
Introduction

Generally, the synthetic textile dyes depict a large family of 
organic compounds that could generate various and undesirable 
effects on the environment and this can be a serious risk to 
human health (Bazin et al. 2012). Indeed, it is known that 
synthetic dyes are used in many technological processes such 
as the textile industry, leather tanning, paper production, food 
technology, agriculture and hair coloring manufacture (Forgacs 
et al. 2004). The most frequently used industrial dyes are the 
azo, anthraquinone, indigoid, triphenylmethyl (trityl), and 
phthalocyanine derivatives, knowing that the azo dye is the most 
dominated classes (Forgacs et al. 2004). Thus, the increasing 
diffi culty in treating textile dyes has led to a renewable research 
for new methods that are effectively and economically viable. 
Therefore, important treatment methods such as coagulation-
-fl occulation, electrochemical oxidation, and adsorption and 
membrane fi ltration have been used to remove dye from 
wastewater. Indeed, the use of membrane to eliminate dye from 
aqueous solution is an advantage because no chemicals are added 
(Mukherjee et al. 2005, Van der Bruggen et al. 2001). The most 
known membrane fi ltration processes are the microfi ltration 
(MF) (Van der Bruggen et al. 2001, Van der Bruggen et al. 2005), 

ultrafi ltration (UF) (Buckley 1992, Porter 1998), nanofi ltration 
(NF) and reverse osmosis (RO) (Akbari et al. 2002). Previously, 
the complexation-ultrafi ltration method was considered as 
a promising technology for separation of micropollutants such as 
dye and heavy metals from effl uents. Several experiments have 
been done using polyelectrolyte enhanced ultrafi ltration (PEUF) 
for the removal of dyes (Dasgupta et al. 2015, Tan et al. 2006). 
In fact, the micellar enhanced ultrafi ltration (MEUF) method 
was investigated by several authors. Purkait et al. (2004) have 
demonstrated that the retention of eosin increases substantially 
by adding the surfactant (CPC). In addition, Zaghbani et al. 
(2007) have found that the retention of MB reached 99% when 
SDS surfactant was added as complexing agent. Also, other 
studies used the MEUF process (Aroua and Zuki 2007, Baek et 
al. 2003, Juang et al. 2003).

On the other hand, polyoxometalates (POMs) are a large 
family of metal-oxide assemblies. They are constructed via 
the condensation of metal oxide polyhedral MOx (M=W, Mo, 
V, etc. and x=4–7) with each other (Miras et al. 2012, Han et 
al. 2014). Indeed, what contributes to POMs’ particularity is 
strong Brønsted acidity, strong oxidizing agents, a wide range 
of structures, combinations of metals and possible sizes, as well 
as a high solubility in water. Furthermore, they are negatively 
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Abstract: To improve dye retention, there is a concurrent interest in the development and optimization of an 
alternative and promising method for the dye recovery in aqueous solutions. In this regard, considerable attention 
was paid to the polyoxometalates (POMs) assisted ultrafi ltration (POMAUF). The aim of the present study is to 
eliminate toluidine blue (TB) dye by ultrafi ltration membrane using keggin polyoxometalates (POMs) as complexing 
agents. In the fi rst step, the keggin polyoxometalates K3[PW12O40]∙6H2O (PW12) and K7[PW11O39]∙14H2O (PW11) 
were prepared. Then, the obtained powders were characterized by X-ray diffraction and infrared spectroscopies. 
Afterwards, the removal of toluidine blue (TB) using polyoxometalates assisted ultrafi ltration (POMAUF) was 
studied. Factors affecting the retention of dye and permeate fl ux such as transmembrane pressure, operating 
time, polyoxometalates concentration, ionic strength, surfactant and pH were investigated. All results of both 
compounds have been presented and discussed. The results reveal that the addition of POMs leads to an increase in 
dye retention from 11 to 95% for the PW12 and to 98% for the PW11. The results of this work have thus suggested 
the promising enhancement of ultrafi ltration membrane selectivity for the dye removal using new complexing 
agents such as POMs in place of polyelectrolytes and surfactants.
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charged and possess predominantly O2- ligands. These properties 
have solved various environmental problems such as toxic gas 
sequestration, wastewater decontamination and dye removal 
(Errington et al. 2010, Hu et al. 2011, Niu et al. 2011).

