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a b s t r a c t
Dyes contamination causes serious damages to aquatic life and human health. With the increase 
in these persistent organic contaminants accumulation around the world, performant environ-
mentally friendly and low-cost materials and techniques are required to protect the ecosystem and 
humans. In this study, the efficacy of titania-smectite nanocomposites (Sm-TiO2 NCs) at removing 
indigo blue (IB) dye was assessed by both batch adsorption and hybrid treatment combining adsorp-
tion and ultrafiltration (UF) processes. During the adsorption, the effect of different parameters 
on IB removal such as dose of Sm-TiO2, contact time, pH and IB concentration were studied. The 
optimal conditions were applied for the Sm-TiO2 during dye removal using adsorption/UF hybrid 
treatment. At 293 K and pH 2.5, an optimized dose of Sm-TiO2 (100 mg/L) removed 73% of the IB 
from a 25 mg/L solution in 240 min with an equilibrium adsorption capacity greater than 180 mg/g. 
The adsorption of IB dye by Sm-TiO2 NCs followed the Langmuir adsorption isotherm model and 
pseudo-second-order kinetics. The thermodynamic studies revealed that the adsorption process was 
spontaneous and exothermic. When a hybrid process was applied, a higher IB removal capacity has 
been obtained with a lower dose of Sm-TiO2 compared to the case of the batch adsorption process. In 
addition, the presence of Sm-TiO2 NCs has been found to reduce the UF membrane fouling. In this 
case, the adsorption followed by UF treatment applied in two stages was modified to a single-stage 
hybrid process. Permeate flux was increased from 71 L/h m2 (only UF) to 182 L/h m2 (Sm-TiO2/UF).
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1. Introduction

Water, a valuable and necessary component of life, 
covers 71% of the earth’s surface with 97.5% salt water 
and 2.5% freshwater containing just 0.007% usable for the 
purpose of drinking [1]. The quality of the available part 
potentially usable by humans continues to deteriorate and 

sometimes irreversibly. Among the industrial sectors, the 
textile industry which usually uses dyes and a variety of 
chemical additives [2,3], is one of the largest consumers of 
water in the various treatment operations, producing signif-
icant amounts of polluted wastewater.

On another hand, the majority of industrial effluents 
are not adequately treated, resulting in substantial water 
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contamination. In particular, colored effluents contain high 
levels of dyes and other harmful substances, posing a major 
threat to drinking water quality and causing an adverse 
effect on soil fertility and fauna and flora environments 
[4]. Dyes have been shown in recent studies to be toxic and 
carcinogenic [5–7]. Mittal [7] reported that artificial dyes 
cause serious side effects, such as hyperactivity in children 
as well as cancer and allergies. So far, various treatment pro-
cesses based on physical, chemical and biological techniques 
have been the subject of extensive research over the last few 
decades [8–10]. Photocatalytic degradation, oxidation, coag-
ulation–flocculation, membrane filtration and adsorption 
have all been identified as techniques for textile wastewater 
treatment. However, because of its removal efficiency, ease 
of implementation, operational simplicity and low cost, the 
adsorption process is of great interest in water and waste-
water treatment [11,12]. Many adsorbents, such as activated 
carbon, bio-wastes, zeolite and especially clay materials have 
been identified to treat dye-contaminated waters [13]. In this 
way, Mittal et al. [14] observed that activated bottom ash 
and activated de-oil soya adsorbents exhibit good efficiency 
for indigo carmine dye removal at a pH range of 2–3 under 
all the temperatures, while the equilibrium was attained 
at a contact time of 2–2.5 h and 3–4 h, respectively.

Nanoscale adsorbents are also often used due to the large 
surface area and uniform sizes of their pores. They usually 
have different forms of nanocomposites, nanofibrous and 
magnetic nano-adsorbents [15,16].

Clay and clay–clay-based composite materials were 
found to be highly efficient adsorbents and present many 
advantages over other adsorbents since they are readily 
available, non-toxic, exhibit large surface area (and thus a 
high number of active sites) and relatively high porosity, 
a high sorption potential and low cost, which make them 
excellent candidates for the adsorption and elimination of 
toxic pollutants from wastewater streams [17]. For exam-
ple, Chang et al. [18] studied the adsorption of methy-
lene blue (MB) onto Fe3O4/activated montmorillonite NC. 
At 293 K and a pH of 7.37, the Fe3O4/Mt nanocomposite 
(NC) (500 mg/200 mL) removed 99.47% of the MB from a 
120 mg/L solution in just 25 min. The authors concluded that 
the Fe3O4/Mt NC had good stability and reusability. Indeed, 
identical removal rates were obtained after five cycles. For 
the removal of Pb(II) from aqueous solutions, Msaadi et al. 
[19] used the montmorillonite/mercaptosuccinic acid mate-
rial as an adsorbent. For an equilibrium time of 80 min, 
the maximum adsorption was found to be 74.7 mg/g. The 
authors confirmed that the activated clay by UV-triggered 
thiol-ene reaction was suitable to remove a toxic heavy 
metal ion from aqueous solutions.

