this value obtained does not represent the actual pore texture 
available during the adsorption. Thus, the adsorption of the 
organic material on this material occurred according to the 
main mechanism that takes place in the pores or capillaries 
on the outer surface of the adsorbent material.

The pHpzc value of CS material is presented in Table 1.  
At pH conditions higher than the pHpzc, the adsorbent  

surface will be negatively charged; which favors the 
adsorption of cationic dyes like BB3 and MB. Whereas, in 
the pH region according to the pHpzc, positively charged 
sites will dominate on the adsorbent surface [25], which 
is in accordance with the results given by the acid-base 
neutralization method which justifies that acid groups are 
the most predominant [26].

The CS diffraction pattern has been given in Fig. 2. 
The peaks observed at 15° and 23° are characteristic of the 

Table 1
Value of pHpzc of natural and activated CS

pHpzc

Natural-CS 4
HCl-CS 2.79
NaOH-CS 6.96
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Fig. 1. N2 adsorption–desorption isotherms of the CS adsorbent 
at 77 K: ●: adsorption;   : desorption.

 
Fig. 2. X-ray patterns of natural and activated CS.
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biomass of lignocellulosic CS material. The maximum peak 
intensity observed on 2θ of 23° corresponds to the cellu-
lose plane (0 0 2). The lowest diffraction peak at 2θ of 15° 
has been attributed to lignin and hemicellulose levels, 
which contribute to the amorphous nature of CS [23].

The SEM-EDX technique was used in order to obtain 
the information on chemical composition and surface mor-
phology of the bioadsorbent [27].

SEM images of the porosity of raw and activated cedar 
sawdust (natural-CS, HCl-CS and NaOH-CS) surface before 
adsorption are illustrates in Fig. 3. The pictures exhibit 
a clear sight of the pores at the surface of the bioadsor-
bents. The raw CS surface morphology appeared to pos-
sess an uneven structure and porous cavities. With these 
characteristics, the CS surface morphology can be consid-
ered very adequate as an active site for the adsorption of 
dyes. Similarly, the pictures show a significant difference 
between the surface morphology of the raw and treated CS. 
From Fig. 3 it can be seen that NaOH is an effective agent 
in creating well-developed pores on the surface of the CS 
bioadsorbent. The chemically activated sawdust shows a 
well-developed surface morphology that is clearly visible 
with the existence of a heterogeneous porous structure that 
provides a large surface area that allows easy access for 
bioadsorption of the dyes.

The results of quantitative content of CS bioadsorbent 
obtained by EDX method [28] are given in Table 2.

The main components of CS are carbon (61.02%) and 
oxygen (38.98%). The CS is lignocellulosic biomass mainly 

composed of cellulose, hemicellulose and lignin, which 
contribute to the distribution of various oxygen functional 
groups on the biosorbent surface.

The FTIR analysis was used in the paper to identify the 
characteristic functional groups present on the surface of 
CS bioadsorbents and responsible for the removal of dyes 
from the aqueous solutions.

The FTIR spectrum of raw and treated CS (Fig. 4) 
revealed the presence of a broad and strong absorption band 
around 3,500–3,200 cm–1 with an intense band at approxi-
mately 3,350 cm–1 which may be attributed to the overlap-
ping of O–H and C–H stretching vibration in hemicellulo-
ses, cellulose and lignin. This band is characteristic of the 
stretching vibration of hydrogen bonding of the hydroxyl 
group linked in cellulose, lignin, adsorbed water, and N–H 
Stretching. The band at 2,925 cm–1 is attributed to the asym-
metric or symmetric C–H stretching vibrations of cellulose 
and hemicelluloses aliphatic [29].

The absorption peak observed at 1,630 cm–1 is assigned 
to stretching vibration of carboxyl groups of the acetyl, or 

 
Fig. 3. SEM images of CS: (a) natural-CS, (b) HCl-CS and (c) NaOH-CS (1,000×).

Table 2
Quantitative composition of CS adsorbent dye EDX analysis

Element Weight (%)

C 61.02
O 38.98
Total 100.00
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uronic ester groups of hemicelluloses [30]. The peaks regis-
tered in the range of 1,250 and 1,536 cm–1 could be ascribed 
to a conjugated hydrogen-bonded carbonyl group. The peak 
at 1,452 cm–1 indicated the presence of the functional groups 
C–O–H, C–O and C–H related to carboxylic acids groups [31]. 
The band at 893 cm−1 is related to C–H rocking vibrations of 
cellulose. The C–C ring breathing band at 1,150 cm−1 can be 
attributed to the presence of cellulose in the CS structure.

It is to highlight that the complete disappearance of 
the absorption band at 1,735 cm−1 disappeared after the 
alkaline treatment of CS by NaOH. This band is typical 
of the carbonyl functions of carboxylic acids, esters and 
aldehyde groups related to lignin.

Consequently, the FTIR results indicated that the bioad-
sorbents presented different functional groups (hydroxyl, 
carboxyl and carbonyl), which may be potential bioadsorp-
tion sites for BB3 and MB dyes.

3.2. Effect of the bioadsorbent dose

The influence of the raw and activated CS dosage on 
dye removal and adsorbed amount of dye at 25°C and pH 
7 was investigated by varying the bioadsorbent dose from 
0.025–0.6 g using 20 mL of the 300 mg L–1 solutions of BB3 
and MB (Fig. 5).

As seen from Fig. 5, increasing the CS dosage from 
0.025 to 0.2 g for BB3 and 0.3 for MB leads to the great-
est dye reduction from 39% to 92% for MB and 57% to 99% 
for BB3 which is due to the high availability of adsorption 
sites. The high dye removal efficiency measured for the 
optimum dose of CS (0.2 g of CS for MB and 0.3 g CS for 
BB3) are 92% and 99%, respectively. Increasing the bioad-
sorbent dosage beyond this mass of CS, the dye removal 
efficiency changed a little. This behavior may be due to the 
number of adsorption sites that increases with the amount 
of adsorbent up to the optimal masses at which the num-
ber of sites becomes stable. This behavior can be explained 
by: As long as the amount of adsorbent added to the dye 
solution is low, the cations of the dye can easily access the 
adsorption sites. The addition of adsorbent increases the 

number of adsorption sites, but the dye cations have more 
difficulty approaching molecules to adsorption sites on the 
CS bioadsorbent due to the bulkiness. A large amount of 
adsorbent creates agglomerations of the bioadsorbent par-
ticles, resulting in a reduction in the total adsorption sur-
face area and, consequently, a decrease in the amount of 
adsorbate per unit mass of adsorbent.

It can also be observed that the adsorption capacity of 
raw and activated CS towards MB and BB3 decreases with 
the increase of the adsorbent dose, which may be due to 
particle interaction (aggregation).

Therefore, the experimental results showed that the 
optimal dosage of CS bioadsorbent was established at 
10 g L–1 for BB3 and 15 g L–1 for MB. This is the optimal dose 
of CS bioadsorbent to be applied in subsequent tests.

3.3. Effect of solution pH

The pH of the aqueous solution is an important process 
control parameter in the dye adsorption process. The effect 
of pH was studied at different pH values (2–12) employ-
ing the dye concentration of 300 mg L–1 with an adsorbent 
dose of 10 g L–1 for BB3 and 15 g L–1 for MB at a temperature 
of 298 K for 3 h contact time.

The effect of solution pH on the removal efficiency 
of MB and BB3 by the raw and activated cedar sawdust 
is shown in Fig. 6. It is clear that the bioadsorption of the 
two dyes was low in an acidic medium and increases with 
increasing the solution pH. The removal efficiency of the 
two dyes (MB and BB3) by NaOH-CS reached 98% for BB3 
and 99.8% for MB, followed by the activated HCl-CS and 
the natural-CS. It is noticed that the removal efficiency of 
the two dyes was gradually increased with increasing pH 
from 2 to 8, then it became stable after pH 8. This may be 
due to the fact that the carboxyl and hydroxyl active sites 
of the biosorbents get deprotonated and the surface of the 
sawdust is negatively charged at pH > pHpzc, which favors 
the adsorption of the cationic dyes BB3 and MB onto the 
bioadsorbent. On the other hand, at pH values < pHpzc, the 
surface of the sawdust is positively charged, and therefore 
capable of repelling the cations of the dye. As pH decreases, 
the number of negatively charged sites decreases, and the 
number of positively charged sites increases [32,33].

3.4. Adsorption kinetics

In order to assess the influence of contact time on the 
adsorption of MB and BB3 from aqueous solutions by the 
raw, HCl-CS and NaOH-CS, a kinetic study was performed 
for contact time varying from 1 to 180 min. The results of 
the experiments are represented in Fig. 7.

The adsorption was found to be rapid during the ini-
tial period (0–20 min) of the bioadsorption process due to 
the presence of a large number of sites of adsorption on CS 
bioadsorbent accessible for dyes molecules. Then, the rate 
of adsorption gradually becomes slower and it stagnates 
corresponding to the equilibrium point. With increasing 
bioadsorption time, there was a decrease in the amount of 
easily accessible surface adsorption sites for the residual 
dye molecules interaction. The equilibrium time was 1 h for 
both dyes (BB3 and MB) onto natural and activated CS.
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Fig. 4. FTIR spectrum of the raw and activated CS.
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In order to characterize the kinetics involved in the 
adsorption process, the experimental data were ana-
lyzed using two different kinetic models like pseudo-first- 
order and pseudo-second-order. Where the kinetic data 
were analyzed based on the regression coefficient (R2) and 
the adsorbed amount of dye. The pseudo-first-order kinetic 
model [34] is given according to the following equation:

q q et e
k t� �� ��1 1  (3)

where qt and qe are the adsorption capacity at time t and 
equilibrium time, respectively and k1 is the pseudo-first-or-
der model rate constant. The pseudo-second-order kinetic 
model [35–37] is represented in Eq. (4):

q
k q t
k q tt
e

e

�
�

2
2

21
 (4)

where k2 (g mg–1 min–1) is the adsorption rate constants for 
the pseudo-second-order kinetic model.

The correlation coefficients R2 nearest to ~1 confirm 
that the best fit of the adsorption data of the two dyes 
(BB3 and MB) onto the three bioadsorbents (natural CS, 
HCl-CS and NaOH-CS) are given by the pseudo-second-or-
der kinetic model as shown in Table 3. Furthermore, the 
values of the adsorption capacity Qmax calculated by the 
pseudo-second-order model agree well with the exper-
imental values qexp when compared with the values given 
by the pseudo-first-order model. These results suggest that 
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Fig. 5. Effect of the mass on the adsorption of BB3 and MB onto raw and activated CS: (a) BB3 and (b) MB. Experimental conditions: 
initial concentration: 300 mg L–1; contact time = 3 h; agitation speed = 200 rpm; T = 25°C.
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chemical interactions are responsible for the adsorption 
of BB3 and MB by natural and activated CS by the estab-
lishment of electronic bonding between the functional 
groups on the surface of the CS and the molecule of MB 
or BB3, which involves electrostatic interactions, hydro-
gen-bonding formation, electron donor-acceptor or π–π 
dispersion interaction [38].

3.5. Adsorption isotherms

The adsorption capacity of the natural and activated 
cedar sawdust for BB3 and MB was assessed on the basis of 
adsorption isotherms. Fig. 8 represents the total adsorbed 
amount of dyes onto raw and treated cedar sawdust bioad-
sorbent at the equilibrium (qe).

In order to understand the nature of the interaction 
between CS and dyes, two isotherm models like Langmuir 
and Freundlich [39,40] were applied in the present study.

The mathematical expressions for these models are pre-
sented in Eqs. (5) and (6), respectively.

q
q K C
K Ce

m L e

L e

�
�1

 (5)

q K Ce F e
n= 1/  (6)

where KL (L mg–1) is the Langmuir equilibrium constant 
related to the energy of adsorption. qm and qe (mg g–1) are 
the maximum and the equilibrium adsorption capacities of 
the Langmuir model, respectively. Ce (mg L–1) is the equi-
librium concentration of the adsorbate. KF (L mg–1) is the 
Freundlich constant and 1/n is the heterogeneity factor.

Based on the obtained results in Fig. 8, it is noted that 
the adsorbed amount increases with increasing equilibrium 
concentration. This augmentation was due to a high driv-
ing force for mass transfer at high concentration in solution 
indicating that cedar sawdust has a high affinity for BB3 and 
MB. In fact, high concentration in solution implicates high 
dye fixed at the surface of the biodsorbents. The isotherms 
form was type L for raw-CS and HCl-CS and NaOH-CS.
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Fig. 6. Effect of the pH on the adsorption of (a) BB3 and (b) MB onto natural-CS, HCl-CS and NaOH-CS. Experimental conditions: ini-
tial concentration: 300 mg L–1; contact time = 3 h; weight ratio = 10 g L–1 for BB3 and 15 g L–1 for MB; agitation speed = 200 rpm; T = 25°C.
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The maximum Langmuir monolayer biosorption capac-
ities (Qmax) were estimated to 47.62, 71.94 and 76.92 mg g–1 
for MB and 33.67, 72.46 and 85.3 mg g–1 for BB3 respectively, 
in the case of Raw-CS, HCl-CS and NaOH-CS, showing that 
the NaOH-CS adsorbent is about 1.6–2.6 time more effi-
cient that the natural-CS.

The adsorption performance of BB3 and MB by CS 
changes according to different criteria such as molecular 
weight, molecule size, chemical charge and structure, and 
adsorbent properties. The reason for the better adsorption of 
BB3 and MB is the highest negative charge present on the 
surface of cedar sawdust, which has been justified, by net 
surface charge (pHpzc) and acid-base neutralization method 
and the surface charge of the dyestuffs, which is positive.
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Fig. 7. Effect of contact time on the adsorption of (a) BB3 and (b) MB onto CS. Experimental conditions: initial concentration: 300 mg L–1; 
contact time = 3 h; weight ratio = 10 g L–1 for BB3 and 15 g L–1 for MB; agitation speed = 200 rpm; T = 25°C.

Table 3
Kinetic model parameters of BB3 and MB dyes adsorption 
onto CS

Pseudo-first-order Pseudo-second-order

Qmax k1 R2 Qmax k2 R2

BB3
Natural-CS 13.91 0.29 0.91 14.39 0.06 0.99
HCl-CS 17.29 0.29 0.91 17.64 0.06 0.98
NaOH-CS 19.69 0.55 0.95 20.00 0.13 0.97

MB
Natural-CS 16.60 0.09 0.94 17.92 0.009 0.96
HCl-CS 18.20 0.19 0.95 18.98 0.03 0.97
NaOH-CS 20.00 0.20 0.91 20.55 0.03 0.98
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From these results, it can be noted that MB dye has a 
higher affinity for superficial functional groups in com-
parison with BB3. Also, it can be concluded that NaOH-CS 
adsorption capacity is better than that of raw-CS and 
HCl-CS due to the effect of the CS treatment since NaOH 
molecules affect the constructive of CS, rearrange the lignin 
and hemicelluloses matrix fibers, created well developed 
pores on the surface of the CS and lead to the appearance 

of negatively charged sites on the cellulose chains and new 
functional groups. These newly generated functional groups 
could present favorable linking sites for the MB and BB3 
dyes adsorption and consequently enhances the removal 
of these kinds of dyes from aqueous solutions [38].

The adjustment of the experimental data is given by the 
non-linear regression method (Table 4), which is based on 
the regression coefficient R2 of the two isothermal models 
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Fig. 8. Equilibrium data of (a) BB3 and (b) MB adsorption onto CS. Experimental conditions: contact time = 3 h; weight ratio = 10 g L–1 
for BB3 and 15 g L–1 for MB; agitation speed = 200 rpm; T = 25°C.
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(Langmuir and Freundlich). The Langmuir model is the most 
suitable to characterize the adsorption isotherm with a 
high regression coefficient of R2 = 0.98.

A comparison between the maximum bioadsorption 
capacities of CS for the removal of dyestuffs and other bio-
adsorbent was presented in Table 5. The CS showed a rela-
tively better bioadsorption potential for the removal of BB3 
and MB. The availability and cost-effectiveness of CS will 
provide a low-cost source of bioadsorbent for the sequestra-
tion of toxic dyes in industrial effluents.