In this context, several researches have been using the 
POMs in their studies. As an example, Omwoma et al. (2014) 
have been using POMs as photo catalysts for the removal 
of dyes and heavy metals from wastewater. Also, Bi et al. 
(2011) engineered the POM/LDH nanocomposite which was 
used to adsorb methylene blue dye from water. In addition, 
a new integrated approach for dye removal from wastewater 
by polyoxometalates functionalized membranes was done by 
Yao et al. (2016). They showed that the membrane integrating 
both the adsorptive and catalytic activities was developed by 
introducing polyoxometalates (POMs) as an ideal candidate 
for the membrane functionalization via a novel sol-gel method.

The purpose of this study is to apply the keggin 
polyoxometalates as complexing agents to remove TB dye 
from aqueous solution. To the best of our knowledge, it will 
be the fi rst attempt of the application of POMs to enhance the 
ultrafi ltration (UF) membrane selectivity for the treatment of 
dye wastewater. The retention rate and permeate fl ux were 
studied as a function of variable parameters such as time, 
pressure, POMs, salt and surfactant concentrations as well as 
pH value of the solution.

Experimentals
Chemicals
Toluidine Blue (TB) (molecular weight: 305.83 g∙mol-1, 
λmax=623 nm, Fig. 1), cetyltrimethylammonium bromide 
(CTAB), sodium chloride, hydrochloric acid, sodium 
hydroxide, sodium tungestate, disodium hydrogen phosphate, 
acetic acid, potassium chloride were purchased from Fluka. All 
the chemicals were used without further treatment. 

Synthesis of POMs
The anionic POMs type keggin of formula K3[PW12O40]∙6H2O 
(PW12) with a molecular weight MW=3100 g∙mol-1 and 
K7[PW11O39]∙14H2O (PW11) (MW=3202.87 g∙mol-1) were 
used in the present work. The potassium salt of keggin type 
heteropolyanion was synthesized in the laboratory according to 
the modifi ed methods described in the literature (Rocchiccioli-
-Deltcheff et al. 1983); Na2WO4∙2H2O (100 mmol), Na2HPO4 
(9.1 mmol), and acetic acid (60 mL) were mixed in 200 ml of 
deionized water. Then the mixture was stirred with a magnetic 
stirrer, while the temperature raised to 80–85ºC, potassium 

chloride KCl (45 mmol) was added dropwise to the solution. 
The white precipitate formed was fi ltered and then extracted 
with ether. The lacunary polyoxometallate PW11 salt was 
obtained by a direct method described by (Contant 1987); 
sodium tungstate dihydrate (181.5 g) was dissolved in 300 mL 
of distilled water. Phosphoric acid (50 ml) and acetic acid 
(88 ml) were successively added. The solution was refl uxed for 
60 min, and then 60 g of solid potassium chloride was added. 
A fi ne precipitate appeared which was fi ltered and dried in air. 
The successful formation of the anionic PW12 and PW11was 
confi rmed by FTIR and DRX analyses. The purity of the 
resulting powder was checked from the examination of its X-ray 
powder diagram collected on a PANalytical diffractometer 
using CuKα radiation (λ=1.5418 Å). The crystalline phase was 
determined by the comparison of the registered patterns with 
the International Center for Diffraction Data (ICDD)-Powder 
Diffraction Files (PDF). IR spectra were recorded by a Perkin 
Elmer (FTIR 2000) spectrometer in the range of 4000–400 cm-1 
using KBr pellets. The UV-Vis spectra were carried out 
using Lambda-25 (Perkin Elmer) spectrophotometer in the 
wavelength range of 200–800 nm. All measurements were 
recorded at room temperature.