The adsorption can be performed in the batch system or 
using a fixed-bed adsorption column. The choice of the mode 
of adsorption depends in general on adsorption properties 
(mesoporosity, surface area, uniformity of pore size [20].

At the same time, the development of low-cost mem-
branes from natural clays has got a lot of attention during 
the last decade, mainly due to their ability to satisfy sepa-
ration requirements in a variety of applications, including 
wastewater treatment [21]. However, in several areas, the use 
of one treatment technique remains limited and improve-
ments are needed to enhance some performances including 

permeability, selectivity, and antifouling [22]. For example, 
Bhattacharya et al. [23] used a ceramic microfiltration (MF) 
process alone or in combination with a biosorbent pre-
pared from fruit peels of Lagerstroemia speciosa to treat high 
organic loaded wastewater. They found that the hybrid sys-
tem revealed a lot of promise for treating and reusing high-
loaded organic wastewaters in agricultural activities. Kim 
et al. [24] found that the use of granular activated carbon 
as adsorbent combined with MF allows an enhancement of 
MF performance with 60% pollutants removal against only 
30% when using only MF. Interestingly, the combination 
of membrane filtration combined with the adsorption pro-
cess increased not only the removal efficiency of the dye 
and enhanced but also the permeate flux [25]. Adsorption 
and filtration technologies may be combined in many ways, 
including the use of adsorption as pretreatment to membrane 
filtration or in the hybrid system using one step integrating 
an adsorption unit with membrane filtration [25]. Previous 
studies revealed that the performances of a membrane/
adsorption hybrid system are dependent on the reactor con-
figuration, operating modes, adsorbent dosage, and effluent 
properties. For example, Hammami et al. [26] used a hybrid 
method that combined adsorption using powder-activated 
carbon (PAC) and ultrafiltration (UF) to remove dye (i.e., 
Acid orange 7) from an aqueous solution. It was found that 
using the hybrid process, the presence of a small amount 
of PAC adsorbent reduced UF membrane fouling and 
PAC dosage while an increase of the permeate flux and an 
improvement in the dye removal efficiency.

According to the authors’ knowledge, a small number of 
studies related to the hybrid membrane adsorption system 
have been accomplished. The majority of previous research 
has primarily concentrated on traditional hybrid systems 
that are run in a sequential manner.

The present work focuses on the use of Sm-TiO2 NC as 
an adsorbent and UF zeolite membrane for the removal of 
indigo blue (IB) in a hybrid system. Firstly, we are inter-
ested in the study of the effects of adsorbent dosage, reaction 
time, solution pH, initial dye concentration and temperature 
on the IB removal. Then the adsorption/UF zeolite mem-
brane (Sm-TiO2/UF) hybrid system applied in different 
configurations was investigated to determine the optimum 
configuration and experimental conditions for the best per-
formance to remove IB. For that, the effect of Sm-TiO2 dose, 
pH and initial IB concentration on the permeate flux and 
UF membrane fouling was determined.

2. Materials and methods

2.1. Dye solution

In this work, a novel hybrid clay-TiO2 NC adsorbent/zeo-
lite UF membrane was used to treat wastewater containing 
indigo blue (IB) dye (C16H10N2O2). IB is an organic dye, the 
most important of indigoid dyes, very useful in the textile 
industry, especially in the production of jeans (Fig. 1a). It is a 
dark blue crystalline powder. The latter is insoluble in water 
and poorly soluble in most common solvents, so it must be 
reduced to a soluble form (leuco form) through a strong 
binding agent (sodium hydrosulfite in our case). The compo-
sition of the synthetic solution provided by SITEX Company 
located in Ksar Hellal (Tunisia) is given in Table 1.
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2.2. Adsorbent

The adsorbent used in this study is smectite-titania-NCs 
(Sm-TiO2) prepared from natural clay (Fig. 1b). The smec-
tite was collected from Jebel Stah situated in the west of 
Gafsa City located in west-central Tunisia. This modified 
clay was prepared according to the sol–gel method pre-
viously reported by Aloulou et al. [27]. The specific sur-
face area (BET), the total pore volume and the mean pore 
size of the NCs (Sm-TiO2) are 92 m2/g and 0.19 cm3/g and 
8–12 nm, respectively. The methods of characterization 
were detailed previously [27]. Briefly, the total surface 
area, pore diameter and total pore volume of the Sm-TiO2 
NC were determined using the BET method and prob-
ing the solid surface with nitrogen as the gaseous adsor-
bate. The instrument used was an ASAP 2020 instrument 
(Micromeritics, France, S.A.R.L).

2.2.1. Fourier-transform infrared spectroscopy study

Fourier-transform infrared spectroscopy (FTIR) spectra 
were obtained from Sm-TiO2 before and after adsorption 
onto IB using a Bruker TENSOR 27 (Bruker Optics Ltd., 
Coventry, UK) FTIR spectrometer equipped with a diamond 
attenuated total reflectance module. The measurements were 
performed in the wavenumber range of 400–4,000 cm–1 at 
4 cm–1 resolution.