3.6. Proposed mechanism for MB and BB3 adsorption onto CS

The adsorption mechanisms can be elucidated based on 
the analyses of raw and treated CS before and after adsorp-
tion of MB and BB3 by FTIR and SEM analysis. The results 
of CS characterization showed that it has a material com-
posed of celluloses, hemicelluloses and lignins. The chemi-
cal heterogeneity of the bioadsorbent surface with irregular 
and different sizes and shapes was confirmed by the SEM 
and FTIR analysis. The components of CS bioadsorbent were 
rich in hydroxyls, carbonyls, ethers, phenols, aldehydes, and 
aromatic compounds.

Electrostatic attractions can occur between the negatively 
charged sites on the surface of CS and the cationic MB and 
BB3 molecules in the solution (R–N+). The pH of the solution 
used in this study was ~7 and at this pH value, the (–COOH) 
groups of CS are ionized, forming negatively charged 
carboxylate (–COO–) groups. At this pH, the dispersed 

positive charge in MB (R–N+) is expected to have a weak 
electrostatic interaction with the (C–O–) and (COO–) sites 
in the adsorbent (Fig. 9).

The interactions can occur between the surface hydro-
gens of the hydroxyl groups on the CS surface and the 
nitrogen, oxygen atoms and H-acceptors of MB and BB3 
and between the hydroxyl groups on the CS surface and the 
benzene rings of two dyes MB and BB3.

The FTIR results demonstrated that the –OH groups 
at 3,350 cm–1 shifted toward slightly higher wavenumbers 
(Fig. 10), confirming the existence of both dipole−dipole. 
The carbonyl oxygens on the surface of the adsorbent act 
as electron donors, and the aromatic rings of MB and BB3 
act as electron acceptors. After adsorption of MB and BB3, 
some bands were shifted (1,630 cm–1) due to the adsorption 
of MB and BB3 on the surface of the CS bioadsorbent [47]. 
The adsorption of MB and BB3 onto CS adsorbent would 
take place include Van der Waals interactions and π-π 
stacking interaction between the benzene rings of two dyes 
and the delocalized-electron system of the bioadsorbent.

SEM images of CS bioadsorbents (raw CS, HCl-CS and 
NaOH-CS) after MB and BB3 adsorption provide additional 
information about the adsorption mechanisms.

Fig. 11 illustrates the porosity of the bioadsorbents 
surface through SEM images of raw CS and NaOH-CS 
surface before and after adsorption of MB and BB3. Fig. 
11a and j exhibit a clear sight of the pores at the surface 
of the adsorbent with an irregular structure, rough and 
porous surface. The CS bioadsorbents surface morphology 
appeared to possess an uneven structure and porous cavi-
ties. However, its surface morphology changed considerably 
by MB and BB3 adsorption and the surface of raw CS and 
NaOH-CS was thoroughly covered by two dyes molecules 
MB and/or BB3 dye via the adsorption process onto CS and 
NaOH-CS, as shown in Fig. 11c, e, i, k.

The EDX analysis of raw CS and NaOH-CS revealed the 
presence of C, O or Na (Fig. 11b and h) but after MB and BB3 
adsorption, one new peak of S element has appeared which 
also indicated the adsorption of MB or BB3 on the surface 
of CS (Fig. 11d, f, j, l).

4. Conclusion

Adsorbents prepared from cedar sawdust were suc-
cessfully used to remove cationic dyes Basic Blue 3 and 

Table 4
Isotherm constant parameters and correlation coefficients calcu-
lated for BB3 and MB adsorption onto raw CS

Langmuir model Freundlich model

Qmax KL R2 1/n KF R2

BB3
Natural-CS 47.62 0.01 0.98 0.34 4.96 0.81
HCl-CS 71.94 0.05 0.98 0.009 38.9 0.88
NaOH-CS 76.92 0.26 0.98 0.05 57.45 0.92

MB
Natural-CS 33.67 0.12 0.98 0.15 15.48 0.97
HCl-CS 72.46 0.08 0.98 0.08 43.07 0.94
NaOH-CS 85.3 0.18 0.98 0.14 40.37 0.82

Table 5
Comparison of biosorption capacities of CS with different bioadsorbents for the removal of BB3 and MB

Bioadsorbent
Bioadsorption capacities (mg g–1)

References
MB BB3

Raw CS 33.67 47.62 Present study
Posidonia oceanica 5.56 – [41]
Cashew nut shell 5.31 – [42]
Coconut coir dust 29.50 – [43]
Azadirachta indica leaf powder 19.61 – [44]
Durian peel – 49.50 [45]
Macroalgae Caulerpa lentillifera – 49.26 [46]
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Fig. 9. Proposed mechanism of MB and BB3 adsorption on CS bioadsorbent.



Z. Bencheqroun et al. / Desalination and Water Treatment 240 (2021) 177–190188

0 5 10 15
Energy [keV]

0

5,000

Int
en

si t
y[

Co
un

ts]

CKa

OKa

0 5 10 15 20
Energy [keV]

0

5,000

In
te

ns
ity

[C
o u

nt
s]

CKa

S

OKa Ca

S Ca

0 5 10 15
Energy [keV]

0

5,000

In
te

ns
ity

[C
o u

nt
s]

CKa

OKa

(a)

(c)

(e)

(b)

(d)

(f)

0 5 10 15 20
Energy [keV]

0

5,000

In
te

ns
ity

[C
o

un
ts

]

CKa

OKa

NaKa

0 5 10 15 20
Energy [keV]

0

5,000

In
te

ns
ity

[C
o u

nt
s]

CKa

OKa

SKb

SKa

0 5 10 15 20
Energy [keV]

0

4,000

In
te

ns
ity

[C
o

un
ts

]

CKa

MgKa

OKa

S

(g)

(i)

(k)

(h)

(j)

(l)



189Z. Bencheqroun et al. / Desalination and Water Treatment 240 (2021) 177–190

Methylene blue from an aqueous solution. The results 
obtained for BB3 and MB indicate that the activated cedar 
sawdust exhibited a higher percentage removal (94% for 
both BB3 and MB dyes) when evaluating the effects of ini-
tial concentration, contact time and pH in aqueous solutions 
compared to that of raw cedar sawdust, which showed lower 
values for BB3 and MB. Natural and activated cedar sawdust 
can remove cationic dyes better in dye mixtures. The adsorp-
tion kinetics of BB3 and MB on activated and row sawdust 
was best described using a pseudo-second-order model, 
indicating that the adsorption mechanism of BB3 and MB 
on adsorbents is governed by chemisorption. The mecha-
nism of the adsorption process was determined based on an 
intraparticle diffusion model. The adsorption data was well 
described by a model Langmuir isotherm. It is concluded 
that the activated sawdust prepared from cedar sawdust can 
be used as a natural and abundant resource for the removal 
of Basic Blue 3 and Methylene blue from wastewater.
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a b s t r a c t
This work reports the study of the adsorption of malachite green (MG) dye on Moroccan clay accord-
ing to different parameters impacting the adsorption phenomenon, such as pH, the temperature of 
the medium and the MG dye concentration. The clay used as adsorbent was initially characterized 
by X-ray fluorescence spectrometry, Fourier-transform infrared spectroscopy (FTIR), X-ray diffrac-
tion, Brunauer–Emmett–Teller, and thermogravimetric analysis. The results indicate that the equi-
librium of MG adsorption is reached in 90 min. The efficiency of dye removal on clay increases 
with the contact time, initial dye concentration, solution temperature and pH. The experimental 
data obtained were examined using isothermal and kinetic models based on the errors calculated 
values of R2 (correlation coefficient) and χ2 (chi-square). It was found that the nonlinear forms of 
the Langmuir isotherm and the pseudo-second-order kinetic model are the best-fitting with exper-
imental data. The thermodynamic study showed that the adsorption was a spontaneous and exo-
thermic process. However, FTIR analysis of the adsorbent, before and after MG adsorption, shows 
that the mechanism of MG adsorption occurs through the phenomenon of chemical interaction 
between the adsorbate and the adsorbent.

Keywords: Adsorption; Malachite green; Clay; Kinetics; Isotherms; Thermodynamics

1. Introduction

Water is considered an essential element of all socio-eco-
nomic processes in each country. Because of human igno-
rance, millions of tons of contamination and poisons have 
been thrown into the water, and if this is not stopped, there 
will be increasing pressure on water supplies and therefore 
on the aquatic environment. These include synthetic organic 
dyes that are known to be toxic and pathogenic substances 

suspended in water [1]. They are currently one of the main 
sources of pollution in water and are widely used in several 
industries, which causes the introduction of various harm-
ful contaminants into the environment [2,3]. The world pro-
duction of these dyes is estimated at 1,000 T y–1. The release 
of this dye into the hydrosphere can damage water quality 
in several ways, such as dissolved oxygen depletion and 
other serious consequences [4,5] and all this requires effec-
tive and immediate monitoring [6]. Among these dyes, we 
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find malachite green (MG), a cationic dye with a triphenyl-
methane chemical structure. It is used in various fields such 
as health, food and textiles as a dye or elementary additive 
and also used as a biocide in aquaculture [6,7]. MG has been 
shown to cause harmful toxicity not only because of its car-
cinogenic, genotoxic, mutagenic and teratogenic nature due 
to the presence of nitrogen in its structure but also because 
of the visibility of its color in the water, even at low concen-
trations [6,8,9]. Therefore, the removal of the MG is an essen-
tial requirement. Several techniques have been reported in 
the literature to remove this type of dye from wastewater 
such as degradation processes, including photocatalytic, 
photo-oxidative and solar [10], ozonation [11], biological 
decolorization [12], ultrasonic (US) and electrochemical 
(EC) [13]. These different treatment processes have advan-
tages but also weaknesses in terms of rates, efficiencies and 
costs. The adsorption technique has attracted particular 
attention for the removal of organic pollutants from waste-
water because of its simplicity, rapidity of treatment, envi-
ronmental friendliness and the use of low-cost adsorbents.

Adsorption is a separation process that involves the 
transfer of mass from the liquid phase (adsorbate) to the 
inner surface of the solid (adsorbent). The efficiency of this 
process depends on several parameters such as, the affin-
ity of the adsorbent surface towards the pollutant, which 
depends in particular on: pH, the temperature of the solu-
tion to be treated, the specific surface area of the adsorbent 
used and the concentration of adsorbate to be analyzed in 
the solution. Several adsorbents have been used to remove 
the malachite green dye, including activated carbon [14–
16], natural zeolite, silica gel, and seaweed [17], rice husk 
[18], chitosan–DES beads [19], PMMA/GO and PMMA/
GO-Fe3O4 nanocomposite [20], aged and virgin nylon micro-
plastics [21], biochar (BC) and activated biochar (ABC) 
[22], nano-adsorbent derived from eggshell [23]. Relevant 
research has been undertaken on environmentally friendly, 
low-cost adsorbents from natural sources with high adsorp-
tion potential, large specific surface area, negative charge, 
cation exchange potential with nanometric size such as 
clay that lends itself as the good and required adsorbent 
for dye removal [7,9,24,17].

The objective of the present work is the valorization of 
a Moroccan clay in the adsorption of the malachite green 
from aqueous solutions by discontinuous adsorption batch. 
The clay was characterized by X-ray fluorescence, Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction, 
thermogravimetric analysis-differential thermal analysis 
(TGA-DTA), and Brunauer–Emmett–Teller (BET) before any 
manipulation. In order to optimize the adsorption process, 
equilibrium isotherms, kinetic data, and thermodynamic 
studies were calculated and compared. The study of mech-
anisms was also evaluated on the analysis of the adsorbent 
before and after adsorption of the MG by FTIR analysis.

2. Materials and methods

2.1. Raw materials

The clay studied is a material that is omnipresent in 
nature, which makes it competitive with other adsorbents. 
It is red in color and comes from western Morocco (Taza). 

This type of clay has never been the subject of a structural 
and mineralogical study to know its nature. This work will 
allow the determination of its physicochemical properties 
and the evaluation of its performance in the adsorption 
of organic pollutants. The clay was washed and purified 
by decanting in distilled water and centrifuging for 1 h at 
3000 rpm. The resulting clay is then dried at 105°C for 24 h 
in an oven, then crushed and sieved to a desired grain size 
fraction using standard ASTM sieves, and the grain size of 
63 μm was used in our experiments.

2.2. Dye used

The cationic malachite green dye (C52H54N4O12 
(Fig. 1); Mwt 927.02 g mol–1; pKa = 6.9) with purity >90% 
(Spectrophotometric assay) was purchased from Sigma-
Aldrich and has a maximum absorption at a wavelength 
of 618 nm [9]. Solutions of this dye were prepared by dis-
solving it in distilled water to the desired concentrations.

2.3. Characterization techniques

Our adsorbent has been characterized by several meth-
ods. X-ray fluorescence spectrometry (XRF) was used to 
determine and measure the concentration of the chemical 
species in the sample (PANalytical Epsilon 3X spectrometer). 
The clay sample collected was also subjected to a total min-
eralogical analysis (disoriented powder) and to an analysis 
of the mineralogy of the clay fraction (<2 μm) on oriented 
slides, according to the method of Moore and Reynolds 
(1989) (X’PERT MPD-PRO powder diffractometer). The BET-
specific surface [25] was measured from the adsorption and 
desorption isotherms of N2 (ASAP 2010 Micromeritics spec-
trometer). DTA and TGA thermal analyzes were performed 
using alumina capsules (TA60 SHIMADZU spectrometer). 
FTIR spectroscopy was carried out to identify functional 
groups of the sample (FTIR JASCO 4100). Ultraviolet/
visible spectroscopy is used to measure the concentra-
tions of dye (UVmini-1240, Shimadzu brand).

2.4. Cation exchange capacity

The cation exchange capacity of clay allows us to quan-
tify the exchange properties of cations. It gives an idea of the 
amount of cations that can be replaced by others to compen-
sate for the negative charge of a mass of clay equal to 100 g. 

 
Fig. 1. Structure of malachite green dye.
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The cation exchange capacity of clay [26] is determined 
using a solution of cobalt hexamine chloride, [Co(NH3)6]Cl3 
with a molar mass of 267.5 g mol–1 and purity >98%.

2.5. pH at the point of zero charge

In the interaction between the adsorbate and the adsor-
bent, the surface charge is an important parameter to the 
determination of the pH of the charge point remains essential 
for the understanding of the adsorption phenomenon. The 
zero point of charge is the pH at which the surface charge 
due to the H3O+ and OH– ions is canceled. It is noted pHpcn 
and determined by potentiometric titration. pHpcn rep-
resents the limit where the surface charge is zero and changes 
sign. If the pH is below pHpcn, the net surface charge is 
positive while for a pH above pHpcn, it is negative [27].

2.6. Adsorption experiments

A series of 250 mL beakers containing 50 mL of a solu-
tion of MG was used. After each experiment, the solid–liq-
uid separation was done using a centrifuge at 2600 rpm 
for 6 min and a syringe filter (0.45 μm). The absorbance of 
the supernatant solution was measured using a spectrome-
ter (GBC (Ajax, Ontario) (UV/visible 911) at a wavelength 
corresponding to the maximum absorbance of the MG 
dye (λ = 620 nm). The effect of the concentration of MG, 
the pH and the temperature of the solution was studied. 
The effect of the pH solution was studied by varying the 
pH in the range of 2–12 with an initial concentration equal 
to 5 × 10–3 mol L–1 of the dye. The pH solution was mea-
sured using a pH meter (model SL120) and adjusted using 
a dilute solution of NaOH and HCl. A kinetic study was 
carried out with a variable contact time between 0–370 min 
by varying the initial concentration of 10–3–5 × 10–4 mol L–1. 
The adsorption isotherm study was aided in understand-
ing the surface properties of the adsorbent in addition to 
its interaction towards the adsorbate. Modeling of the 
adsorption kinetics was undertaken by the pseudo-first-or-
der, pseudo-second-order; whereas, those of isotherms by 
Langmuir and Freundlich models. To confirm the validity 
of the proposed kinetic and isothermal models, the error 
analysis calculations were executed, such as the coefficient 
of determination (R2) and chi-square analysis (χ2) [28,29]. 
The thermodynamic study consisted in calculating the 
standard enthalpy, the standard free energy of Gibbs and 
the standard entropy by varying the temperature solution 
over a working range according to 303–323 K. The concen-
tration of residual dye in the reaction mixture was calcu-
lated using the calibration curve. The equilibrium adsorbed 
Qe amount (mg) per unit mass of adsorbent (g) is given by 
Eq. (1) and all corresponding equations of error functions 
were summarized as follows:

Q
C C V
Me

i e�
�� �

 (1)

�2

2

1
�

�� �
�
�
q q
q

t

ti

n
ext  (2)

R
q q

q q q q

t
i

n

t
i

n

t
i

n
2

2

1
2

1

2

1

�
�� �

�� � � �� �
�

� �

�

� �

exp

exp exp

 (3)

where Ci and Ce (mg L–1) were the initial and the residual con-
centrations of MG, respectively, M (g) is the mass of adsor-
bent used and V (L) is the volume of MG solution.