Ultrafi ltration process
UF membrane
The ultrafi ltration membrane used in this study was organic 
regenerated cellulose (RC) membrane with molecular 
weight cut-off (MWCO) 3 kDa and effective fi ltration area 
of 15.54 cm2. The ultrafi ltration membrane was provided by 
Millipore (Germany). Before use, the virgin membrane was 
soaked in deionized water for 24 hours. Then, the membrane 
was compacted for 3 hours under 3 bar pressure to eliminate 
preservative products.

The pure water membrane permeability was measured in 
order to ensure that the initial membrane Lpo is restored. The 
pressure was ranging from 2 to 5 bar and the permeate fl ux was 
measured at each pressure value. Furthermore, the curve J=f(∆P) 
was traced. The water permeability of the membrane was found 
to be Lpo=10 L∙h-1∙m-2 (Fig. 2). This Lpo value is considered as 
a reference used to evaluate the cleaning procedure, concentration 
polarization and the fouling of the membrane.

Procedure
UF process was performed using an Amicon stirred batch cell 
(model 8050) (Millipore) connected to a nitrogen-pressurized 
solution reservoir. In each UF experiment, the concentration 
of TB was fi xed at 0.1 mM, the feed solution was kept stirred 

 
Fig. 1. Molecular structure of TB dye
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at 300 rpm, the temperature was 25ºC and the pressure was 
maintained at 2.5 bars except for the pressure effect. The P/D 
molar ratio was fi xed at 1 for the effect of time, pressure, salt, 
surfactant and pH.

For each UF manipulation, the permeate solution 
was collected after a fl ow time of 4 to 5 min to ensure an 
equilibrium state. Then, a permeate volume of 5 mL was 
collected and analyzed by UV-visible spectrophotometer. After 
each manipulation, the membrane was immediately washed 
with distilled water and the water fl ux was measured in order 
to assess the cleanness of the membrane. The pH solution was 
adjusted at the desired level by the addition of hydrochloric 
acid or sodium hydroxide solutions.

To evaluate the effi ciency of the ultrafi ltration process to 
remove the dye, two parameters, the permeate fl ux (J) and the 
retention rate (R%) are determined according to the Eqs. 1 and 
2. The permeate fl ux was calculated as follows:

   (1)

Where J denotes the permeate fl ux (L∙h-1∙m-2), V is the 
volume of the permeate sample (L), Δt is the time difference 
(h), and S denotes the effective membrane surface area (m2).

The fi ltration effi ciency in removing dye from the feed 
solution was evaluated through the dye rejection which was 
calculated using the classical rejection coeffi cient:

  (2)

Where C0 is the initial concentration of the dye in the initial 
solution and Cp is the dye concentration in the permeate tank.

Results and discussion 

X-ray-diffraction POMs
The registered X-ray-diffraction (XRD) pattern of PW12 and 
PW11 is shown in Figure 3. The parameters of the unit cell 
are determined by using the X’Pert High Score Plus program 
(JCPDS-fi le 00-034-0204). Figure 3a shows the pattern of 
PW12, we found that all picks were indexed to a tetragonal 
phase with space group P4nc (n°104). The lattice parameters 

are: a=b=14,162 Å; c=12,533 Å; a=b=g=90° and Z=2. 
The registered XRD pattern of PW11 is shown in Figure 4b. 
All picks were indexed to a tetragonal phase with space group 
P4nc (n°104). The lattice parameters are: a=b=14,192 Å; 
c=12,528 Å; a=b=g=90° and Z=2.