2.3. UF membrane

A tubular zeolite UF membrane (pore size of 0.18 µm 
and water permeability of 534 L/h m2 bar) previously devel-
oped in our laboratory by Aloulou et al. [28] was used in 
this study. This membrane named Z42/Z was prepared 
from zeolite (particle size (ϕ) < 42 µm) layer deposition on 
support from the same type of material, by the slip-cast-
ing method. Further details on the preparation method are 
given in our previous publication [28]. Membrane permea-
bility was measured using distilled water at a temperature 
of 25°C and different transmembrane pressure (TMP). A nitro-
gen gas source was used to maintain the working pressure. 
The permeability of the Z42/Z membrane was evaluated by 
varying the distilled water flux Jw (L/h m2) with TMP (bar) 
according to Darcy’s law as specified by Aloulou et al. [28].

2.4. Adsorption experiments

A series of IB Dye solutions containing known con-
centrations were prepared from a stock solution of 1 g/L 
(Table 1). The tests were performed by adding a known 
quantity of Sm-TiO2 in 100 mL of the synthetic solution 
under stirring with a magnetic stirrer (WiseStir HS-100D, 
Witeg) at 450 rpm. Batch adsorption studies were carried 
out by varying the adsorbent dose (10–400 mg), contact 
time (10–300 min), initial concentration of IB (4–5 mg/L), 
initial pH (1.5–9) and temperature (293–313 K). After each 
experiment, the Sm-TiO2 NC was separated from dye solu-
tions by using a filter paper (0.45 µm). The concentration 
of IB was obtained by measuring the absorbance on a UV/
visible spectrophotometer (Aquanova Jenway, Designed 
and Manufactured in the UK) at a wavelength of 620 nm. 
The dye removal efficiency was calculated using Eq. (1):

R
C C
C
i e

i

%� � � �� �
�100  (1)

The adsorption capacity of IB dye by NC was determined 
by Eq. (2):
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Table 1
Composition of the synthetic solution of indigo blue dye provid-
ed by the SITEX Company located in Ksar Hellal (Tunisia)

Composition C (g/L)

Indigo blue 1
Wetting 0.5
Sulfur blue 5
Sodium hydrosulfite 0.5
NaOH pH = 11
Sequestering 0.1
Softeners 0.3

 
Fig. 1. Materials used: indigo blue dye (a) and schematic representation of Sm-TiO2 (b).
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where Ci and Ce are the initial and equilibrium dye concen-
tration (mg/L). V is the volume of the dye solution (L), and 
m is the weight of the adsorbent (g).

2.5. Adsorption-UF hybrid system

To study the performance of the hybrid system adsorp-
tion/UF (Sm-TiO2/Z42/Z), two configurations were applied. 
In the first configuration, adsorption was used as a pre-
treatment step prior to UF. The experimental device oper-
ates in recirculation mode, that is, with retentate recycling 
back to the feed tank and permeate recovery. The permeate 
flux was measured according to Eq. (3). After each test, the 
UF membrane was regenerated using a 15 min backflush-
ing technique followed by a 20 min acid (nitric acid 2% at 
60°C) and alkaline (2% NaOH at 80°C) treatment. After 
that, the membrane was rinsed with distilled water until the 
wash water was pH neutral [28].

J V
S t

=
⋅

 (3)

where V is the volume of permeate (L), S the membrane area 
(m2), t the time (h) and J the permeation flux (L/m2 h).

The second configuration consisted of a hybrid system 
with Sm-TiO2 adsorption and Z42/Z UF (in the same set-up). 
The feed tank was at first fed by a mixture of distilled water 
and Sm-TiO2 at a concentration of 100 mg/L with a mild stir-
ring, then the suspension was pumped from the feed tank 
to the membrane module. After circulation for 30 min, a 
dynamic layer was formed on the Z42/Z membrane surface. 
The tank was then emptied and the suspension was replaced 
by the dye solution to be treated. Permeate samples were 
collected for analysis as shown in Fig. 2. All experiments 
were performed at room temperature and a transmem-
brane pressure of 3 bar.

2.6. Determination of different fouling resistance abilities

The fouling resistance ability using the different config-
urations, UF alone; adsorption/UF and dynamic membrane 

were evaluated under a pressure of 3 bar. Two parameters 
namely flux recovery ratio (FRR) and flux decay ratio (FDR) 
could be calculated according to the following equations.
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J
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where Jw is the water permeate flux of the clean membrane, 
Jc is the stabilized permeate flux of the membrane using 
the wastewater. Jwa is the water permeate flux of the mem-
brane measured after a simple rinsing of the membrane with 
distilled water after treatment of wastewater.