3. Results and discussions

3.1. Physico-chemical analyzes of clay (adsorbent)

3.1.1. Chemical composition

The chemical composition in percent by weight of 
oxides is shown in Table 1. The results obtained indicate 
that the most abundant oxides in our clay are: SiO2, Al2O3, 
MgO, Fe2O3, CaO and K2O, Silica (SiO2) and alumina 
(Al2O3) indicate the high proportion of aluminosilicates. 
Magnesium (MgO) indicates the presence of dolomite. 
Potassium (K2O) confirms the presence of illite, while cal-
cium (CaO) indicates the presence of carbonates (calcite 
and dolomite). According to Table 1, it can also be seen that 
the purity of this clay is about 90% and that the impurities 
represent a percentage of about 8%.

3.1.2. Oriented slides

In an attempt to know the clay minerals existing in our 
sample, the diffractograms of the four tests are presented 
in simplified form in Fig. 2. It was observed that illite was 
characterized by the following peaks located at the posi-
tion 2θ° = 8.87,17.76 and 26.81. Chlorite is confirmed by 
peaks located at the position 2θ° = 6.17, 12.4, 18.7 and 25.1 
in the following four models: air-dried, solvated with eth-
ylene glycol and heated to 300°C and 550°C. The two peaks 
located at 2θ° = 12.4 and 25.1, decrease in intensity during 
the heat treatment at 550°C, confirming the decomposition 
of kaolinite. Illite and chlorites are therefore not affected 
by the different treatments [30,31].

Table 1
Chemical composition of clay using XRF analysis

Oxides Mass (wt.%)

SiO2 40.67
Al2O3 20.83
MgO 11.11
FeO3 7.02
CaO 4.03
K2O 4.03
SO3 1.07
TiO2 1
P2O5 0.43
MnO 0.05
LOI 2.5

Loss on ignition
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3.1.3. X-ray diffraction analysis

Fig. 3 shows the diffractogram of the studied clay. This 
one is composed of chlorite, kaolinite, illite, quartz, calcite, 
and dolomite [30,32,33].

3.1.4. Textural characterization

The adsorption–desorption isotherm obtained for the 
raw clay is shown in Fig. 4. It is clear that the reversible 
adsorption–desorption isotherm obtained is similar to type 
IV according to the IUPAC classification. This type of iso-
therm characterizes mesoporous. A clear hysteresis loop of 
type H3 appears, referring to plate-shaped particles giving 
rise to slit-shaped pores. The same figure shows the curve of 
the pore diameter distribution obtained for the clay sample. 
The latter shows that this diameter varies between 30 and 
40 Å with a maximum distribution observed around 38 Å. 
This indicates the presence of mesoporous in the sample.

3.1.5. Thermogravimetric analysis and differential 
thermal analysis

The TGA-DTA thermograms of clay are shown in 
Fig. 5. This analysis revealed a significant weight loss of 
(–1.656 mg) between 100°C and 1,000°C. DTA shows the 
existence of an endothermic peak at 141.24°C, this peak has 
been attributed to the removal of physisorbed water and 
the interlayer water from the clay mineral with non-swell-
ing clay (illite) [34,35]. The high intensity of the first peak 
was confirmed by the presence of a non-swelling clay 
(illite). The second peak appears at 607.55°C corresponding 
to the dihydroxylation of kaolinite [36,37]. The decompo-
sition of dolomite and calcite is illustrated by a too peaks 
at around 721.46°C and 845.51°C.

3.1.6. Fourier-transform infrared spectrophotometry

As shown in Fig. 6, the band at 3,562 cm–1 is assigned 
to the stretching vibration of the OH group in clay phase 

 
Fig. 2. X-ray diffractograms of oriented slides of clay. Chl: chlorite; Ill: illite; K: kaolinite.

 
Fig. 3. X-ray diffractogram of raw clay. Chl: chlorite; K: kaolinite; 
Ill: illite; Q: quartz; Dol: dolomite; Cal: calcite.

 
Fig. 4. N2 adsorption–desorption isotherms of raw clay.
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(OH of structural hydroxyls) [38,39]. The bands observed 
at 3,418; 1,633 cm–1 and 1,383 cm–1 are due to the stretching 
and bending vibration of the H2O adsorbed on the surface 
and between the clay sheets [37,39,40]. The FTIR spectra 
reveals a symmetric and asymmetric stretching vibration 
of the methylene and methyl CH2, CH3 group of the ali-
phatic chain at 2,923 and 2,852 cm–1. The bands observed 
at 1,435, 878 and 719 cm–1 are attributed to the deformation 
and elongation vibration of the calcite (CaCO3) and quartz 
[40,41]. The simultaneous presence of the bands around 
1,000, 761, and 671 cm–1 are attributed respectively to the 
Si-O elongation vibrations of Si–O–Si and Si–O–Al and this 
due to the structure of the silicate [34,36]. The bands at 529 
and 460 cm–1 can be attributed to the stretching vibration of 
SiO4

2– tetrahedra [37].

3.2. pH at the point of zero charge and CEC

In this work, the measurements indicate that this mate-
rial has a zero charge at pH 9 as shown in Fig. 7 and a pos-
itive adsorbent surface at pH values below pHpcn and a 
negative in the opposite state. The CEC of the sample deter-
mined by UV-Vis spectroscopy is 75 meq/100 g.

3.3. pH effect

The pH solution influences the entire adsorption process 
and in particular the adsorption capacity, as this parameter 
affects the structural stability of the clay. Fig. 8 shows the 
adsorption capacity of the MG by the clay at different pH 
values. The variation in the adsorption of MG concerning 
the pH of the medium can be explained based on the sur-
face loading of the adsorbent (clay). In acidic media, the 
adsorption capacity of MG is low, this could be explained 
by the fact that the adsorbents are positive carrying the same 
charge of the cationic dye MG. This can be explained by 
the accumulation of OH– ions on the surface of the adsor-
bent, which favors the adsorption of MG, which carries a 

 
Fig. 5. TGA-DTA thermograms of raw clay.

 
Fig. 6. FTIR spectra of raw clay.

 
Fig. 7. Zeta potential-pH profile of clay.
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positive charge on its surface, and therefore the appearance 
of the phenomenon of electrostatic attraction. And more 
than the pH > pHpcn, therefore there is an increase in the 
negative charge density on the surface of the MG, which 
causes the elimination of MG [42].

3.4. Effect of initial dye concentration and contact time 
on the MG adsorption process

The initial concentration of MG is considered an 
important variable and can be attributed to the efficiency 
of adsorption and removal of the MG. The effect of this 
parameter is illustrated by the number of effective colli-
sions between the adsorbed molecules and the adsorb-
ing surfaces [43]. Experiments were conducted for initial 
concentrations of MG ranging from 10–3 to 10–4 mol L–1 
at constant temperature and pH. The results in terms of 
adsorption relative to the initial concentration of MG were 
presented in Fig. 9. From this figure, it was found that 
the adsorption capacity of MG by the clay increases with 
the initial concentration of MG, the latter accelerating the 

diffusion of the MG dye from the solution onto the clay 
due to the increased driving force of the concentration gra-
dients [24]. The effect of contact time in the concentration 
between 10–4 and 10–3 mol L–1 of MG in solution is shown 
in the same Fig. 9. The curves indicate that the initial con-
centration has no effect on the contact time which corre-
sponds to the adsorption equilibrium at the adsorbent/
adsorbate interface where the support is saturated with 
the solute. For the adsorbent, the contact time is 30 min, 
which corresponds to a reduction rate of 56% for the ini-
tial concentration of 10–4 mol L–1 (adsorption capacity of 
17 mg g–1), 67% for 5 × 10–4 mol L–1 (adsorption capacity 
of 90 mg g–1) and 80% for a concentration of 10–3 mol L–1 
(adsorption capacity of 180 mg g–1) [16]. The latter value 
corresponding to the 10–3 mol L–1 concentration, is among 
the highest adsorption capacities of MG compared to other 
types of low-cost adsorbents (Table 2) [9].

3.5. Kinetics of the adsorption process

Adsorption kinetics, expressed in terms of solute 
retention rate vs. contact time, is one of the most import-
ant characteristics defining the evaluation and design of 
Qads. In order to correlate the kinetic data, different models 
were applied to the experimental data obtained from the 
adsorption process. These are the pseudo-first-order model, 
the pseudo-second-order model and, the intra-particle 
model. The linear form of the pseudo-first-order model is 
illustrated by Eq. (4).

ln lnQ Q Q k te t e�� � � � � � 1  (4)

Eq. (5) of the pseudo-second-order model used to sim-
ulate the kinetic adsorption behavior of MG is written as 
follows:
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where Qe and Qt (mg g–1) are the amounts of MG dye adsor-
bed at equilibrium and time t (min) respectively, K1 (min–1) 
and K2 (g mg–1 min–1) are the pseudo-first and pseudo-sec-
ond-order adsorption rate constants, respectively [16,42]. 
Fig. 10 shows the absorption of MG vs. time at different 
concentrations. According to this figure, the adsorption 
rate of MG on clay increases rapidly in the first period 
(t < 90 min) due to the availability of clay surface adsorption 
sites, then, thereafter it becomes continuous. The kinetic 
parameters obtained from the two models are summarized 
in Table 3. The results obtained show that the R2 values for 
the pseudo-second-order (R2 = 0.99) were higher than those 
for the pseudo-first-order (R2 = 0.89), moreover, the values 
of Chi-square χ2 for the pseudo-second-order model are 
lower than those of the pseudo-first-order model. Thus, 
the adsorption kinetics followed the pseudo-second-or-
der model which suggests that adsorption depends on the 
adsorbate-adsorbent pair. It has been successfully applied 
in a number of MG systems [53].

The Weber–Morris intraparticle model was tested to 
identify the mechanism of diffusion of the MG dye from the 

 
Fig. 9. Effect of contact time on MG adsorption by the clay 
(C0 = 10–4; 5 × 10–4; 10–3 mol L–1).

 
Fig. 8. The adsorption capacity of the MG by the clay at different 
pH values.
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solution to the inner and outer surfaces of the adsorbent. 
The rate parameter for intraparticle diffusion is expressed 
as follows:

Q k tt � �id
1 2/  (6)

where kid (mg g–1 min–1/2)) is the intraparticle diffusion rate 
constant. The validity of the intraparticle diffusion model 
was tested at different temperatures. Fig. 11 shows the 
adsorbed quantity Qt vs. t1/2 for the three concentrations 
studied. The parameters related to this analysis are summa-
rized in Table 4. Fig. 11 shows that the plots are not linear 

over the whole time interval of the study which suggests 
that the adsorption of MG on our clay follows two steps. 
The first stage is quickly from where the adsorption is done 
on the external surface of the clay adsorbate followed by a 
second stage which is late from where the diffusion of the 
molecules is done in the internal mesoporous of the clay. 
According to Table 3, the Kid1 values are higher than Kid2, 
and the value of the correlation coefficient R2 is equal to 0.99, 
indicating that when the molecules of the MG dye diffuse 
through the internal pores or along the surface wall of the 
pores in the clay particles, the diffusion resistance increases, 
resulting in a decrease in the diffusion rate.

Table 2
Comparison of MG adsorption capacity with other low-costs absorbents

Adsorbent MG adsorption capacity (mg g–1) Ref

Clay 180 This work
Banana (Musa paradisiaca) stalk-based activated carbon 141.76 [44]
Rice husk activated carbon (RHAC) 49.62 [45]
Pomelo (Citrus grandis) peels 178.43 [46]
Centaurea solstitialis (CS) plants 91 [47]
Conch shell powder (CSP) 92.25 [48]
Luffa acutangula peel 69.64 [49]
Fly ash 40.65 [50]
Low-cost inorganic powder (Persian kaolin) 52.91 [51]
Pleurotus ostreatus (A macro-fungus) 125.00 [52]

 
Fig. 10. Adsorption kinetics with nonlinear models of pseudo-first and pseudo-second-order for MG onto clay at different initial dye 
concentrations (C0 = 10–4; 5 × 10–4; 10–3 mol L–1).

Table 3
Parameters of pseudo-first-order and pseudo-second-order models

Pseudo-first-order Pseudo-second-order

C0 (mol L–1) Qt,exp (mg g–1) χ2 K1 (min–1) R2 Qe (mg g–1) χ2 K2 (g mg–1 min–1) R2 Qe (mg g–1)

10–4 16.31 2.60 3.71 0.89 15.56 0.27 0.009 0.99 16.92
5 × 10–4 89.64 36.37 16.93 0.94 87.17 3.58 0.0084 0.99 92
10–3 179.07 79.95 33.8 0.96 175.35 12.2 0.002 0.99 182.22
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3.6. Adsorption isotherms

The adsorption isotherm tends to explain any inter-
action between the adsorbate and the adsorbent, deter-
mine the maximum adsorbate binding capacities and also 
define the type of adsorption [54]. In this work, two well-
known models of isotherms were evaluated; Langmuir and 
Freundlich [54,55]. The form of the Freundlich [Eq. (7)] and 
Langmuir [Eq. (8)] equations are as follows:
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where Kf is the adsorption capacity, n is the adsorption 
intensity, Qe is the amount of solute adsorbed per unit 
mass of adsorbent at equilibrium (mg g–1), Ce (mg L–1) is 
the residual concentration at equilibrium, Qm (mg g–1) is the 
adsorbed amount at equilibrium, and KL (L mg–1) represents 
the ratio of the rate constant of adsorption and desorption.

Fig. 12 shows the plots of Ce/Qe vs. Ce and the plots of 
ln(Qe) vs. ln(Ce) for the adsorption of MG on clay at tem-
peratures ranging from 30°C to 50°C, according to the linear 
forms of the Freundlich and Langmuir isotherm. Similarly, 
as the kinetic studies studied, the values of the constants cal-
culated (R2, χ2) from the linear forms of the two isotherms 
are given in Table 4. It has been observed that the values of 

the coefficient of determination R2, were in a range between 
0.90 and 0.98 for the Freundlich isotherm, while for the 
Langmuir isotherm, they were between 0.86 and 0.99, and 
the values of Chi-square χ2 for the Langmuir model are 
lower than of the Freundlich model, which proves that the 
isotherm was linear over the whole range of temperatures 
studied with a good linear correlation coefficient close to 
1 [56]. This confirms the monolayer coverage of the MG 
dye on the clay surface and the homogeneous distribution 
of the active sites on the adsorbent [55], and as shown in 
Table 5, Qm and Kf values increase with increasing tempera-
ture, indicating that the adsorption process is endothermic  
in nature.

3.7. Thermodynamic analysis

Adsorption is a phenomenon that can be endother-
mic or exothermic depending on the adsorbent material 
and the nature of the adsorbed molecules. To assess the 
effect of temperature on the adsorption of MG by our clay, 
the study of real thermodynamic parameters ((ΔH°, ΔS°, 
ΔG°) was carried out at different temperatures (303.15, 
313.15, and 323.15 K).

The values of Gibbs’ free energy variation (ΔG°), enthalpy 
variation (ΔH°), and entropy variation (ΔS°) were calculated 
using the following equation:
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Fig. 11. Intraparticle diffusion model for MG adsorption on clay.

Table 4
Intraparticle diffusion parameters of MG on clay

Step 1 Step 2

Ci (mol L–1) R2 Kid1 (mg g–1 min1/2) Ci (mg g–1) R2 Kid2 (mg g–1 min–1/2) Ci (mg g–1)

10–4 0.99 2.79 0.064 0.59 0.08 15.06
5 × 10–4 0.96 16.05 1.87 0.68 0.22 86.27
10–3 0.95 33.39 4.72 0.61 0.25 175.01
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where R is the universal gas constant, T is the absolute solu-
tion temperature and KL is the Langmuir constant.