Infrared spectroscopy
In order to get a better insight into the chemical bands in 
the inorganic compounds synthesized, FTIR measurement 
was used. Figure 4 shows the FTIR spectra of PW12 and 
PW11 anions. There can be observed the presence of bands at 
715–741 cm-1, 879–907 cm-1, 861–966 cm-1 and 
1061–1075 cm-1 (Tab. 1). These bands are attributed to the 
νas(W-Oc-W), νas(W-Ob-W), νas(W-Ot) (terminal oxygen linked 
to alone tungsten atom) and νas(P-Oa) (the central tetrahedral 
PO4 bonds in the ions) links, respectively. The Ob and Oc are 
the corner shared oxygen atoms and the edge shared oxygen 
atoms of WO6 octahedra, respectively (You et al. 2010). All 
the absorption band frequencies of this compound were typical 
keggin anion skeletal vibrational bands. The broad absorption 
band around 3440 cm-1 is attributed to the n(OH) vibration and 
the band located at 1616 cm-1 is relative to the deformation 
of water molecule δ(H2O). They indicate that the POMs 
accommodate a large amount of water of crystallization as well 
as the H+ (Chen et al. 2008). In the IR spectrum of the PW11 the 
absorption bands are very similar to those of the PW12 and the 
decrease in the intensity of the νas(W-Ot) vibration indicates 
a loss of the W=Ot. Thus, the observed XRD patterns and the 
vibrational spectra are in good agreement.

Absorption spectra 
The absorption spectra of both POMs are recorded in the UV 
region from 200 to 400 nm and presented in Figure 5. The 
spectra present the characteristic of the maximum absorption 
band around 250 nm for PW12 and PW11. They are attributed to 
the O→W charge transfer transition of the keggin unit at the 
W=O bond and W–O–W bond (Santos et al. 2015).

Ultrafi ltration study
TB retention as function of time
Figure 6a presents the retention of dye versus the time in the 
absence and in the presence of POMs. It can be seen from 
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Fig. 2. Permeate fl ux of water as a function of pressure
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this Figure that the UF membrane is unable to retain the TB 
molecules. Thus the retention remained almost constant at the 
value of 11%. This modest retention may be attributed to the 
adsorption of dye at the surface or in the pores of the membrane 
(Fradj et al. 2014).

On the other hand, the addition of POMs improves 
signifi cantly the dye retention, which increases to 98% in the 
case of PW11 and to 95% in the case of PW12 (blue curve). 
So it is clear that the retention of dye was independent of the 
time period examined in both cases (absence and presence of 
POMs).

Figure 6b presents the variation of permeate fl ux as 
a function of time. It can be shown from the spectra that 
the permeate fl ux declined over time. It is also evident 

to remark that the permeate fl ux was higher for the dye 
solution as compared to the POMs/TB complex. In fact, 
in the absence of POMs, the aggregate formation of dye 
onto the membrane surface was less noticeable, since the 
dye particle could easily pass through the membrane. Thus, 
this reduced the resistance against the solvent fl ux through 
the membrane. However, after the addition of POMs, most 
of the complexes formed were retained over the membrane 
surface. Such behavior can be explained in the following 
way: the (POMs/dye) complexes generate deposited layer 
over the membrane surface and consequently decrease the 
permeate fl ux compared to that of the dye solution. The 
same trends have been reported by Fradj et al. (2014) and 
Zaghbani et al. (2007).

Fig. 4. IR spectra of PW12 and PW11 recorded at room temperature in the range of 4000–400 cm-1

Fig. 3. XRD patterns of PW12 (a) and PW11 (b)
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Pressure effect
The variation of the dye rejection against pressure is presented 
in Figure 7. The pressure ∆P was ranging from 1 to 4 bars. As 
shown from Figure 7a, the dye rejection has a slight variation 
as a function of the pressure increases (black curve). However, 
in the case of POMs/TB complexes, the retention of dye is 
improved and made stable in all the range of pressure. Such 
behavior was found by Huang et al. (2010) and Zaghbani et 
al. (2007). However, it can be seen from Figure 8a that the dye 

retention reached 98% (PW11) and 95% (PW12). This behavior 
may indicate that the retention of dye by POMs is mainly 
induced by the electrostatic interaction between the POMs and 
the dye.