3. Results and discussion

3.1. Adsorption study of indigo blue dye

3.1.1. Effect of adsorbent dose

It is well known that the quantity of adsorbent is an 
important factor that affects dye removal. In order to deter-
mine the optimal amount of Sm-TiO2 (minimum amount) 
that shows maximum adsorption, the effect of the NC dose 
on IB removal was studied by preparing eight doses from 
10 to 400 mg/L of NC and maintaining constant all other 
parameter conditions (100 mL of dye solutions, Ci = 25 mg/L, 
temperature = 25°C, pH = 2.5 and t = 240 min). It is evident 
from Fig. 3 that while the quantity of Sm-TiO2 increases, the 
percentage (%) removal increases from 24.6% (at 10 mg/L) 
to 73.5% (at 100 mg/L). From a dose of 100 mg/L, the % 
of elimination of the IB does not change anymore. This 
result may be attributed to the high surface area and con-
sequently, the availability of more unsaturated (active) 
adsorption sites, as already mentioned in previous studies 
[29–31]. Indeed, an excessive increase in adsorbent dose can 
create agglomeration of NC particles, resulting in a reduc-
tion in the total adsorption surface area and therefore a 
decrease in the quantity of dye molecules per unit mass of 

 

Fig. 2. Schematic representation of the hybrid adsorption-UF experimental set-up.
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adsorbent. Consequently, a dose of 100 mg/L for Sm-TiO2 
was taken as the optimum in this work.

Previously, Mahzoura et al. [32] study the adsorption 
of IB by raw smectite. They demonstrated that 400 mg/L of 
smectite was the optimum dose which is much higher than 
the optimal dose achieved in the present work, demonstrat-
ing that the modified smectite (Sm-TiO2) is more efficient 
for dyes removal than raw smectite.

3.1.2. Effect of contact time

Generally, the adsorption efficiency is strongly influ-
enced by the contact time. In addition, this parameter is very 
important because it allows to save energy and to decrease 
the process cost on an industrial scale. To study the effect 
of this parameter on the adsorption of IB onto Sm-TiO2, the 
reaction time was varied between 10 and 300 min. Fig. 4 
shows that the % IB elimination increases instantaneously 
at the beginning of the experience to about 30% during the 
first 10 min and then continues to gradually increase with 
time until it reaches equilibrium within 240 min show-
ing a maximum efficiency of IB retention of about 73.1%. 

Lopes et al. [33] obtained the equilibrium adsorption of food 
dye sunset yellow onto steam-activated carbon from malt 
bagasse within 240 min. The rapid kinetics observed at the 
start of the experience may be interpreted by the availabil-
ity of numbers of active sites on the Sm-TiO2 surface at the 
start of adsorption [34,35]. Shoukat et al. [36] interpreted the 
slow Crystal violet (CV) removal through the saturation of 
binding adsorption sites leading the CV ions to occupy the 
remaining vacant adsorption sites slowly owing to repul-
sive forces between the free CV ions and CV ions already 
adsorbed. According to El Ouardi et al. [37], the rapid kinetic 
corresponds to the external mass transfer while the slow 
kinetics is related to the internal mass transfer (diffusion 
phenomenon). It can be concluded that the best % adsorption 
of IB onto Sm-TiO2 was achieved at t = 240 min. Thereafter 
this duration of the tests will be fixed in the rest of our work.

3.1.3. Effect of pH

As already mentioned by Saeed et al. [38], the ionization 
and dissociation of functional groups on the dye molecule 
(adsorbate) and the surface properties of the adsorbent 
are affected by the pH of an aqueous solution. For that, 
the study of this factor is necessary to know more about 
the adsorption process of IB molecules onto the Sm-TiO2. 
The pH of the IB solution was adjusted between 1.5 and 9. 
Fig. 5 shows that the (%) elimination of IB is higher at acidic 
pH (from 1.5 to 3) and decreases rapidly from pH = 3. The 
(%) adsorption of IB becomes very slow at pH = 7, being 
20%, and decreases to 5% at pH 9. Kumar and Kacha [39] 
found the same behavior by studying the adsorption of 
a basic dye on sawdust. They proposed that in case the 
solution becomes very basic, a competition probably hap-
pens between the Na+ cations of NaOH, smaller and more 
mobile than those of the dye, thus stopping them from 
acceding to the surface of the adsorbent. This decrease can 
be explained also by the electrostatic interactions between 
Sm-TiO2 and IB molecules. Indeed, the isoelectric pH (pHi) 
of the Sm-TiO2 is equal to 1.8 [40]. Therefore, the surface 
of the Sm-TiO2 is positively charged when the pH is lower 
than pHi, which favors the attraction between the anionic 
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Fig. 3. Effect of adsorbent dosage of NC on IB dye removal 
(Ci = 25 mg/L; T = 25°C; pH = 2.5; t = 240 min).
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Fig. 4. Effect of the contact time on dye removal (Ci = 25 mg/L; 
D = 100 mg/L; T = 25°C; pH = 2.5).

 
Fig. 5. Effect of pH on IB dye removal (Ci = 25 mg/L; D = 100 mg/L; 
T = 25°C; t = 240 min).
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IB dye and the NC at acidic pH, and explains the high reten-
tion. Chaari et al. [41] compared the adsorption of the two 
dyes, one cationic and the other anionic, on nanoparticles 
(natural clay). Similar behavior was observed by Chaari 
et al. [41] considering the adsorption of anionic dyes by 
smectite-rich natural clays. It can be assumed that adsorption 
under the studied conditions is controlled by electrostatic  
interactions.

The highest removal yield takes place at pH = 2.5 which 
justifies the choice of this pH value for the next experiments.