Fig. 13 represents the plot of ln(KL) vs. 1/T and the 
parameters studied are shown in Table 6. The positive 
value of ΔH° (27.092 kJ mol) obtained in this work indi-
cates that the adsorption is an endothermic process. The 
positive value of ΔS° (103.30 J K–1 mol–1) implies that there 
have been structural exchanges between the active sites of 
the adsorbent and the MG and this reflects the affinity of 
the clay towards the MG. On the other hand, the negative 
values of the free energy ΔG° show that the adsorption of 
MG on the clay adsorbent is thermodynamically sponta-
neous, we can also observe that the values of ΔG° decrease 

with increasing temperature, this means a better adsorp-
tion efficiency at higher temperatures.

3.8. Adsorption mechanism

The characterization of the solid before and after the 
MG adsorption has been carried out by the FTIR technique. 
It can help us to determine the mechanism suggested by 
the fixation of the adsorbed molecules on the solid and to 
reveal the changes in vibrational bonds, which can occur 

 
Fig. 12. Adsorption isotherms of MG onto clay at different temperatures (T = 30°C, 40°C and 50°C) with adjustment of the Langmuir 
and Freundlich linear models.

Table 5
Freundlich and Langmuir parameters obtained for the adsorp-
tion of MG on the clay at various temperatures

T (°C) 30 40 50

Langmuir

Qm (mg g–1) 31.25 65.21 125.36
KL (L mg–1) 5.15 7.93 10.01
R2 0.93 0.96 0.99
χ2 0.02 0.01 0.002

Freundlich

Kf (mg g–1) 0.30 0.40 0.68
1/n 0.57 1.80 1.97
R2 0.90 0.90 0.98
χ2 0.15 0.42 0.24

 
Fig. 13. Graph of lnKL (KL is the Langmuir constant) vs. 1/T for the 
adsorption of MG on clay.
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during each adsorption process. Several mechanisms in the 
literature find a place in the explanation of the adsorption 
phenomenon such as (electrostatic interaction, complex-
ation, hydrogenation, and chemical interactions, etc.), in 
our case, we observed in Fig. 14 the characteristic stretching 
vibration band of the OH group of the clay phase (OH of 
the structural hydroxyl) located at 3,562 cm–1 changed shape 
after MG adsorption due to the penetration of MG into the 
intermediate layer of the kaolinite. Besides, the adsorption 
band of 1,622 cm–1 which is mostly a υCOO (the amide I), 
suggesting the existence of dipolar interactions between 
the negative charge of the carboxylate group and MG as a 
cationic dye, the H-bonding interaction and the dipole–
dipole H-bonding interaction. The new bands, linked to the 
band vibrations of the MG molecules, appear at 1,516 cm–1, 
1,447 and 1,320 cm–1 are due to the bending vibration of 
the C-H bond in the methyl groups, the aromatic part and 
amide II, respectively [57,58]. These bands indicate that 
the MG reacted with the clay surface and new bonds were 
formed between the MG and the clay. All these findings 
indicate that a chemical adsorption has occurred.

4. Conclusions

The present study examined the successful removal of 
cationic malachite green dye in an aqueous solution using 
a powerful, inexpensive and environmentally friendly 
adsorbent. The effect of the initial concentration of the dye 
and the contact time on its adsorption process was studied. 

It was found that the adsorption capacity of MG by clay 
increases with its initial concentration (adsorption capacity 
of 180 mg g–1 for an initial concentration of 10–3 mol L–1).

The experimental data provided by the kinetics studies 
indicated that the pseudo-second-order model is the most 
appropriate for dye adsorption, while the equilibrium data 
was well associated with Langmuir isotherm.

The results obtained from the thermodynamic study 
showed that the adsorption of MG dye was spontaneous 
(ΔG° < 0) and endothermic (ΔH° > 0) in nature.
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a b s t r a c t
In the optic of water production with pollution reduction, we treat, in this paper, humidification–
dehumidification desalination process, called Seawater Greenhouse (SWGH), using an agricultural 
greenhouse with solar collectors as a roof, combining irrigation and desalination functions by a 
low-temperature distillation method. Indeed, two SWGH models were achieved, the first one on a 
block diagram environment program and the second one on an equations solver program. Thus, we 
are going to present and analyze the simulation results, provided by these models, made for dif-
ferent parameters and locations, in order to estimate the outlet freshwater amount depending on 
the site choice. As a conclusion, we will be able to draw a choice technique of the most beneficial 
environmental, meteorological, and geographic place of SWGH implantation, where a great pro-
ducible is reachable. And thanks to this technique we have confirmed that Morocco can, techni-
cally, be very beneficial for the implantation of this desalination process, given its perfectly adapted 
climate with a producible exceeding 1,000 L of freshwater per day.

Keywords:  Seawater; Greenhouse; Modeling; Desalination; Water; Block; Solver; Equations; Location; 
Morocco

1. Introduction

The availability of water resources in Morocco is affected 
by several factors. These resources are under increasing 
pressure due to population growth, the development of 
irrigated agriculture, urbanization, industrial growth and 
tourism. This could lead to a competition between the dif-
ferent uses of water. The availability of water resources in 
Morocco is also threatened by the impact of climate change, 
the overexploitation of aquifers, the low cost of water 
and the deterioration of water quality.

At the same time, the demand for water is estimated 
at nearly 14.3 billion m3 in 2010, and it should reach 
23.6 billion m3 in 2030 [1].

The urban population is expected to continue to grow 
by 1% between 2018 and 2050 to reach 32 million habi-
tants in 2050 against 21.9 million in 2018. Thus, the urban-
ization rate will go from 62.4% in 2018 to 73.6% in 2050. In 
addition, the National Water Plan (PNE, 2015) estimated 
domestic and industrial water needs at 1,437 Mm3/y in 2010 
against 2,368 Mm3/y in 2030, which represents an increase 
of approximately 65%. According to a study of the Higher 
Planning Commission, this trend will lead to several and 
various issues, especially concerning the supply of drinking 
water and energy, pollution, and waste treatment [2].

Morocco, a country suffering from serious water 
stress, and for which agriculture is a key economic sector, 
is in a great obligation to remedy this lack of water which 
pragmatically represents a shortfall.
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For these reasons, this warned country turned towards 
the desalination of seawater, which is an inexhaustible 
commodity, especially for a country comprising almost 
3,500 km of coastline, in both the Mediterranean and the 
Atlantic Ocean.

Moreover, with its warm and sunny climate and its par-
ticular interest in green technologies, it is a very good can-
didate for the desalination process, subject of our work. 
Namely, desalination by the agricultural greenhouse, or 
what is commonly known as Seawater Greenhouse (SWGH).

In this sense, this article presents the concentrate of 
our study, aiming to dissect this system in terms of tech-
nique, and also of profitability reflected by the quantity of 
producible.

Indeed, we began by elaborating on the mathematical 
modeling of our system. This was later translated to block 
diagram modeling and also into solver program modeling. 
Through these two types of computer modelling, we are 
able to bring out all the information concerning the behav-
ior of our process and ensure redundancy in the simula-
tions, whose simple correlation allows us to validate or not 
our model.

After the validation of our model, we made a set of sim-
ulations for different parameters. Then, we analyzed all 
obtained results.

This paper will focus on the impact of the implantation 
site choice on the producible generated by the greenhouse. 
As an example, this impact was measured in Morocco.

2. Mathematical modeling

The SWGH has as key components, two evaporators 
(humidifiers), a condenser (dehumidifier) and solar collec-
tors as a roof. Modeling this method, is the modeling of all 
these components.

2.1. Evaporator #1 Formulas

We have:
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with:

p pv1 1 1� � vs  (6)

p T T
vs1

2 7877 7 625 241 610 41 1� �� � �� �. . / . [ ]  (7)

Valid for T1 > 0°C with the presence of liquid water.
ϕ1 measurable via psychrometer.
On the moist air diagram, the evolution of air follows an 

isenthalpic h1 = h2, with:

h T P w C T w h C Tp g p e v1 1 1 1 1 1 0 1, , , ,� � � � �� �� �as �  (8)

h T P w C T w h C Tp g p e v2 2 2 2 2 2 0 2, , , ,� � � � �� �� �as �  (9)

Δhg0 = 2,501.6 kJ/kg [5]

Furthermore,

m dv Sas = 1 1  (10)

With:

d
T

= =
PM
RT

1 292 273 15

1

. .  (11)

T1 expressed in Kelvin; v1 measurable via anemometer.

2.2. Greenhouse Roof Formula

m h h RT2 3 2�� � � ��  (12)

We put for example, β·ε = 0.5.

2.3. Evaporator #2 Formulas

Same approach as for evaporator 1.
With:

w w3 2=  (13)

h h3 4=  (14)

   m m m m w wevap as2 4 3 4 3� � � �� �  (15)
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2.4. Condenser Formulas

Condensed water amount mcond :

   m m m m w wcond as� � � �� �4 5 4 5  (16)

With:
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 (17)

where

p pv5 5 5� � vs  (18)

p T T
vs5

2 7877 7 625 241 610 5 5� �� � �� �. . / .  (19)

Valid for T5 > 0°C with the presence of liquid water. ϕ5 
measurable via psychrometer.

3. System modeling via the block diagram 
environment and the solver program

The mathematical model previously presented has 
been translated to the block diagram model below.

The four blocks are respectively the subsystems modeling: 
Evaporator #1, the Roof, Evaporator #2 and the condenser.

Furthermore, we have spread all SWGH equations sys-
tems on the solver software file, respecting its syntax and 
calling, if necessary, predefined thermal functions.

The results of the simulations carried out on the Engineer-
ing Equation Solver (EES) modeling joined the results of the 
simulations carried out on the MATLAB/Simulink model as 
shown in Table 1.

4. Locations choice and meteorological data

The locations choice is based on some criteria, related 
to the ability of the site to offer all parameters the SWGH 
system needs for the water desalination process. Mainly, 
the place must be sunny, semi-arid to arid and obviously 
must be in an agricultural and coastal region.

For this study, which will concern the country of 
Morocco, we have chosen five different cities in five differ-
ent geographical regions, but all respecting the previously 
cited characteristics. Namely: Nador, Kenitra, El Jadida, 
Agadir and Dakhla.

The following tables present all the needed meteorologi-
cal data to make our simulations.

Tables 2–6 present the result of a meteorological data 
collection on a panel of weather databases whose references 
are [6] and [7]. It’s worth noting that these values are statisti-
cal mean values taken over significant durations.

Table 1
Comparative table – the results of simulations carried out on the MATLAB model and on the EES model

Produced freshwater – MATLAB/Simulink model (kg/s) Produced freshwater – EES model (kg/s)

T1 = 20 0.0149 0.0153
T1 = 18 0.0175 0.0180
T1 = 15 0.0206 0.0212
T1 = 13 0.0222 0.0229

Data: R = 600 W/m2; ϕ1 = 30%; S1 = 1 m2; v = 3 m/s; ϕ2 = 100%; T = 500 m2

Table 2
Estimated daily mean values of meteorological parameters – Nador – Morocco

Month Relative humidity (%) Temperature (°C) Wind speed (m/s) Solar irradiation (kWh/m2)

January 80 12.2 3.33 2.97
February 80 12.8 5.83 3.89
March 80 13.9 4.58 5.08
April 75 15.6 3.61 6.58
May 75 17.8 3.61 7.22
June 75 22.8 3.61 7.86
July 75 25 3.19 7.72
August 75 25.6 4.17 6.92
September 75 22.8 3.47 5.69
October 80 18.9 2.78 4.25
November 80 15.6 4.17 3.11
December 80 12.8 3.61 2.61
Average 77.5 17.98 3.83 5.33

Coordinates: Elevation: 19 m; Latitude: 35 10N; Longitude: 003 56W
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Table 4
Estimated daily mean values of meteorological parameters – El Jadida – Morocco

Month Relative humidity (%) Temperature (°C) Wind speed (m/s) Solar irradiation (kWh/m2)

January 80.1 13 3.00 3.14
February 79.2 13.8 3.39 4.08
March 76.5 14.7 3.61 5.42
April 76.3 15.9 3.89 6.64
May 75 17.9 3.89 7.39
June 76.1 20.3 3.69 7.44
July 74.7 23.1 3.89 7.39
August 75 23.5 3.69 6.92
September 76.1 22.6 3.31 5.94
October 76.3 19.9 3.11 4.44
November 78.1 16.6 3.00 3.33
December 80.4 13.9 3.00 2.75
Average 76.98 17.93 3.46 5.41

Coordinates: Elevation: 8 m; Latitude: 33 15N; Longitude: 008 30W

Table 5
Estimated daily mean values of meteorological parameters – Agadir – Morocco

Month Relative humidity (%) Temperature (°C) Wind speed (m/s) Solar irradiation (kWh/m2)

January 82 14 2.50 3.78
February 83 15 3.33 4.67
March 83 17 4.44 5.89
April 86 17 4.72 6.94
May 88 18 4.72 7.53
June 89 20 4.72 7.61
July 90 22 3.33 7.03
August 89 22 3.33 6.61
September 86 22 3.89 5.97
October 85 20 3.89 4.86
November 81 18 3.33 3.94
December 81 15 3.33 3.36
Average 85.25 18.33 3.80 5.68

Coordinates: Elevation: 22 m; Latitude: 30 23N; Longitude: 009 34W

Table 3
Estimated daily mean values of meteorological parameters – Kenitra – Morocco

Month Relative humidity (%) Temperature (°C) Wind speed (m/s) Solar irradiation (kWh/m2)

January 81.2 12 3.06 2.94
February 79.8 13 4.17 3.89
March 77.1 14 3.33 5.22
April 75.6 16 3.75 6.44
May 74.6 18 4.31 7.31
June 74.7 21 4.17 7.64
July 74.6 23 3.89 7.58
August 76 23 3.89 6.97
September 76.2 22 3.89 5.78
October 75.9 19 3.33 4.25
November 78.2 16 3.89 3.11
December 80.5 13 3.19 2.53
Average 77.03 17.50 3.74 5.31

Coordinates: Elevation: 14 m; Latitude: 34 18N; Longitude: 006 36W
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5. Simulations results

Table 7 shows the results of the simulations carried 
out on our SWGH models, on two key months: January 
and August, representing respectively a cloudy, cold, wet 
month and a sunny, hot, arid month.

The simulations were realized for a roof area of 500 m² 
and an evaporator #1 area of 1 m2.

In order to get a global comparison of the freshwater 
producible of the SWGH Fig. 3 was carried out for average 
values on the various cities.

Table 6
Estimated daily mean values of meteorological parameters – Dakhla – Morocco

Month Relative humidity (%) Temperature (°C) Wind speed (m/s) Solar irradiation (kWh/m2)

January 69.6 13.7 2.81 3.78
February 68.4 14.7 3.31 4.67
March 66.9 16.2 3.69 5.89
April 67.3 16.5 4.00 6.94
May 66.5 18.2 4.11 7.53
June 67.4 19.8 4.11 7.61
July 67.3 21.7 4.50 7.03
August 68.7 21.9 4.31 6.61
September 69.9 21.5 3.39 5.97
October 69.1 19.8 3.11 4.86
November 69.8 17.4 2.81 3.94
December 70.3 14.2 2.81 3.36
Average 68.4 18 3.58 5.69

Coordinates: Elevation: 80 m; Latitude: 30 25N; Longitude: 009 33W

① Greenhouse roof, ② Evaporator n°1, ③ Evaporator n°2, ④ Condenser, ⑤ Fan  
 

Fig. 1. Basic schema of Seawater Greenhouse.

Table 7
Simulations results – estimative amount (kg/s) of SWGH gener-
ated freshwater in the different Moroccan location

January August

Nador 0.01998 0.04303
Kenitra 0.01948 0.04173
El Jadida 0.02082 0.04164
Agadir 0.02460 0.03721
Dakhla 0.02587 0.04185
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6. Results analysis and location choice technique

The predefined system can produce an estimative out-
put of freshwater greater than 1,000 L/d in the chosen cities.

In terms of annual average, the ranking by order of 
merit of the five cities is: Dakhla, Agadir, El Jadida, Nador 
and Kenitra.