The permeate fl ux versus operating pressure was plotted 
in Figure 7b. As shown from this Figure the fl ux increases 
with increasing pressure value (all curves). Indeed, an 
advanced explanation described by Ahmad and Puasa 
(2007) reveals that the effective driving force for the solvent 
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Table 1. IR frequencies (cm-1) and their assignments

IR (cm-1)
Attributions

K7PW11O39 Intensity K3PW12O40 Intensity

3450 vs
3407 vs

ν (O-H)
3161 vs

1114
vs 1082 vs νas(P-Oa)1043

935
m 940 m νas(W-Ot)

877
783 m 818 m νas(W-Ob-W)
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νas(W-Oc-W)631 sh
621 vw

555 vw

Fig. 5. Absorption spectra of PW12 and PW11 recorded at room temperature in the range of 200–400 nm
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transport is becoming higher as a function as pressure 
increases. Furthermore, the increase in the driving force will 
overcome the membrane resistance and more water passes 
through the membrane leading to higher permeate fl ux. Our 
results are in concordance with literature (Ouniand Dhahbi 
2010a, Hammami et al. 2016).

POMs concentration effect
The effect of POMs on the TB retention and permeate fl ux was 
investigated for POMs concentration ranging from 0 to 1 mM.

As can be seen from Figure 8a, at low PW12 concentrations 
equal to 0.01, 0.02 and 0.05 mM the obtained dye retention 
is 20%, 26%, 74%, respectively. In the case of PW11, the 
concentration of 0.01, 0.02 and 0.05 mM leads to 16%, 
27% and 95% dye retention, respectively. However, when 
the concentration reaches 0.1 mM, the dye retention reaches 
95% for PW12 and 98% for PW11. Meanwhile, the color of the 
solution in the permeate tank underwent an obvious variation, 
from blue to transparent. This behavior may be explained as 
a maximum retention obtained when there are a suffi cient 
number of polyoxometalates sites available to bind almost all of 
the dye molecules. The maximum dye rejection was achieved 
from POM/dye ratio of 1:1 for both polyanions. These results 
are in good agreement with other studies which have shown 
that the addition of polyelectrolyte and surfactant improved 
signifi cantly the retention of dyes (Ouni and Dhahbi 2010b, 
Purkait et al. 2004) as well as heavy metals (Haktanır et al. 2017, 
Huang et al. 2010). In addition, it is worth to point out that the 

retention of TB dye is greater in the case of PW11. This result 
can be explained by the fact that the lacunary PW11 has higher 
charges and therefore a higher nucleophilicity compared to the 
PW12. Thus, they react quite easily with the dye molecules in 
water solution. Furthermore, Yin et al. (2012) pointed out that 
at dissolving POMs, the clusters interact electrostatically with 
other species, thus leading to chemical associations between 
POMs and cationic ions, molecules, complexes and polymers. 
In addition, several researchers have indicated in their studies 
that POMs can interact with proton donors trough hydrogen 
bonds, in ammonium analogues (Akutagawa et al. 2011) and 
proteins (Zhang et al. 2007, Zhou et al. 2011).

Figure 8b presents the variation of the permeate fl ux as 
a function of the POM concentration. From this Figure, it 
is clearly seen that for both POMs the permeate fl ux has 
slightly declined over. The resulting complex forming a gel-
-layer covering the surfaces of the membrane will affect the 
permeation fl ux. The same trend has been reported by (Baek et 
al. 2003, Haktanır et al. 2017).

Ionic strength effect
The effects of ionic strength on the TB removal and permeate 
fl ux were studied at different NaCl concentrations ranging 
from 0.01 to 1500 mM as illustrated in Figure 9.

Indeed, from Figure 9a, it can be deduced that at low salt 
concentration ranging from 0.01 mM to 10 mM, the bond 
which forms between the POMs and the dyes remains stable, 
thus we have a signifi cant retention of dye.

2,0 2,5 3,0 3,5 4,0
0

20

40

60

80

100

R
%

Pressure (bar)

 TB
 PW11
 PW12

(a)

Fig. 7. Effect of transmembrane pressure on (a) TB retention and (b) permeate fl ux
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However, the increase of salt concentration from 100 to 
1500 mM leads to the decrease of dye elimination from 98 to 93% 
in the case of PW11 and from 95 to 92% in presence of PW12.