On another way, the mechanism of adsorption depends 
primarily on functional behaviors but also on surface 
porosities of both adsorbent and adsorbate molecules. The 
IB dye molecules can be trapped on the adsorbent pore by 
electrostatic and hydrogen bonding interaction from free –
NH and –C=O. The porous feature of Sm-TiO2 can be then 
changed after adsorption.

3.1.4. Effect of initial IB concentration

The influence of initial IB concentration (5–40 mg/L) 
on the adsorption efficiency of Sm-TiO2 was studied and 
the percentages of dye removal are given in Fig. 6. A slight 
decrease in IB removal for initial concentrations ranging 
from 5 to 20 mg/L was observed. Higher than these values, 
the increase of initial concentration to 40 mg/L leads to a 

decrease in performance from 92.5% (at 20 mg/L) to 65% (at 
40 mg/L). Similar behavior was observed by Cherifi et al. [43], 
where a decrease in the removal of MB by NC from 98% at 
40 mg/L to 43% at 120 mg/L was obtained. At low concentra-
tions, the ratio between active sites of Sm-TiO2 and IB mol-
ecules is very important and all molecules can be retained. 
Based on these results, the concentration Ci = 20 mg/L was 
considered as an optimal concentration allowing the maxi-
mum removal of IB of about 92.5%. This means that for any 
IB solution with a concentration below this value, almost all 
of the IB molecules are retained by the Sm-TiO2. Unlike the 
% of adsorbed dye, the adsorption capacity (q) of Sm-TiO2 
increased from 48.5 mg/g (at 5 mg/L) to 260.04 mg/g (at 
40 mg/L). A similar phenomenon has been demonstrated by 
other researchers [36]. In fact, the increase in concentration 
induces an increase in the driving force of the concentra-
tion gradient, thus increasing the diffusion of the dye mol-
ecules in solution through the surface of the adsorbent [42].

The adsorption capacity of Sm-TiO2 for the IB dye was 
compared to other adsorbents as presented in Table 2, indi-
cating that Sm-TiO2 NC showed promising adsorption 
efficiencies for anionic dyes.

3.1.5. Adsorption kinetics

Kinetic models are often used to correlate empirical 
adsorption data in order to understand the mechanisms of 
the adsorption process. The most commonly kinetic models 
used are [47]: the pseudo-first-order model and the pseudo- 
second-order model. The linearized form of the pseudo- first-
order rate equation (by Lagergren) is given as:

ln lnq q q k te t e�� � � � 1  (6)

where qt and qe are the amounts of IB molecules adsorbed 
at t (min) and equilibrium (mg/g), respectively, and k1 is the 
rate constant (min−1). The adsorption rate constants k1 can 
be obtained experimentally from the plot of Ln(qe − qt) vs. t 
(Fig. 7). Kinetics models have been also determined by the 
pseudo-second-order with the linearized equation:
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Fig. 6. Effect of initial IB concentration on dye removal 
(D = 100 mg/L; pH = 2.5; t = 240 min; T = 25°C).

Table 2
Comparison of adsorption capacities of Sm-TiO2 with various adsorbents in presence of dye solution

Adsorbent Dye qe (mg/g) References

Activated carbon Indigo blue 53 [32]
Smectite (natural clay) 57
Activated carbon Acid green 1 24 [44]
Natural clay Crystal violet 25.9 [45]
Na+_exchanged clay (EP-Na) Crystal violet 99.84 [46]

Methyl orange 26.85
Hexadecylpyridinium (HDPy+)_modified clay (EP-HDPy3CEC) Crystal violet 53.87 [46]

Methyl orange 99.32
Sm-TiO2 Indigo blue 183.75 This study
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where k2 (g/mg min) is the rate constant of adsorption 
and qe is the equilibrium adsorption capacity (mg/g). Both 
parameters are calculated from the plot of t/qt vs. t (Fig. 8).

The results summarized in Table 3, show that the two 
kinetics models correlate well with the experimental val-
ues (R = 0.97 for the first-order model and R = 0.94 for the 
pseudo-second-order model). However, the adsorption 
capacity (qe) obtained from the pseudo-second-order model 
is closer to that found experimentally (qexp = 183.75 mg/g). 
Therefore, the pseudo-second-order model is best adapted 
to describe the adsorption kinetics in our case. When active 
sites on the Sm-TiO2 surface have come to saturation, IB 

molecules begin to enter the adsorbed pores and adsorbed 
onto the inner walls. The low k2 value confirms the sluggish 
diffusion of IB through the pores. This result was confirmed 
by Mahzoura et al. [32] who found that in the presence of 
three different types of adsorbents, natural clay, natural zeo-
lite, and activated carbon, adsorption kinetics followed the 
pseudo-second-order models.