The interpretation of the results values, allows us to 
design a location choice procedure, organized and given 
below:

• The location must be in a coastal and agricultural region
• The region has to be sunny and hot
• The producible is greater when the region is more arid
• Higher is the wind velocity, bigger is the amount of air 

entering the SWGH. Thus, greater is the generated fresh-
water amount.

By applying this choice procedure, we were able to 
achieve a production surplus going from 71 to 106 L/d. 
This amount exceeds the total producible of the humidi-
fication dehumidification unit based on the closed-water 

open-air cycle and named “Dewvaporation” which was built 
at Arizona State University, for a freshwater production of 
45.4 L/d [8,9].

7. Conclusion

This work shows that the implementation of this desali-
nation process in Morocco can, technically, be very benefi-
cial, given its perfectly adapted climate.

This paper, as already mentioned, is a part of the SWGH 
feasibility study in this country, and it is going to provide 
a basis for the remaining study parts. Such as the eco-
nomic evaluation, benchmarks, etc.

Once this study is completed in its entirety, this tech-
nology will be positioned precisely among other desalina-
tion technologies on the market.

Symbols and abbreviations

HD — Humidification–dehumidification
SWGH — Seawater Greenhouse
mas  — Mass flow of dry air, kg/s

 
Fig. 2. Block diagram modeling of Seawater Greenhouse.

880
900
920
940
960
980

1000
1020
1040
1060

Nador Kenitra El Jadida Agadir Dakhla

(li
te

rs
/d

ay
)

The es�ma�ve average amount of SWGH  freshwater in 
the different Moroccan loca�ons

Fig. 3. The estimative average amount of SWGH freshwater in the different Moroccan locations.
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me  — Mass flow of water, kg/s
Ti — Temperature in the space i, °C
w — Absolute humidity
pv — Partial pressure of vapor, Pa
Patm — Atmospheric pressure, Pa
Pvs — Vapor saturation pressure, Pa
Φ — Relative humidity, %
h — Specific enthalpy, kJ/kg
Δhg0 — Vaporization heat of water at 0°C, kJ/kg
Cp,e(v) — Specific heat (vapor), kJ/kg °C
Cp,as —  Specific heat (dry air) at 100 kPa between 

0°C and 50°C, kJ/kg °C
d or ρ — Density of dry air, kg/m3

v1 —  Velocity or speed of the air entering to the 
greenhouse, m/s

S1 — Evaporator N°1 area, m2

β —  Percentage of radiation transmitted to the 
greenhouse air, %

R — Total solar radiation, kW/m²
T — Roof area, m2

ε — Transmission factor of the surface, %
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a b s t r a c t
In Morocco, wastewater is continuously discharged without pretreatment downstream of urban 
centers and widely reused in agricultural irrigation, especially where water resources are lim-
ited and soils are deficient in organic matter. This constitutes a potential risk for the health of 
the population. Thus, this work has set as an objective to calculate the cost of damage caused by 
waterborne diseases in order to estimate how much they weigh (monetary burden) on one of the 
largest perimeters of Morocco where the reuse of raw wastewater is very responsive (Meknes, 
Khemisset, Tiflet and Sidi Allal El Bahraoui). For this purpose, we opted for a meso-economic 
analysis that would provide aid to public health policy decisions in a given region. To calculate 
the cost of damage caused by waterborne diseases in the provinces of Meknes and Khemisset, the 
same method used by the World Bank and the World Health Organization (WHO) in 2001 was 
used: Cost of damage caused by waterborne diseases = Cost of treatment (direct cost) + Cost of 
time spent caring for sick children (indirect cost). Then we compared the cost of damage caused 
by waterborne diseases with the cost of wastewater treatment in the two provinces. The results 
obtained clearly show that waterborne diseases are a real health problem, and weigh heavily on 
both provinces, particularly in the province of Meknes, despite the decrease in their incidence 
over time. The monetary quantification of the damage caused by waterborne diseases cannot be 
completely accurate because of the under-reporting of cases (the use of traditional medicine which 
escapes any reporting system.

Keywords: Wastewater; Irrigation; Cost; Damage; Waterborne diseases; Meso-economic

1. Introduction

Morocco has the most competitive economy in North 
Africa [1], also is a country where the availability of water 
is an essential factor in the development of the agricul-
tural sector which is the basis of the Moroccan economy. 
However, environmental degradation in general, and 
water stress in particular, like in other Mediterranean 

countries, threatens the health of its population and risks 
mortgaging its economic development [2].

According to the UN, Morocco is already considered 
to be underwater stress with only 500 m3 of freshwater per 
capita per year, compared to 2,500 m3 in 1960 [3]. Even with 
this degradation of water resources, large areas continue 
to be irrigated with wastewater discharged without pre-
treatment into waterways, thus threatening the health of 
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the population through the consumption of products from 
this agriculture [4–6].

At this level, ecological economics is the discipline 
that allows for discussion useful for the formulation of 
specific recommendations to decision-makers [7].

This work consists in calculating, via a meso-economic 
study, the cost of the damage caused by waterborne dis-
eases in order to estimate how much they weigh (monetary 
burden) on the cities of Meknes, Khemisset, Tiflet and Sidi 
Allal El Bahraoui. This axis constitutes one of the largest 
perimeters of Morocco where the reuse of raw wastewater 
is very answered (+3,000 Ha) [8].

2. Method

The definition of pollution for economists is not the 
same as that used by biologists. In economics, it is analyzed 
as an external cost that manifests itself when one or more 
individuals suffer a loss of well-being [9].

To calculate the cost of damage caused by waterborne 
diseases, we have opted for a meso-economic analysis that 
allows us to follow the trajectories of economic facts from 
beginning to end, or from upstream to downstream. This 
type of economic analysis avoids dichotomies and simplistic 
oppositions [10].

In general, the purpose of meso-economic studies is to 
provide decision support for public health policy in a given 
region, and thus facilitate the implementation of corrective 
mechanisms [11].

This type of study, which is considered an integral part 
of the health care decision-making process, has grown 
significantly in recent decades, since it provides information 
on the costs of illness and clinical interventions, as well as 
their economic benefits [2,4]. It thus provides evidence to 
support the development of health policies, better delivery of 
health services and appropriate allocation of resources [12].

To calculate the cost of damage caused by waterborne 
diseases in the cities of Meknes, Khemisset, Tiflet and Sidi 
Allal El Bahraoui, the same method used by the World Bank 
and the World Health Organization (WHO) in 2001 was used:

Cost of damage caused by waterborne diseases = Cost of 
hospital treatment (Direct cost) + Cost of time spent caring 
for sick children (Indirect cost) [2].

3. Results and discussion

3.1. Direct costing: hospital treatment

This terminology is used to describe the costs and effects 
associated with health and health service use. This cate-
gory includes all material resources (medications, medical 
devices) and human resources (salaries of health system 
professionals) directly related to the diagnosis and treatment 
of the patient [13].

The calculation of the cost of direct damages (cost of 
hospital treatment) is based first on the calculation of the 
average length of stay (ALOS) recorded in the hospitals of 
the two provinces (Table 1) for the main waterborne dis-
eases (typhoid, Hepatitis A, acute gastroenteritis), then by 
referring to the General Nomenclature of Professional Acts 
(GNPA) [14], the monetary cost of a hospitalization was 
calculated (Tables 2–4).

This Nomenclature is adopted by all Moroccan health 
structures for invoicing, and is imposed on practitioners to 
determine the price of medical procedures and care provided 
during a hospital stay.

The ALOS is frequently used as an indicator of effi-
ciency [15]. A shorter stay decreases the cost per discharge 
and shifts inpatient care to the less expensive setting. ALOS 
is the average number of days’ patients spend in the hos-
pital. It is usually calculated by dividing the total number 
of patient days in a year by the number of inpatients in the 
same year [16].

Average length of stay AKOS
days of hospitalization during a year

( ) = nn=

∞

∑
1

the number of patients hospitalized during the same year
 (1)

Table 1 clearly shows that patients hospitalized with 
typhoid spend an average of 7 d; those hospitalized with 
Hepatitis A spend an average of 5 d; and patients hospital-
ized with Gatroenteritis spend an average of 4 d.

3.1.1. Editing the monetary cost of a hospitalization

And therefore the cost of hospital treatment (direct 
cost) of the main waterborne diseases at the level of Meknes 
and Khemisset (Table 5) during the years 2015, 2016, 
2017 and 2018 = the cost of a hospitalization × number of 
hospitalized patients during the same years.

3.2. Indirect cost: cost of time spent caring for sick children

In addition to medical costs (direct costing), one par-
ent spends time caring for sick children. This time has an 
opportunity cost, in terms of leisure or work. For each case 
of waterborne disease, WHO and the World Bank (2001) esti-
mated that one parent would spend 1-d caring for the child.

The value of this day is based on the average monthly 
salary in rural areas (i.e., 3,954 DH/month), and in urban 
areas (i.e., 6,124 DH/month). On average, a day of lost work 
would therefore be equal to nearly 132 DH in rural areas, and 
204 DH in urban areas (Tables 6 and 7) [16].

And thus, the total cost of time spent caring for sick 
children (indirect cost) = Total number of cases of water-
borne diseases affecting children × Value of a lost workday. 
Thus the estimate of the total cost of damage (Table 8) caused 
by waterborne diseases during the 4 y (2015, 2016, 2017 and 
2018) in the two provinces = cost of treatment (Σ total1) + cost 
of time spent caring for sick children (Σ total2) [2].

Comparing the total cost of damages caused by water-
borne diseases in the two provinces (Table 9) with the 
Average Annual Health Expenditure per capita (AAHE/
capita) which is around 1,578 DH [17].

The present results clearly demonstrate that waterborne 
diseases are a real health problem, and weigh heavily on both 
provinces, particularly in Meknes, despite the decrease in 
their incidence over time.



N. Dahbi et al. / Desalination and Water Treatment 240 (2021) 210–215212

These results corroborate perfectly with the results of 
the survey conducted on the cost of environmental degra-
dation in Morocco in 2014, which places water pollution as 
the primary vector of environmental degradation. The same 
survey confirms that water pollution weighs heavily on 
the Moroccan economy (1.26% of GDP).

If decision-makers would focus on prevention upstream 
(creation of WWTPs, awareness raising, accompanying 
farmers in the creation of wells), the state could save and/
or limit the cost of damage caused by waterborne diseases in 
the four cities.

Without risk awareness, it will be very difficult to pro-
mote behavioral change towards safer practices, knowing 
that reuse of raw sewage is a clandestine practice, in addi-
tion, safety regulations are often too theoretical [4].

The monetary quantification of damage caused by 
waterborne diseases cannot be completely accurate due to 
under-reporting of cases (the use of traditional medicine 
that escapes any hospitalization and reporting system.

3.3. Comparison between the total cost of damage and the 
total cost of wastewater treatment

In Morocco, the drinking water consumed is then dis-
charged into the sewerage system according to a given 

restitution rate. The restitution rate used in Morocco 
is 80% [18].

Thus, the total cost of wastewater treatment = (Number of 
inhabitants × Restitution rate × Treatment cost per m3 in DH)

Note that the average cost of wastewater treatment in 
Morocco depends on the type of treatment adopted by the 
treatment plants [18].

Table 10 shows that the “natural lagoon” is the least 
expensive type of treatment, yet it is the most existing in 
the WWTP of Morocco [18].

Comparing the results (Tables 11–13), it is clear that the 
cost of damage caused by waterborne diseases far exceeds the 
cost of wastewater treatment. Therefore, Moroccan decision- 
makers must be convinced of the need to shift from the “treat 
and dump” model to the “treat and reuse” model in order 
to valorize the by-products derived from useful wastewater.

The reuse of wastewater treated by WWTPs will have 
a positive impact on Morocco given its arid climate, poor 
rainfall distribution and the scarcity and overexploitation 
of its water resources [19].

4. Conclusion

This type of study is an aid to decision making and can 
in no way be considered imperative. It is true that water, 

Table 1
Calculation of the average length of stay (ALOS) for waterborne diseases in the provinces of Meknes and Khemisset between 2015 
and 2018

Meknes Khemisset

2015 2016 2017 2018 2015 2016 2017 2018

Typhoid 160/22 = 7.27 260/37 = 7.02 260/37 = 7.02 260/37 = 7.02 89/13 = 6.84 86/12 = 7.16 86/12 = 7.16 86/12 = 7.16
Hepatitis A 82/16 = 5.1 74/15 = 4.93 74/15 = 4.93 74/15 = 4.93 32/6 = 5.33 24/5 = 4.8 24/5 = 4.8 24/5 = 4.8
Gastroenteritis 124/30 = 4.13 111/28 = 3.96 111/28 = 3.96 111/28 = 3.96 78/19 = 3.94 61/15 = 4.06 61/15 = 4.06 61/15 = 4.06

Table 2
Cost of hospitalization for typhoid according to GNPA

Services Services invoiced according to GNPA

Typhoid Stay: Accommodation 250 DH/D for the first 3 d of hospitalization
Catering 150 DH/D beyond 3 d of hospitalization
Medical visits For an ALOS = 7 d: (250 DH × 3) + (150 DH × 4) = 1,350 DH
Antibiotic therapy
Infusion 300 DH
Biological assessment 300 DH

Total: 1,950 DH

Table 3
Cost of a hospitalization for Hepatitis A according to GNPA

Services Services invoiced according to GNPA

Hepatitis A Stay: Accommodation 250 DH/D for the first 3 d of hospitalization
Catering 150 DH/D beyond 3 d of hospitalization.
Medical visits for an ALOS = 5 d: (250 DH × 3) + (150 DH × 2) = 1,050DH
Antibiotic therapy
Biological assessment 300 DH

Total: 1,350 DH
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Table 6
Calculation of the indirect cost (cost of time spent caring for sick children) for waterborne diseases in the provinces of Meknes be-
tween 2015 and 2018

Meknes

2015 2016 2017 2018

Total number of cases of 
waterborne diseases 
affecting children

Urban: 
4,554

Rural: 
1,404

Urban: 
4,303

Rural: 
1,194

Urban: 
4,122

Rural: 
1,043

Urban: 
4,088

Rural: 
1,022

Value of a lost workday 
in DH

Urban: 
204

Rural: 132 Urban: 
204

Rural: 132 Urban: 
204

Rural: 132 Urban: 
204

Rural: 132

Total cost of time spent caring 
for sick children in DH

929,016 185,328 877,812 157,608 840,888 137,676 833,952 134,904

Total in DH 1,114,344 1,035,420 978,564 968,856

Table 4
Cost of a hospitalization for Acute Gastroenteritis (A.G.E.) according to GNPA

Services Services invoiced according to  GNPA

A.G.E. Stay: Accommodation 250 DH/D for the first 3 d of hospitalization
Catering 150 DH/D beyond 3 d of hospitalization
Medical visits for an ALOS = 4 d: (250 DH × 3) + (150 DH × 1) = 900 DH
Antibiotic therapy
Infusion 300 DH
Biological assessment 300 DH

Total: 1,500 DH

Table 5
Calculation of the cost of hospital treatment (direct cost) for waterborne diseases in the provinces of Meknes and Khemisset between 
2015 and 2018

Typhoid Hepatitis A A.G.E. Total (DH)

Meknes

2015 1,950 × 36 = 70,200 1,350 × 22 = 29,700 1,500 × 38 = 57,000 156,900
2016 1,950 × 37 = 72,150 1,350 × 19 = 25,650 1,500 × 34 = 51,000 134,400
2017 1,950 × 34 = 66,300 1,350 × 18 = 24,300 1,500 × 32 = 48,000 138,600
2018 1,950 × 31 = 60,450 1,350 × 18 = 24,300 1,500 × 33 = 49,500 134,250

Khemisset

2015 1,950 × 22 = 42,900 1,350 × 19 = 25,650 1,500 × 32 = 48,000 116,550
2016 1,950 × 18 = 35,100 1,350 × 15 = 20,250 1,500 × 30 = 45,000 10,0350
2017 1,950 × 18 = 35,100 1,350 × 13 = 17,550 1,500 × 31 = 46,500 99,150
2018 1,950 × 17 = 33,150 1,350 × 14 = 18,900 1,500 × 29 = 43,500 95,550

as a vector of socio-economic development, is a matter 
for everyone. However, in Morocco, the action of sev-
eral departments (the Ministries of Agriculture, Interior, 
Health, Finance, etc.), which could be an asset, turns out 
to be an obstacle, because in the end this shared manage-
ment of water leads to an unstable policy and often a more 
complex management that weighs heavily on the health  
system.