3.1.6. Adsorption isotherms

The study of adsorption isotherms is essential to iden-
tify how IB molecules interact with the Sm-TiO2 surface. 
The modeling of equilibrium adsorption consists in repre-
senting, by mathematical laws, the relationship between 
the quantity of dye molecules in the liquid phase (Ce) and 
that adsorbed on the NC (qe), at equilibrium. For that, two 
isotherm models, the Langmuir [48] and Freundlich [49] 
models were applied to analyze the obtained experimen-
tal results. The Langmuir adsorption model assumes that 
all active sites on the adsorbent surface are similar, there is 
no interaction between adsorbed molecules and the adsor-
bent surface is coated with a monolayer. The results of the 
IB dye adsorption tests on Sm-TiO2 were analyzed with the 
Langmuir model represented by Eq. (8):

C
q q K
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q

e

e L
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�
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1
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On the basis of a dimensionless equilibrium parameter 
RL [50] a more thorough examination of the Langmuir equa-
tion can be carried out, also known as the separation factor, 
which is calculated as follows:

R
K CL
L
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1
1 0

 (9)

The value of RL lies between 0 and 1 for favorable adsorp-
tion, while RL > 1 represents unfavorable adsorption, and 
RL = 1 represents linear adsorption while the adsorption 
process is irreversible if RL = 0.

qe is the equilibrium amount of IB molecules adsorbed 
onto the Sm-TiO2 (mg/g), Ce is the IB concentration in the 
solution (mg/L) at equilibrium, q max is the monolayer 
adsorption capacity of the adsorbent (mg/g), RL is the sep-
aration factor, C0 is the IB initial concentration (mg/L) and 
KL is the Langmuir adsorption constant (L/mg). The param-
eters qmax and KL are determined from the slope and intersec-
tion with the y-axis of the correlation of Ce/qe vs. Ce (Fig. 9).

The Freundlich isotherm assumes that adsorption is mul-
tilayer and the adsorbent surface is heterogeneous. It can 
be expressed by the following relationship:
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Table 3
Calculated kinetic parameters for the pseudo-first-order and pseudo-second-order models for IB dye removal by Sm-TiO2

Adsorbent Pseudo-first-order Pseudo-second-order

Sm-TiO2 (qexp = 183.75 mg/g) k1 (min–1) qe (mg/g) R2 k2 (g/mg min) qe (mg/g) R2

0.0099 135.83 0.97 0.00015 188.67 0.94
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ln ln lnq K
n

Ce F e� �
1  (10)

where KF is an empirical constant (mg/g) indicating the 
adsorption capacity and 1/n is an empirical parameter, 
indicating the adsorption intensity. KF and 1/n are obtained 
from the slope and intercept of the correlation of logqe vs. 
logCe (Fig. 10).

The estimated adsorption constants for the two mod-
els are listed in Table 4. As observed, the correlation factor 

(R2 = 0.94) of the Langmuir model is higher than that of the 
Freundlich model (R2 = 0.77). The dimensionless param-
eter RL stays between 0 and 1 (RL = 0.26), indicating that a 
favorable adsorption procedure is required. Therefore, 
the adsorption of IB dye on Sm-TiO2 follows the Langmuir 
model better than the Freundlich model, suggesting that 
Sm-TiO2 are covered by a monolayer of IB molecules without 
any interaction between them.

3.1.7. Adsorption thermodynamics

The study of adsorption thermodynamics is essential 
as it plays an important role in the processes of adsorption 
[51]. The thermodynamic parameters, such as free energy 
(ΔG°), enthalpy variation (ΔH°) and entropy variation (ΔS°), 
show the feasibility and spontaneous nature of the adsorp-
tion phenomenon. These parameters are given by Eqs. (11) 
and (12) (Van’t Hoff equation) [52]:

�G RT Kd� � � ln  (11)

lnK S
R

H
RTd �

�
�

�� �  (12)

where ΔG° is the standard free energy change, R is the uni-
versal gas constant 8.314 (J/mol K), T is the absolute tem-
perature (K), Kd is the equilibrium constant, ΔH° and ΔS° are 
the enthalpy and entropy of sorption reaction, respectively. 
These parameters are estimated from equilibrium adsorp-
tion isotherms at different temperatures (from 293 to 323 K) 
(Fig. 11) by using a thermostatic bath to keep the tempera-
ture at the desired value.

As shown in Table 5, the values of ΔS° and ΔH° are neg-
ative, this result implies that adsorption of IB molecules on 
Sm-TiO2 is exothermic and spontaneous and that it does not 
gain energy from external resources [53,54]. In addition, 
the negative value of ΔH° below 40 kJ/mol suggests that in 
this case, the adsorption is a physical process (physisorp-
tion) [55]. Therefore, we can deduce that the interactions 
between the Sm-TiO2 and the IB molecules are ensured by 
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Table 4
Adsorption isotherm constants for adsorption of IB onto Sm-TiO2

Langmuir isotherm  
parameters

Freundlich isotherm 
parameters

KL 
(L/mg)

qmax 
(mg/g)

RL R2 KF (mg/g)
(L/mg)1/n

1/n R2

0.0707 333.33 0.26 0.96 15.18 0.14 0.77
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Fig. 10. Adsorption isotherm of IB onto Sm-TiO2, correlation with 
the Freundlich model.
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electrostatic forces such as dipoles, hydrogen or van der 
Waals bonds and the process takes place by forming multi-
layers of IB dye molecules that can be adsorbed to the surface 
of the material, this phenomenon being rapid and reversible. 
In the temperature range of 298–323°C, ΔG° values are less 
negative when the temperature increases, indicating that 
the adsorption process is thermodynamically achievable at 
room temperature. This observation also confirms that the 
adsorption phenomenon is exothermic. In addition, ΔG° is 
between –8.23 and –7.52 kJ/mol suggesting that adsorption 
is dominated by low-energy attraction forces [56].