Thus, good management of water resources requires a 
transversal policy. This transversal policy means, on the one 
hand, an interministerial collaboration with a single ministry 
as a reference that must manage water issues.

In the context of the continuous scarcity of water 
resources, overexploitation of groundwater, climate change 
and population growth with the risk of waterborne dis-
eases, the reuse of treated wastewater remains a considerable 
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Table 7
Calculation of the indirect cost (cost of time spent caring for sick children) for waterborne diseases in the provinces of Khemisset 
between 2015 and 2018

Khemisset

2015 2016 2017 2018

Total number of cases of 
waterborne diseases 
affecting children

Urban: 169 Rural: 222 Urban: 145 Rural: 202 Urban: 123 Rural: 198 Urban: 97 Rural: 160

Value of a lost workday 
in DH

Urban: 204 Rural: 132 Urban: 204 Rural: 132 Urban: 204 Rural: 132 Urban: 204 Rural: 132

Total cost of time spent 
caring for sick children 
in DH

34,476 29,304 19,788 26,664 25,092 26,136 19,788 21,120

Total in DH 63,780 46,452 51,228 40,908

Table 8
Estimation of the total cost of damages caused by waterborne diseases in the provinces of Meknes and Khemisset between 2015 and 
2018

Meknes Khemisset

2015 2016 2017 2018 2015 2016 2017 2018

Total1 (DH) 156,900 134,400 138,600 134,250 116,550 100,350 99,150 95,550
Total2 (DH) 1,114,344 1,035,420 978,564 968,856 63,780 46,452 51,228 40,908
Total cost of damage (DH) 1,271,244 1,169,820 1,117,164 1,103,106 180,330 146,802 150,378 136,458

Table 9
Report of the total cost of damage caused by waterborne diseases in the provinces of Meknes and Khemisset between 2015 and 
2018/Average Annual Health Expenditure per capita

Meknes Khemisset

2015 2016 2017 2018 2015 2016 2017 2018

Total cost of damage (DH) 1,271,244 1,169,820 1,117,164 1,103,106 180,330 146,802 150,378 136,458
Average Annual Health Expenditure 

(AAHE) per capita (DH)
1,578

Ratio of cost of damages/AAHE 806 741 708 699 114 93 95 86

Table 10
Cost of wastewater treatment according to the type of treatment in Morocco

Type of treatment Natural lagoon Aerated lagooning Bacterial beds Activated sludge

Average wastewater 
treatment cost/m3

0.15 DH/m3 0.3 DH/m3 0.5 and 0.6 DH/m3 2 DH/m3
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Table 11
Estimated cost of wastewater treatment in the province of Meknes between 2015 and 2018

Meknes

Year 2015 2016 2017 2018
Population per capita 844,871 856,536 868,174 879,731
Type of wastewater treatment Natural lagoon
Estimated cost of wastewater treatment per m3 in DH 0.13 0.13 0.13 0.13
Restitution rate 0.8 0.8 0.8 0.8
Estimated total cost of wastewater treatment in DH 87,866 89,079 90,290 91,492

Table 12
Estimated cost of wastewater treatment in the province of Khemisset between 2015 and 2018

Khemisset

Year 2015 2016 2017 2018
Population per capita 541,734 541,564 541,408 541,229
Type of wastewater treatment Natural lagoon
Estimated cost of wastewater treatment per m3 in DH 0.13 0.13 0.13 0.13
Restitution rate 0.8 0.8 0.8 0.8
Estimated total cost of wastewater treatment in DH 56,340 56,323 56,306 56,288

Table 13
Comparison between the cost of wastewater treatment and the cost of damage caused by waterborne diseases in the provinces of 
Meknes and Khemisset between 2015 and 2018

Meknes Khemisset

2015 2016 2017 2018 2015 2016 2017 2018

Total cost of damage (DH) 1,271,244 1,169,820 1,117,164 1,103,106 180,330 146,802 150,378 136,458
Cost of wastewater treatment in DH 87,866 89,079 90,290 91,492 56,340 56,323 56,306 56,288

opportunity to ensure both water and health security and to 
adapt to global changes.
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a b s t r a c t
Vinasse is considered the most important source of contamination in the ethanol beet production 
industry; it is also considered as a resource of high biogas production potential. The production 
of biogas from vinasse has economic and environmental benefits. In this research, the anaero-
bic digestion of vinasse derived from bioethanol manufacturing is studied on a laboratory-scale 
using a continuous stirred tank reactor pilot plant at mesophilic conditions (37°C). The quantity 
of produced biogas from the vinasse was carried out under different operating parameters: pH, 
agitation, electric conductivity and hydraulic retention time (HRT). Results of this study show 
that inoculum/vinasse ratio of 0.3 presents removal effectiveness of pollution abatement close to 
91% for chemical oxygen demand (COD) and total suspended solids (TSS) which correspond to 
maximum biogas production up to 77% of methane for an optimal HRT of 21 d. However, inoc-
ulum/vinasse ratio of 0.5 leads to lower removal of COD (85%) and TSS (82%) which represent a 
total biogas production of only 52%. This study allows us to suggest that the inoculum/vinasse 
ratio of 0.3 is the appropriate value for the removal of pollution and the production of biogas from 
vinasse, which is approved by the t-student statistic test of the p-value significantly lower than the 
significance level α = 0.05.

Keywords:  Anaerobic digestion; Mesophilic conditions; Continuous stirred tank reactor; Vinasse; 
Biogas; Pollution load

1. Introduction

Renewable energy has become necessary to remove car-
bon from the global economy and mitigate global climate 
change by exploiting biomass. The consumption of renew-
able energy continues to grow strongly. In 2017, global 

renewable energy consumption has grown at an annual 
rate of 5.62%, which is 2.95 times higher than the annual 
growth rate of primary energy consumption [1]. According 
to statistics from the 21st Century Renewable Energy Policy 
Network (REN21), biomass energy accounted for around 
12.8% of global energy consumption in 2016 [2]. Therefore, 
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Morocco is turning to more interest in renewable energies; 
since 2009, the Kingdom of Morocco has adopted an energy 
strategy that has set for the objective of the rise of renewable 
energies, the strengthening of energy efficiency and regional 
integration [3]. Several factual elements attest to Morocco’s 
commitment to building a carbon economy, with the objec-
tive of achieving at least 52% of renewable energy in the 
energy mix by 2030.

Vinasse is a waste from the distillery industries caus-
ing major environmental problems around the world. 
It is also called stillage or molasses wash in Asian coun-
tries [4]. It is the biggest source of pollution in the ethanol 
industry. The new increase is foreseen in the production 
of bioethanol dramatically increases the volume of dis-
tillation residue. This trend exacerbates worldwide the 
problem of its use since the quantity of vinasse obtained 
is more than ten times the quantity of bioethanol pro-
duced [5]. Over 95% of ethanol production comes from the 
sugar and starch industries and it contributes up to 42% 
and 58% of total production, respectively [6]. If these res-
idues are released into the environment without a proper 
disposal method, it can lead to environmental pollution 
and harmful effects. In addition, this untreated waste cre-
ates different problems with climate change by increasing 
the number of greenhouse gases [7]. The high chemical 
oxygen demand (COD) of these untreated wastes are also 
suitable conditions for the growth of various pathogenic 
fungi and bacteria [8]. The restrictive laws prohibited the 
direct and indirect discharge of vinasse into water bodies 
[9], which encouraged the search for solutions to reduce 
the negative environmental effects of vinasse.

Anaerobic digestion (AD) or bio-digestion can be con-
sidered the primary alternative for the management of still-
age in sugarcane and beet bio-refineries. AD has significant 
advantages, including a reduction in the polluting organic 
load of vinasse, the potential recovery of bioenergy from 
biogas and the potential for improving the profitability of 
bio-refineries through the production of surplus electric-
ity, based on the combustion of biogas of the movers [10]. 
Bioethanol is by far the most widely used biofuel for trans-
port around the world, as it is a non-toxic, biodegradable 
and oxygenated resource, offers the possibility of reducing 
particulate emissions in ignition engines by compression 
[11]. Around the world, fuel ethanol could reach 10%–20% 
of gasoline consumption by 2030, requiring a seven-fold 
increase in ethanol production capacity compared to 
estimate from 2005 [12], in previous work the advantages 
and the capacity of biogas production optimal from vinasse 
are provided [13,14].

The main objective of the present study is to examine 
the potential of biogas produced from vinasse derived from 
the manufacture of bioethanol using a laboratory-scale con-
tinuous stirred tank reactor (CSTR) pilot plant in a batch 
mode according to the inoculum/vinasse ratio. Particular 
attention has been paid to its efficiency in removing pollu-
tion load and to the amount of biogas produced according 
to operational parameters, such as pH, hydraulic retention 
time (HRT), agitation speed and temperature. Statistical 
analysis using software XLSTAT v.14 and Minitab v.18 is 
carried out to evaluate the performances of two ratios of 
inoculum/vinasse in the biogas and methane production of 
the AD of vinasse.

2. Materials and methods

2.1. Inoculum and substrate sampling

The start of the AD process requires the use of inoculum 
and the substrate to be treated.

The inoculum used in this study was recovered from 
inside an anaerobic digester at the wastewater treatment 
plant of Fez City.

The substrate used in this study is the vinasse that comes 
from the ethanol manufacturing process by the Sotrameg 
Company “Molasses Transformation Company” (Molasses 
Processing Company of Gharb, Souk EL HAD, Municipality 
Benmansour, Province of Kenitra, Morocco). The com-
pany is installed in the plain of Gharb (Region of Kenitra) 
of Morocco since 1975. The main activities of Sotrameg 
are the industrial production of alcohols and liquid gases. 
Sotrameg produces ethanol by mesophilic fermentation 
of molasses with Saccharomyces cerevisiae. Fig. 1 shows the 
scheme process of vinasse and ethanol production.

2.2. CSTR reactor configuration

The CSTR used in this study was provided by the com-
pany Cosimi/Deltalab, France. Fig. 2 shows an overview 
of the pilot plant that consists of four parts: a feed tank, a 
reactor tank and a liquid introduction lock installed at the 
top of the reactor manages the opening of the solenoid 
valve V13, it is filled to the high level using pumps P1, P3 
or P4. The reactor tank is coupled to a heating group able 
to delivering regulated water up to 95°C. The temperature 
of the heat transfer fluid is programmed on the group. The 
resulting product temperature is displayed on the control 
cabinet temperature display. To monitor the produced bio-
gas a gas flow meter was installed at the outlet of the reactor 
to the monitoring of the weight of the gas. Table 1 presents 
the characteristics of the equipment’s CSTR reactor. The 
electrical box displays the temperature, gas flow, pH, redox 
potential, reactor stirrer timer and speed, pump timer.

2.3. Batch system experiments

Batch system experiments are carried out over a period 
of about 6 weeks in the mechanically stirred bioreactors 
with a digester volume of 50 L. Before feeding the reactor, 
the vinasse and the inoculum undergo a pre-filtration step 
through a filter to remove large particles, then the reactor 
is automatically inoculated with a predetermined quantity 
of the mixture composed under the following operating 
conditions:

•	 Mesophilic conditions (37°C);
•	 HRT of 3 weeks;
•	 Stirring speed of 20 tr/min.

Under these operating conditions, the experiment is sub-
jected in batch mode for two ratios:

•	 Inoculum/vinasse of 0.3;
•	 Inoculum/vinasse of 0.5.

2.4. Analytical methods

The inoculum and vinasse are analyzed before and 
during the operation respectively. At the end of the digestion 
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process, that is, after 3 weeks, the collecting digestate (mix-
ture composed) is analyzed. Various physicochemical 
parameters are determined such as COD, dry matter (DM), 
total suspended solids (TSS), volatile solids, mineral solid 
in accordance with standard methods [15,16]. All these 
parameters are measured daily, Table 2 reporting the type 
of analysis and the instrument used in this study. The main 
compositions of raw inoculum and vinasse used in the 
experiments are presented in Table 3.

The reactor stability operation has been controlled 
by monitoring the volatile fatty acids (VFA) and the pH. 
Together VFA and pH are good indicators for the AD process. 

The composition of the produced biogas (CH4, CO2, H2S 
and O2) is analyzed with a gas analyzer (Multitec 545).

The multivariate statistical method of samples is applied 
by multivariate statistical study through statistical software 
XLSTAT v.14 and Minitab v.18 to evaluate whether there 
is a statistical difference in the average biogas production 
of the samples tested in the reactor.

3. Results and discussion

3.1. Stability of the digester

To study the stability of the digester, the monitoring 
of pH is part of the daily monitoring, its value may vary 
depending on the phase of AD. The biogas production 
rate will decline at pH conditions higher or lower than 
the appropriate range [17]. The optimum for the pH of the 
mesophilic AD range is close to neutrality, varying for each 
type of bacteria and it is between 6.5 and 7.5 [18]. In our 
study, Fig. 3 shows that the pH in the reaction medium is 
controlled for the ratio 0.3 and is in the neutrality range 
during the 21 d of AD, this is explained by the consump-
tion of VFA and the presence of bicarbonates produced 
by methanogenic bacteria, which promote better biogas 
production. For the 0.5 ratio, the pH is kept constant during 

Fig. 1. Scheme of the Sotrameg plant for bioconversion process of molasses.

Fig. 2. Schematic diagram of the continuous stirred tank reactor system. A: Dilution tank; B: Feed tank; C: Antifoam tank; 
D: Introductory airlock; R: Stainless steel reactor; P1: Peristaltic recirculation pump; P2: Substrate recirculation pump; 
P3: Substrate feed pump; P4: Antifoam peristaltic pump.

Table 1
Characteristics of the equipment’s continuous stirred tank 
reactor

Equipment Characteristics

Reactor Stainless steel reactor of 70 L total
Dilution tank Substrate dilution tank of 25 L
Feed tank Feed tank of 60 L
Gas flow meter Bronkhorst brand
Heating group Capacity: 6 kW, 95°C
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the 21 d of AD around 8.4. This increase in pH promotes a 
decrease in the degradation of organic matter as a result of 
disturbance of the reaction medium caused by the presence 
of other compounds such as hydrogen sulfide (H2S/HS–/
S2–, pKa 7.1 and 13.3) which promoting pH imbalance and 
inhibition of bacterial flora.

3.2. Removal of COD, TSS and DM

The concentration of COD decomposition is called COD 
removal.	In	the	literature,	Lutosławski	et	al.	[19]	stated	that	
1 g of COD will be destroyed in to 0.395 L biogas at 35°C 
and 1 atm. In this research, the COD of the substrate to 
be treated will be decomposed by microorganisms in the 
digester during the AD process. Fig. 4 shows the variation 
of COD both ratio (0.3 and 0.5) as a function of time under 
the operational conditions shown below. COD is mea-
sured daily for three weeks. On the first day, a maximum 

increase in COD of around 60.000 mg/L is observed for 0.3 
ratio compared to 0.5 ratio which is around 69,000 mg/L. 
Throughout the experiment, COD gradually decreases for 
the two ratios (0.3 and 0.5). In the last days, COD reaches 
minimum values of around 10,000 and 5,000 mg/L respec-
tively for the ratio 0.3 and 0.5. In this research, the vari-
able 0.3 exhibits a significant elimination of COD during 
21 d of HRT compared to the variable 0.5 which represents 
the smallest elimination at the start of AD until the 18th 
day. However, these results show that the methanogenic 
bacteria of the reaction medium exhibits better acclima-
tization with a ratio of 0.3 than 0.5. This behavior could 
be explained by the fact that the fermentation process in 
the digester with the ratio of 0.5 is dominated by the aci-
dogenesis step and the activity of methanogenic bacteria 
did not grow well in the system. In fact, these results have 
been clearly explained with the initial composition and 
the quantity of organic matter in the digester which rep-
resent the main factor in the advancement of AD and the 
adaptation of microorganisms in order to obtain a better 
degradation of organic matter which is resulted in signifi-
cant biogas production. Many studies demonstrate that the 
COD removal in the digester was related to the nature of 
the substrate and the conditional operations [20]. In their 
study, Syaichurrozi and Sumardiono [21], stated that the 
COD removal was the biggest for vinasse/water ratio of 0.3 
than the other variables under the operational conditions 
of room temperature in batch mode.