3.1.8. Fourier-transform infrared spectroscopy study

Fig. 12 shows the FTIR analysis of Sm-TiO2 adsorbent 
before (a) and after (b) adsorption of IB dye. The new peaks 
that appeared in the FTIR spectrum after adsorption of IB 
dye (b) confirmed the success of the adsorption phenome-
non on the surface of Sm-TiO2. One notices the appearance 
of peaks at 1,625 cm–1 assigned to the carbonyl groups (C=O), 
evidencing the presence of the IB dye on the Sm-TiO2 sur-
face [35]. In addition, the peaks between 1,584 and 1,316 cm–1 
are attributed to C=C aromatic stretching [35].

3.2. Performances of adsorption/UF hybrid process

3.2.1. Performances of the Z42/Z membrane

The objective of this part of the study was to evaluate the 
efficiency of the UF zeolite membrane Z42/Z for the removal 
of IB molecules from a synthetic solution. Fig. 13 shows the 
variation of the permeate flux for UF alone as a function 
of time at room temperature, applying a transmembrane 

pressure ΔP = 3 bar, and using a synthetic IB solution with 
pH = 2.5 and Ci = 25 mg/L. During the first 20 min, the per-
meate flux gradually decreased from 111 to 71.5 L/m2 h. 
This decrease may be due to the adsorption of IB mole-
cules from the solution, inducing a polarization concentra-
tion layer and a pore-clogging phenomenon, as well as an 
increase of the solution viscosity [57].

However, the first configuration (hybrid), where the IB 
dye is treated by adsorption onto Sm-TiO2 (adsorption was 
used as pretreatment step) before filtrating by UF zeolite, 
is more efficient for the permeate flux. We observed that 
the UF process was enhanced by the adsorption technique. 
The stabilized flux increased from 71 L/h m2 for UF alone to 
226 L/h m2 for the hybrid process. So, the pretreatment by 
Sm-TiO2 succeeded to enhance UF performance in terms 
of permeate flux and limitation of membrane fouling.

In addition, the IB dye retentions were high, both for 
a simple UF and a hybrid treatment with Sm-TiO2 NCs. In 
both cases, the dye retentions stabilized at 97.7%. This result 
confirmed the efficacy of the Z42/Z membrane.

3.2.2. UF-adsorption hybrid system (dynamic layer)

The tests were carried out at different pH levels, Sm-TiO2 
doses and initial IB concentrations. Using acidic (HCl 0.1 M) 
or basic (NaOH 0.1 M) solutions, the feed pH was modified 
in the range of 2–8.5. In the feed tank, the adsorbent dose 
was adjusted to be between 50 and 200 mg/L. The initial dye 
concentration was varied to be between 12.5 and 50 mg/L. 
Every 5 min, the permeate flux was determined.

3.2.2.1. Effect of pH

According to Fig. 14, pH had a clear effect on the hybrid 
process behavior in terms of permeate flux. The stabi-
lized permeate flux decreased when pH increased. It was 
182 L/h m2 for pH 2 and it decreased to 125 L/h m2 at pH 
8.5. The higher permeate flux was obtained at the acidic solu-
tion, 182 and 179 L/h m2, for pH equals to 2 and 4, respec-
tively. This result can be explained by the intensity of the 
electric attraction or repulsion between the IB molecules 
and the dynamic membrane. The dynamic membrane was 
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Table 5
Thermodynamic adsorption parameters of IB onto Sm-TiO2

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol K)

T (K) 298 313 323
Sm-TiO2 –8.23 –7.79 –7.52 –16.62 –28.19



271M. Romdhani et al. / Desalination and Water Treatment 243 (2021) 262–274

formed by a dynamic layer based on Sm-TiO2 when the 
pHpzc (the point of zero charges) of these NCs is 1.8 [28]. 
Therefore, the dynamic membrane is negatively charged 
for a pH > 1.8 and positively charged for a pH < 1.8. The 
dynamic membrane played two roles, UF and adsorption 
in one unit, for a pH below or near to1.8. This result was 
previously shown by Aloulou et al. [28], as heavy metal 
retention efficiency was predominantly affected by pH, with 
the highest rejection rate occurring near pHpzc.

The adsorption of IB molecules decreased when pH 
increased, as the dynamic membrane loses its second func-
tion (adsorption role) which explains the decrease in stabi-
lized permeate flux.

The permeate fluxes were very close for pH values of 
2 and 4 (182 and 179 L/m2 h). As it is more favorable to 
work at less acidic pH, the value of 4 was selected as an 
optimum pH.

3.2.2.2. Effect of Sm-TiO2 dose

According to Fig. 15, in the case of a hybrid system, the 
filtration flux remained constant regardless of the added 

dose. The stabilization of the flux over time indicates 
that the addition of adsorbent avoids membrane fouling. 
Hammami et al. [26] used PAC in the PAC/UF hybrid system 
to remove Acid orange 7 (AO7). They noticed that the per-
meate flux was stabilized for different PAC doses (between 
50 and 300 mg/L). This behavior can be explained by the 
role of the dynamic layer of Sm-TiO2 in inhibiting the clog-
ging of the UF membrane by capturing the dye molecules 
in the thickness of the deposit [58]. Indeed, once formed, 
the nanoparticle layer reduces the pore size of the UF 
membrane and then forms a dynamic UF membrane.

Fig. 15 shows that the permeate flux decreased from 
182 L/m2 h for an added dose of 50 to 160 L/m2 h for 
200 mg/L. The Sm-TiO2 doses equal to 50 and 100 mg/L were 
sufficient to adsorb enough IB molecules, consequently, the 
membrane Z42/2 fouling was reduced and the permeate flux 
was enhanced. The optimal dose of adsorbent in the hybrid 
process was 50 mg/L. This dose was reduced compared to 
the optimal dose in the case of adsorption alone (100 mg/L).

The permeate flux decreased slightly when Sm-TiO2 was 
added in excess of 100 mg/L. This result was anticipated 
because raising the Sm-TiO2 dose, led to an increase in the 
thickness of the dynamic layer and therefore a higher resis-
tance to the permeation.

3.2.2.3. Effect of IB concentrations

Fig. 16 shows the effect of IB dye concentration on the 
permeate flux of the dynamic membrane (hybrid pro-
cess). When the IB concentration was increased from 12.5 
to 50 mg/L, the stabilized permeate flux decreased steadily 
(from 196 to 170 L/m2 h). This result was expected because 
the effectiveness of the membrane depends on the initial 
quality of the effluent to be treated. The flux decreases due to 
increased resistance in the more concentrated solution near 
the membrane surface. An increase in IB dye concentration 
can cause blocked pores, as a result, the flow encounters 
more resistance [25].

Indeed, a high permeate quality value can be maintained 
during treatment with the hybrid process. The IB dye reten-
tion at all conditions was higher than 97%. It seems that 
the Z42/Z UF membrane represents an efficient solution 
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for dye removal. The obtained quality of the treated water 
means that it can be reused or recycled. Moreover, the 
usage of a dynamic membrane reduced reaction time and 
reduced Sm-TiO2 dose.

3.3. Fouling resistance ability

During the ultrafiltration process, the fouling is coupled 
with an evident deterioration of the membrane surface. To 
determine the fouling resistance ability during the differ-
ent considered approaches, UF alone; adsorption/UF and 
dynamic membrane, the following parameters, the FRR 
and the FDR were calculated and illustrated in Table 6.

FRR values show the percentage recovery of the origi-
nal water permeability of the membrane after utilization 
and rinsing with water. In fact, higher FRR values are more 
beneficial and prove better antifouling property. Moreover, 
FDR values indicate the percentage of the flux decays 
during the filtration process, so lower FDR values are more 
favorable [59].

From Table 6, it is clear that the dynamic membrane 
presents a higher FRR value (92.59%) and the less FDR value 
(33.7%). In addition, the adsorption pretreatment before 
UF allows the increase of the FRR from 63.79% to 91.95% 
and the decrease of FDR from 79.45% to 35.05%.

4. Conclusion

The current work reveals that Sm-TiO2 NCs can be 
employed as an efficient adsorbent to remove IB dye from 
aqueous solutions. The adsorption capacity of dye uptake 
(mg/g) was observed to rise as Sm-TiO2 dose, contact time 
and initial dye concentration increased up to well-deter-
mined values. The efficiencies of Sm-TiO2 NCs decreased 
as the pH values increased. The success of the adsorption 
process of IB dye onto Sm-TiO2 was confirmed by a higher 
equilibrium capacity adsorption above 180 mg/g with IB 
dye removal beyond 70%. The Langmuir isotherm equation 
suited the equilibrium data better than that of Freundlich. The 
dimensionless separation factor (RL) showed that Sm-TiO2 
could be applied for IB dye removal from aqueous solutions. 
The modeling of the adsorption kinetics was confirmed by 
the pseudo-second-order model with a good correlation. 
Thermodynamic parameters such as ΔG°, ΔH° and ΔS° 
showed that the adsorption was spontaneous and exothermic.

Two configurations for the hybrid process were applied. 
In the first configuration, the adsorption by Sm-TiO2 was 
used as a pretreatment step before UF. In the second con-
figuration, adsorption and UF separation were integrated 

into one unit (dynamic membrane). The results indicated 
that for the two configurations the permeate flux remained 
almost stable while a higher decrease was observed when 
UF alone was applied. The application of the dynamic mem-
brane caused a reduction in reaction time and Sm-TiO2 dose, 
the highest permeate was obtained for a pH equal to 4 and 
a Sm-TiO2 dose of 50 mg/L.
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