Figs. 5 and 6 illustrate the concentration of DM and 
TSS in the digester as a function of the time for both ratios 
(0.3 and 0.5) during AD. Fig. 5 shows that the DM concen-
tration is reduced during AD of 21 d and it reaches the 

Table 2
Parameters analyzed and instrument used

Parameters Instrument used

Chemical oxygen demand Programmable DCO Reactor 12 Workstations: LABO-MODERNE France  
References: BOT1200

Biochemical oxygen demand Oxitop IS 12: Labo and Co., French Company
pH A JENWAY 3510 Type pH Meter: Fabrimat French Company
Electric conductivity An inoLab Type Conductivity Meter: XYLEM ANALYTICS France
Volatile solid, mineral solid Milian SA Dutscher Group

Table 3
Characteristics of raw inoculum and vinasse

Parameters Inoculum Vinasse

pH 8.1 ± 0.3 7.4 ± 0.2
Electric conductivity, mS/cm 11.87 ± 0.52 31.3 ± 0.78
Chemical oxygen demand, g/L 17.48 ± 0.25 75.00 ± 12.54
Total suspended solid, g/kg 151.74 ± 10.07 50.94 ± 3.22
Volatile solid, g/kg 52.63 ± 2.4 25.53 ± 1.3
Mineral solid, g/kg 99.12 ± 3.24 25.41 ± 1.32
Dry matter, g/L 26.23 ± 1.76 53.79 ± 3.64

 
Fig. 3. pH vs. time during anaerobic digestion of vinasse for the two ratio inoculum/vinasse.
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minimum values of 10,112 and 7,237 mg/L respectively for 
the ratio of 0.3 and 0.5. Following these results, a significant 
difference average between DM concentration between the 
ratios 0.3 and 0.5 is obtained. According to this result, the 
concentration of TSS (Fig. 6) is more significant for the ratio 
0.3 than for 0.5 with minimal degradation of 8.9 and 3.5 for 

the ratios 0.3 and 0.5, respectively. This lowest concentra-
tion obtained with the ratio of 0.5 is explained by supply-
ing the reactor with organic matter and the substrate and 
also by the accumulation of mineral matter in the acidogen-
esis phase which dominates and causes the deactivation of 
methanogenic bacteria and a disruption of the metabolism 

Fig. 5. Variation of dry matter as a function of the time for both ratios (0.3 and 0.5).

Fig. 4. Variation of chemical oxygen demand as a function of the time for both ratios (0.3 and 0.5).

Fig. 6. Variation of total suspended solids as a function of the time for both ratios (0.3 and 0.5).
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of the bacterial flora. This phenomenon is caused by the 
value of the pH in the reactor where the methanogenic bac-
teria did not grow in the high pH, greater than the optimum 
range of AD (pH = 6.8–7.5). This research is conducted to 
demonstrate the important quantity of TSS in the digester. 
Variation of inoculum/vinasse ratio causes a change in 
TSS concentration and COD content in the digester lead-
ing to the production of the highest biogas and methane. 
Another study stated that the vinasse/water ratio of 0.3 
produces the biogas quantity of 35 mL for the content of 
TSS and COD of 7.015% and 76.42 g respectively [22]. So 
according to the results of this work, the degradation of 
the organic matter in the digester is related to the nature of 
the substrate and the operational conditions which activate 
the microorganism’s and accelerate the acetogenesis stage; 
acetogenic bacteria converts ethanol, propionate acid and 
butyric acid into acetic acid [23].

3.3. Effectiveness of pollution abatement

Table 4 presents a comparison of the pollution reduc-
tion efficiency of the parameters COD, TSS and DM for 
both ratios of 0.3 and 0.5. It appears that 85% of the COD is 
removed for the ratio 0.5 ratio, in comparison to 91% for the 
ratio of 0.3. This result indicates that increasing COD concen-
tration in the digester causes an increase in COD removal. 
Concerning the TSS and DM parameters, the results show 
a removal efficiency of 91.3% and 92% respectively for the 
ratio of 0.3 and 82 % and 86% for the ratio of 0.5. The highest 
effectiveness of pollution abatement is obtained with a ratio 
of 0.3. It shows that there has been a good decomposition 
of organic material by microorganism’s activity.

3.4. Biogas production and composition

The comparison of biogas production rate as a function 
of the inoculum/vinasse ratio is shown in Fig. 7. The vinasse 
is composed of mineral and organic matter such as mag-
nesium, zinc, phosphorus, acetic acid [24]. In this study, 
the best output of biogas is recorded after the 15th day. 
The ratio of 0.5 exhibits lower biogas production than the 
ratio of 0.3. For the variable ratio of 0.3, the biogas produc-
tion is highest and faster. It increases from the 16th until 
the 18th day, thereafter the biogas production decreases 
faster. The total biogas produced for the ratios of 0.3 and 
0.5 is 5,500 mL/kg COD and 1,000 mL/kg COD respectively. 
These results explain the relationship between the initial 
concentration of organic matter and the activity of bacte-
ria flora. The composition of the biogas produced in the 
digester for the two ratios is shown in Table 5. The ratio 
of 0.3 presents the highest gas methane production of 77% 
which corresponds to an interesting quality of biogas from 
the energy standpoint. According to Barrera et al. [25], a 
large quantity of organic matter presents in the vinasse 
under suitable operating conditions for the bacterial flora 
for hydrolysis and methanogenesis generate a large quan-
tity of biogas and methane. Indeed, the smallest proportion 
of methane gas produced (40%) is obtained for the ratio 
of 0.5. These results can be explained by the presence of 
substrates rich in sulfur proteins and sulfates which can 
lead to an increase in the production of hydrogen sulfide 
(H2S). H2S is a toxic element for methanogenic bacteria 
because it causes inhibition in the methanogenic phase.

These results are confirmed by the proportion of H2S 
produced at the level of the biogas for a value of 15% of the 
total quantity of the biogas produced. The level of hydro-
gen sulfide produced during the AD stage greatly impacts 
biogas production [26]. According to these results, several 
studies have demonstrated the feasibility of biogas pro-
duced from vinasse using AD. However, this approach has 
been suggested by the nature of the substrate and the oper-
ating conditions [27]. Marques dos Reis et al. [28] evaluated 
the methane and biogas production from sugarcane vinasse 
in an anaerobic fluidized bed reactor under the specific con-
ditional experiment. In concluding this section, AD of the 
vinasse is a reliable solution for the production of biogas 

Table 4
Effectiveness of pollution abatement of both ratios (0.5 and 0.3)

Parameter Treated substrate

Ratio: 0.5 Ratio: 0.3

Chemical oxygen demand, mg/L 85% 91%
Total suspended solid, g/kg 82% 91.30%
Dry matter, mg/L 84% 92%

Fig. 7. Effect of inoculum/vinasse ratio on biogas production rate. 
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under specific operational conditions, which can be valued 
as a source of renewable energy, and that will allow the 
industry to save significant gains.

3.5. Statistical test

In this study, the statistical test is carried out to con-
firm the difference between the two ratios tested by the 
Boxplot comparison diagram (Fig. 8) which shows a clear 
difference in the studied parameters (COD, DM and TSS) 
with a better degradation of organic matter for the ratio 0.3 
than 0.5.

The Student test is a parametric test which is consisted 
of comparing two independent samples under the satisfac-
tion of the two conditions such as; the test of normality and 
that of equality of variance. The statistical test, including 

the Student and Wilcoxon test, shows the difference (the 
calculated p-value is lower than the level of significance 
α = 0.05 and the degree of freedom (DF = n1 + n2 – 2) between 
the two ratios relative to the quantity of biogas produced 
during the AD (Table 6). However, the ratio of 0.3 is efficient 
in terms of organic matter degradation (COD and TSS of 
91%; 91.3% respectively) and of the biogas production of 
methane (77%) compared to the ratio of 0.5 which exhib-
its the smaller biogas production corresponding to 40% of 
methane. These results are confirmed by the effectiveness 
of the pollution load abatement during the experiment of 
HRT 21 d. Indeed, concerning the biogas production of 
two ratios 0.3 and 0.5, the Wilcoxon test is used instead of 
the Student test since the normality test is not satisfactory 
by rejecting the null hypothesis (Table 6). In this case, the 
test is highly significant for the two ratios 0.3 and 0.5 with 

Table 5
Produced biogas composition by % volume

Biogas composition Carbon dioxide (CO2 %) Hydrogen sulfide (H2S %) Dioxygen (O2 %) Methane (CH4 %)

Inoculum/vinasse; ratio 0.3 17 2 2.2 77
Inoculum/vinasse; ratio 0.5 24 15 4 40

Table 6
Representation of test t student

Parameters T-value DF p-value Threshold meaning

Chemical oxygen demand –2.03 40 0.047 0.05
Dry matter –2.27 40 0.029 0.05
Total suspended solid –4.22 40 0.000 0.05
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Fig. 8. Boxplot of the parameters chemical oxygen demand, total suspended solids and dry matter.
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p-value = 0.000 which is lower than the threshold meaning 
α = 0.05 (Table 7).

4. Conclusion

This study evaluates the biogas production of vinasse 
using AD by CSTR reactor. The amount of biogas pro-
duced is proportional to the degradation of organic mat-
ter. Inoculum/vinasse ratio of 0.3 presents removal effec-
tiveness of pollution abatement up to 91%; 91.3% of COD 
and TSS respectively correspond to maximum biogas 
production up to 90% for an optimal time HRT of 21 d. 
However, the inoculum/vinasse ratio of 0.5 exhibits the 
smaller removal of COD and TSS which represents a total 
biogas production of 52%. This difference for both ratios 
is confirmed by the one-sided statistical test on the right 
of Wilcoxon with the p-value below the significance level 
α = 0.05. This phenomenon is linked to the initial concen-
tration of organic matter and the activity of the meth-
anogenic bacteria in the digester. Finally, in this study, 
the inoculum/vinasse ratio of 0.3 is the best variable for 
removing pollution and producing the highest quantity of 
biogas from vinasse sewage.
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a b s t r a c t
This work aims at evaluating the accuracy of Tiraferri’s model introduced in 2013 for predicting 
water flux through the forward osmosis (FO) membrane. To this end, a database of FO membranes 
with their intrinsic parameters and experimental water fluxes was thus constituted. The model was 
solved numerically in Python Software, first by considering the contribution of external concentra-
tion polarization (ECP), and by neglecting it. Using the pressure retarded osmosis mode model, 
the mass transfer coefficient was adjusted to fit the experimental data to the transport equation. 
The predicted water fluxes are mostly in agreement with the experimental data, with a resulting 
mean absolute error (MAE) of 9.18%. This study also shows that the error caused by ECP is less 
than 1% when deionized water is used as feed solution in FO mode. Because of the reverse salt 
flux, the ECP was found higher when membranes with high water or salt permeability are tested. 
The error in van’t Hoff prediction, from which the model is based, was found to be low when the 
draw solution has a concentration in the range of 1 to 2.3 M. Some of the studied membranes exhibit 
however high MAE, possibly explained by errors from van’t Hoff prediction or errors in the mem-
brane parameters. This latter source of error was not accounted for in this study.

Keywords: Forward osmosis; Modelling; Membranes

1. Introduction

Recent years have seen renewed interest in forward 
osmosis (FO) for water treatment and purification due to 
its potential to reduce the energy bill [1]. FO process rely on 
the difference in osmotic pressure across a semi-permeable 
membrane to induce a flow of water from a solution with 
a low concentration of solute (feed solution or FS) to a high 
concentration solution (draw solution) [2–4]. The draw 
solution (DS) is subsequently separated from the permeate 
to be reused [5]. While the FO process operates using a ther-
molytic DS, low-grade energy is required in the regeneration 
stage [6].

While the performance of a FO membrane is character-
ized by its water flux (Jw) and reverse salt flux (Js or RSF), the 
performance of a FO system will depend on diverse criteria. 
Among those are the properties of the membranes used, the 
physical properties of FS and DS (osmotic pressures, solute 
diffusivity), the operating conditions (temperature, cross-
flow velocity) and the FO module configuration, etc. This FO 
membrane can be either asymmetrical, having a dense part 
underneath a porous one, or composite, having a selective/
active layer over a support layer (Fig. 1). Three distinct para-
meters serve to characterize the FO membrane which is the 
water permeability “A”, solute permeability “B” and struc-
tural parameter “S” [2,7]. At least two distinct methods can 
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be used to determine the membrane parameters. The most 
used is a two-step process that involves both reverse osmo-
sis (RO) and FO tests [8,9]. The factors determining the FO 
system performance are themselves measured experimen-
tally through FO tests [10].

Mathematical modeling is nowadays a good strategy to 
evaluate the performance of FO systems. It allows system 
visualization and a better understanding of its behavior. It 
also highlights the effects of various parameters on the sys-
tem, which can help in designing the FO membrane and opti-
mizing the operating conditions.

The present work focuses on water flux modeling. The 
mass transfer through an FO membrane was described 
through physical and semi-empirical models for a long 
period [11]. Tiraferri et al. [7] proposed a method for the 
simultaneous determination of the A, B and S parameters of 
FO membranes. This method consists of fitting the FO trans-
port models to experimental water and salt fluxes. To this 
end, they developed a new model describing the water flux 
through FO membranes, which was inspired by Yip et al.’s 
work [12]. Since its introduction, few works in the literature 
have addressed the accuracy of this model. It is thus essential 
to evaluate it in various operating conditions and different 
membranes.

This work thus aims at studying the accuracy of this 
model. A database of FO membranes was constituted from 
available scientific research, which includes the intrinsic 
parameters of membranes, experimental water fluxes, etc. 
The mathematical model is solved iteratively on Python 
Software using the “Levenberg–Marquardt (LM)” algorithm 
integrated into the scipy optimize package. The predicted 
water fluxes are compared afterward with experimental data.

2. Water flux modeling

The general equation of the water flux through an FO 
membrane is given by the following [13]:

J A Pw = −( )σ π∆ ∆  (1)

where Jw is the water flux (in m/s); A is the water perme-
ability of the membrane (m/s Pa); σ is the reflection coef-
ficient; Δπ represents the difference in osmotic pressure 
(in Pa) between the FS and DS solutions and ΔP is the 
applied pressure (in Pa).

The reflection coefficient takes into account the back 
diffusion of solutes across the membrane. σ value of 
0 means that solutes cannot be retained by the mem-
brane, whereas a complete rejection of solutes yields 
a value of 1. The water flux given by Eq. (1) is however 
theoretical. In practice, the water flux is affected by the 
concentration polarization (CP) phenomena occurring 
in the FO process, which reduces the osmotic pressure 
across the membrane selective layer (Fig. 1).

The CP phenomena can be either internal concentra-
tion polarization (ICP) when it takes place within the sup-
port layer, or external concentration polarization (ECP) 
when it occurs on the active layer side [1,13,14]. CP can 
be considered dilutive when it induces dilution of the 
DS, whereas concentrative CP is the accumulation of sol-
utes on the membrane surface. The presence of this CP 
reduces the osmotic pressure gradient across the mem-
brane, resulting in lower water flux. This will be influenced 
by the operating mode of the FO membrane. In FO mode, 
the active layer of the membrane will face the FS but will 
face the DS instead when operating in pressure retarded 
osmosis (PRO) mode. It is known that ECP has less effect 
on the water flux than ICP when the membrane is in FO  
mode [15].

The model studied is established using the mass trans-
fer equations of solutes across the membrane [7] and van’t 
Hoff’s equation [Eq. (2)] which expresses a linear rela-
tionship between the osmotic pressure and the concen-
tration. The semi-empirical model in FO mode is given by 
Eq. (3) [7]:

π = i C R T    (2)
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where k is the mass transfer coefficient defined as the ratio 
between the solute diffusivity (D) and the thickness of the 
boundary layer (δ) (Fig. 1), resulting in the accumulation of 
solutes on the membrane surface; S takes into consider-
ation the impact of the support layer structure on the water  
flux.

 
Fig. 1. Concentration profile across an FO mode-oriented membrane.
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represents the reflection coefficient of the solutes σ. The 
degree of ICP for a membrane can be appreciated via the 
structural parameter, with lower S values yielding lower 
ICP [11]. The FO membrane should thus be designed to 
minimize the S value to mitigate ICP.

S is expressed as a function of the tortuosity (τ), porosity 
(ε) and thickness (δ) of membranes as follows.

S =
τδ
ε

 (4)

The water flux prediction model for the PRO mode is 
described as follows [12]:
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3. Database and methodology

3.1. Determination of membrane parameters and 
experimental water flux

The intrinsic water permeability A and the solute per-
meability B of FO membranes are generally established 
using a RO system. The pure water flux JwRO

 is then calculated 
by dividing the volumetric permeate rate by the membrane 
surface. Water permeability and solute rejection (R) are 
calculated from the following expressions [10]:

J V
t Aw

m
RO  

=
∆

∆
 (6)
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∆
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 ×1 100%  (8)

where Cp and Cf are the concentrations of solutes in per-
meate and feed, respectively, which can be determined by 
simple electrical conductivity measurement. R coefficient 
defines the amount of solutes in the feed solution that is not 
able to cross the semipermeable membrane.

Solute permeability is calculated based on the solution–
diffusion theory according to Eq. (9) [16]:
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The structural parameter is determined using a FO 
system and the classical model of ICP described by Eqs. (10)  

and (11) in PRO mode and FO mode, respectively [17]. 
The JwFO

 is calculated as in Eq. (7).
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3.2. Database and calculation of fluid properties

To perform this study, 10 R&D membranes available 
in the literature were selected. The water flux of these 
membranes was calculated using the model described by 
Eq. (4), while respecting the experimental testing condi-
tions summarized in Table 1.

In all studied experiments, NaCl and deionized (DI) 
water are used as DS and FS, respectively. The osmotic 
pressure is calculated using Eq. (5) which describes a 
non- linear relationship between the osmotic pressure and 
concentration of NaCl [26]. This relationship is obtained 
from fitting the simulated data in OLI STREAM software 
for a temperature of 25°C.

π = × + × +3 805 42 527 0 4342. . .C C  (12)

The diffusivity coefficient was estimated using the 
following [26]:

D C= − × × + ×− −1 025 10 1 518 1010 9. .  (13)

The mass transfer coefficient “k” is dependent on the 
characteristics of the test cell (length, width, etc.), operat-
ing conditions (crossflow velocity, temperature, etc.), solu-
tion properties (viscosity, solute diffusivity), etc. [27]. Since 
the mass transfer coefficient or dimensions of the test cells 
are not always available in the literature, k is determined 
using the water flux model in PRO mode [Eq. (5)]. The objec-
tive is to adjust k to fit the PRO transport equation to the 
experimental data [10].

3.3. Model calculation in Python

To calculate the FO water flux, the model was imple-
mented in Python Software using the LM algorithm [28] 
integrated in scipy optimize package [29]. This algorithm 
allows solving the model by iteration. LM has the advantage 
of taking less time to converge [30]. To reduce the conver-
gence time, it is important to take an initial value close to 
the expected solution. To deal with this, the experimental 
water flux is given as the initial value. The solving procedure 
involves first calculating the osmotic pressure and diffusivity 
of the DS using Eqs. (13) and (14), respectively, taking into 
account concentration. The values obtained for diffusivity 
and osmotic pressure, as well as the mass transfer coeffi-
cient and intrinsic parameters of the membranes, are given 
as input parameters for the model which is then solved the 
iterative procedure implemented in Python is presented 
in Fig. 2. The model accuracy is evaluated by comparing 
the predicted water fluxes and the experimental data.
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4. Results and discussion

4.1. Water flux neglecting ECP

The water flux was first predicted by assuming that ECP 
did not occur at the membrane surface, since DI water is 
used as FS. Tiraferri et al. [7] neglected ECP since the built-up 
of solutes at the active layer surface could be avoided as 
they used DI water as FS. The solute back diffusion is also 
assumed minimal to induce ECP. ECP can be minimized 
by increasing turbulence at the membrane surface [13].

The predicted and experimental water fluxes of mem-
branes are summarized in Table 2. For each membrane, the 
water flux and error experimental (standard deviation) are 
given for each considered DS concentration. The model 
is considered as accurate when the difference between 
the experimental and predicted water flux is less than 
the experimental error.

The results summarized in Table 2 show that predicted 
water fluxes fit mostly with the experimental fluxes, a mean 
absolute error (MAE) of 9.18% being obtained when con-
sidering all of the studied membranes. Increasing the DS 

concentration leads to improved water flux as the osmotic 
pressure gradient across the membrane is the driving force 
responsible for water transport. The results also reveal 
that the model predicts the water flux with sufficient 

Table 1
Database of membranes

Membranes A (LMH/bar) B (LMH) S (µm) Reference

M1 1.65 0.12 167 [10]
M2 1.61 0.20 241 [10]
M3 2.97 0.39 334.6 [18]
M4 0.43 0.05 210 [19]
M5 0.52 0.09 630 [20]
M6 3.03 2.92 2090 [21]
M7 1.25 0.54 392 [22]
M8 1.47 0.278 168 [23]
M9 7.6 0.5 172 [24]
M10 3.16 0.55 553 [25]

Fig. 2. Iteration procedures implemented in Python Software.
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accuracy for most of the studied membranes. Only M1, M3 
and M9 membranes are exceptions to this trend, with MAE 
of 3.41%, 14.11% and 17.34% respectively obtained.

For M1 and M3 membranes, the model is accurate in 
predicting the water flux only when the DS concentration 
is below 2 M. In the case of the M9 membrane, the pre-
dicted water fluxes do not match the experimental values 
for any concentration between 0.25 and 1.5 M. A compari-
son of the predicted and experimental water fluxes for M1 
and M9 is presented in Fig. 3.

The error in model prediction could be attributed to 
an ECP caused by RSF, as M1 and M3 membranes do not 
fully reject solutes. RSF is driven by the diffusive flux of 
solutes induced by the concentration gradient across the 

membrane and the convective flux of solutes due to water 
molecule’s transport across the membrane. RSF may be 
more significant for M1 and M3 given that higher DS con-
centrations are used, resulting in a high RSF. It is worth 
noting that DS concentrations lower than 2 M are also 
involved for all other membranes. Under these conditions, 
the reduced concentration gradient across the membranes 
yields however a lower diffusive flux. Membranes having 
low salt permeability like M4 and M5 are further subject 
to a minimal RSF. When DI-based FS are used, ECP may 
be neglected either if low DS concentration and highly 
selective membranes are implemented, or if membranes 
with low water permeability are tested. In the case of M9, 
a high RSF may be linked to a dominant convective flux 

Table 2
Comparison of experimental and predicted water fluxes when ECP is neglected

Membranes DS concentration (M) Experimental water 
flux (JwEXP

) (LMH)
Predicted water flux 
JwnoECP

 (LMH)
J J

J
w w

w

noECP EXP

EXP

−
MAE (%) Model 

accuracy

M1

0.5 20 ± 1 20.113 0.565%

3.42%

accurate
1 30 ± 1 30.3 1.000% accurate
2 42 ± 1 43.32 3.143% not accurate
3 55 ± 1 52.283 4.940% not accurate
4 64 ± 1.5 59.241 7.436% not accurate

M2

0.5 18 ± 2 17.045 5.306%

4.3%

accurate
1 25 ± 2 24.846 0.616% accurate
2 37 ± 2.5 34.503 6.749% accurate
3 44 ± 2 41.021 6.770% not accurate
4 47 ± 2.5 46.029 2.066% accurate

M3

0.5 –17.5 19.735 12.77%

14.11%

–
1 25 ± 5 26.611 6.44% accurate
2 40 ± 2.5 34.588 13.53% not accurate
3 48 ± 5 39.761 17.17% not accurate
4 55 ± 1.5 43.649 20.64% not accurate

M4
0.3 6 4.825 19.58%

9.04%
–

1 13 ± 1.5 12.418 4.48% accurate
1.5 17 ± 2 16.481 3.05% accurate

M5

0.1 2 ± 0.5 1.945 2.75%

12.87%

accurate
0.5 5 5.9042 18.08% –
1 7.5 ± 2 8.7496 16.66% accurate
1.5 12.5 10.752 13.98% –

M6 1 7.5 ± 2.25 6.9668 7.11% 7.11% accurate
M7 2 24 ± 2.5 23.07 3.88% 3.88% accurate

M8

0.25 14 ± 4 11.557 17.45%

6.34%

accurate
0.5 17.5 ± 1.5 18.623 6.42% accurate
1 28 ± 5 28.388 1.39% accurate
2 41 41.018 0.044% accurate

M9

0.25 27 ± 2 31.503 16.68%

17.34%

not accurate
0.5 37 ± 2 43.373 17.22% not accurate
1 50 ± 2 57.335 14.67% not accurate
1.5 55 ± 1 66.436 20.79% not accurate

M10 1 18 ± 3 19.696 9.42% 9.42% accurate
MAE 9.18%
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linked to the high water permeability of the membrane of 
7.6 LMH/bar. Despite that the flux prediction for M5 and 
M8 are accurate, the obtained MAE remains however high 
due to the high experimental error. The mean error asso-
ciated with the van’t Hoff prediction could explain the 
high MAE obtained for some membranes. As illustrated in 
Fig. 4, the error from van’t Hoff predictions for the osmotic 
pressure is found to exceed 5% when concentrations are 
between 0.5 to 1 M, or greater than 2.3 M. This error will 
exceed 10% for DS concentration above 2.9 M. To achieve a 
minimal error caused by van’t Hoff predictions, a DS con-
centration in the 1 to 2.3 M a range of should be applied. 
The data obtained from OLI STREAM meet those predicted 
using the van’t Hoff equation at the 1.6 M concentration. 
It is well known that van’t Hoff relationship is solely 
applicable for very dilute solutions [31].

Low MAE values are obtained for M1 and M2 even at high 
DS concentrations. The high MAE obtained for some mem-
branes may therefore be associated with the measurements 
of membrane parameters, especially the structural parameter 
where its value depends on operating conditions [4]. Given 
the above considerations, it will be necessary to evaluate 
the impact of ECP on water flux for those membranes for 
which the model does not accurately predict the water flux.

4.2. Water flux considering ECP

The mass transfer coefficient was adjusted to minimize 
the variance between experimental data and the predicted 
values by the model in PRO mode [Eq. (5)]. The coefficient 
of determination, or R-squared (R2), which indicates how 
well the model fits the experimental data, was subsequently 
determined. The optimal k values achieved R2 values higher 
than 0.90. The PRO prediction model was used since RSF is 
more significant in PRO mode than in FO mode. The mem-
brane is, therefore, more prone to ECP when operated in 
PRO mode. The lower ICP in PRO mode also promotes a 
high water flux, which can induce a more severe ECP [32].

Table 3 reports the predicted water fluxes in FO mode 
for M1, M2, M4, M5 and M9 membranes when ECP is 
considered and neglected. Results show respective MAE 
of 3.41%, 4.34%, 9.13%, 12.86% and 16.85% when ECP 
is accounted for. These values are very similar to those 

obtained when ECP is not considered (Table 2), with dif-
ferences ranging from 0.07% to 0.49%. This indicates that 
ECP has less influence on the water flux when the mem-
brane is oriented in FO mode. The low impact of ECP 
could be attributed to the fact that DI water is used as FS 
and combined with FO membranes subjected to weak RSF 
in test conditions. As mentioned earlier, the contribution 
of ECP in reducing water flux in FO mode is far smaller 
compared to that of ICP. For M9, the impact of ECP on 
water flux is not negligible due to the significant convec-
tive flux of solutes with the high permeability associated 
with this membrane, as already assumed in the previ-
ous section. This highlights the fact that ECP cannot be 
neglected when electrolytic FS are used. ECP has however 
a very low impact on the M4 membrane, which exhibits 
a low boundary layer thickness resulting in a high mass 
transfer coefficient of 10–3. Because DI water is used as FS, 
ECP can only come from the reverse diffusion of solutes. 
Since M4 has a low permeability to solutes (0.05 LMH), 
it is very unlikely to be sensitive to ECP as shown in Fig. 5.

To evaluate the relationship between ECP and DS 
concentration, the difference between JwECP

 and JwnoECP
 was 

weighted by the average JwECP
 of membranes to account for 

the different orders of magnitude of JwECP
. It can be observed 

that increasing the DS concentration results in increased 
weighed difference for all selected membranes. Increased 

Fig. 3. Comparison of predicted and experimental water fluxes: (a) M1 membrane and (b) M9 membrane.

Fig. 4. Evolution of the error due to van’t Hoff for osmotic 
pressure prediction as a function of concentration.
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RSF severity with concentration could explain this, as 
higher gradient concentrations through the membrane are 
responsible for the flux of solutes.

It is worth noting however that inaccuracy of the model 
cannot be attributed to ECP given its small impact on the 
water flux. Errors in measuring membrane parameters, not 
accounted for in this study, could explain the high MAE 
obtained for some membranes.

5. Conclusion

The FO model for water flux was coded in python using 
the LM algorithm integrated in the scipy-optimize pack-
age. The water flux was predicted for 10 R&D membranes 
and the results were compared with experimental data. 
The results show that the FO model is good at predicting 
the water flux of membranes, having an MAE of 9.18% 
against experimental data. This work revealed that ECP 
influences the water flux less when the membrane operates 
in FO mode, especially when DI water is used as FS. High 
water permeability and high solute permeability mem-
branes are, however, vulnerable to RSF where the effects 
of ECP can be exacerbated when even highly dilute FS are 
tested. It was found that the error caused by ECP increases 
with DS concentration, but values lower than 1% can how-
ever be achieved. The error attributed to the van’t Hoff 
prediction was found at its lowest for DS concentrations 
between 1 to 2.3 M. High MAE were observed for some 
membranes that could be attributed either to van’t Hoff 
predictions, or to errors in measuring membrane parame-
ters. This study does not however account for such error in 
measurements. It would be important to progress towards 
models that consider the non-linear relationship between 
concentration and osmotic pressure to give better predic-
tions. Another challenge would also be to find methods 

Table 3
Evaluation of the contribution of ECP in FO mode

Membranes DS concentration 
(M)

JwPRO
 (LMH) k × 10–5 

(m/s)
JwECP

 
(LMH)

J J

J
w w

w

_ ECP EXP

EXP

−
MAE (%) Difference 

in MAE J J

J

w w

w
i

n
no_

_

_ECP

ECP

ECP
−

=
∑

1

M1

0.5 33 ± 1

6.5a

20.106 0.53%

3.41% 0.013%

0.017%
1 59 ± 1 30.292 0.97% 0.019%
2 100 ± 2 43.310 3.12% 0.024%
3 132 ± 1 52.272 4.96% 0.027%
4 157.5 ± 1 59.229 7.45% 0.029%

M2

0.5 30 ± 1

6.5a

17.036 5.36%

4.34% 0.039%

0.028%
1 52.5 ± 1 24.835 0.66% 0.034%
2 85 ± 1 34.491 6.78% 0.037%
3 105 ± 1.5 41.008 6.80% 0.040%
4 112.5 ± 1 46.015 2.10% 0.043%

M4
0. 3 7 ± 1

102
4.818 19.70%

9.13%
0.095%

0.062%
1 21.5 ± 2.25 12.406 4.57% 0.107%
1.5 28 ± 2 16.467 3.14% 0.125%

M5

0.1 2.5 ± 1

10.5

1.949 2.55%

12.86% 0.007%

0.058%
0.5 7.5 ± 1 5.911 18.22% 0.099%
1 12.5 ± 3.5 8.756 16.75% 0.094%
1.5 22 ± 1 10.758 13.94% 0.088%

M9

0.25 42 ± 2

1.9

31.358 16.14%

16.85% 0.49%

0.293%
0.5 65 ± 2.5 43.189 16.73% 0.372%
1 91 ± 5 57.106 14.21% 0.463%
1.5 108 ± 2 66.176 20.32% 0.526%

ak value experimentally determined [10]; JwECP
: predicted water flux considering ECP; JwnoECP

: predicted water flux without ECP; JwPRO
: experimen-

tal water flux in mode PRO. JwECP
 and JwEXP

 are given in Table 1.

Fig. 5. Comparison of predicted water fluxes with or without 
considering ECP for M4.
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that reduce the error associated with the determination of 
membrane parameters.
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