Such behaviors can be explained accordingly:
  It seems that a competition between Na+ and TB+ occurs 

at the same binding sites on the POMs surface.
  The release of the dye molecules in solution leads to 

its passage through the UF membrane (Hammami et al. 
2016).

By comparison with the literature, our results are similar to 
those obtained by (Hammami et al. 2016, Verbych et al. 2006).

On the other hand, the variation of permeate fl ux as 
a function of the feed concentration of sodium chloride is 
shown in Figure 9b. It is clearly observed that the permeate fl ux 
decreased slightly when the concentration of NaCl increased. 
An advanced explanation made by (Huang et al. 2010) shows 
that the complex aggregations are formed at the membrane 
surface which enhance the effect of polarization concentration.

Surfactant effect
Given that industrial effl uents contain a surfactant mixture 
that is not readily biodegradable and may complicate the dye 
retention, several studies have been done to improve the dye 
retention. So, in this case the effect of CTAB surfactant on 
the dye removal and on the permeate fl ux was investigated 
(Fig. 10). In fact, it is worth noting that the CTAB concentration 
ranged from 0.001 to 10 mM.

Generally, the addition of surfactant to an aqueous solution 
with concentration more than the critical micelle concentration 

(CMC) leads to the formation of large amphiphilic aggregate 
micelles. Thus, the dissolved entities can be mostly trapped by 
the micelles surface and will be solubilized (Zhang et al. 2009).

It can be observed from Figure 10a that for low CTAB 
concentration of 0.001 and 0.01 mM, the retention rate slightly 
decreases, but remains important in order to 96 and 97% for 
PW12 (red curve) and PW11 (black curve), respectively. Whereas 
for a CTAB concentration of 1 mM and 10 mM, the dye 
retention decreases sharply to 12% and 11% for both POMs. 
This behavior may be explained thus:

At lower CTAB concentrations, CTA+ interact partially 
with POMs negative site, but there are enough sites for binding 
TB+.

  However, when CTAB increases, the negative site on 
the POM surface is progressively saturated, the counter-
-ions at the surface of POM anions are replaced by the 
cationic amphiphiles CTA+. This results in the formation 
of hydrophilic POMs core that is surrounded by the 
hydrophobic shell with alkyl chains outside the surface 
(Verbych et al. 2006, Zhang et al. 2009).

  Consequently, the dye molecules become free in solution 
and easily pass through the pores of the membrane 
which explains the retention drop.

The variation of permeate fl ux as a function of feed 
concentration of surfactant is presented in Figure 10b. 
As shown, the permeate fl ux slightly decreases when the 
concentration of CTAB increases. It is worth pointing out 
that the fl ux decline is most probably caused by the gel layer 
formation and an increase in solvent viscosity.
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pH effect
The effect of pH on the TB retention and on the permeate fl ux 
is depicted in Figure 11. The pH value is ranging from 2 to 12 
by adding appropriate amounts of hydrochloric acid or sodium 
hydroxide (0.1 M).

It can be seen from Figure 11a that the high retention 
of TB molecules was persisted at wide pH range of 
2–12. In fact, previous research has found that POMs in 
aqueous solution decomposes in a stepwise fashion with 
increasing pH. In the fi rst step at pH<8, PW12 decomposes 
partially with the removal of W=O units to give the 
following species [P2W21O71]

6– + [PW11O39]
7– (at pH=2.2), 

[PW12O40]
3– + [P2W21O71]

6– + [PW11O39]
7– + [P2W18O62]

6– 
+ [P2W19O67]

10– (at pH=3.5), [P2W21O71]
6– + [PW11O39]

7– 
+ [P2W18O62]

6– (at pH=5.4) and [PW9O34]
9– (at pH=7.3). In 

the second step at pH>8, tungstophosphoric completely 
decomposes to PO4

3– and WO4
2– (Zhu et al. 2003). Above 

pH=8, there may be formation of tungsten hydroxide 
[WO4(OH)n]

(n+2)– (Mahadevaiah et al. 2007). This colloidal 
precipitate blocks the pores of the membrane and prevents 
the passage of the dye. As a consequence the dye retention 
remains high.

Compared with previously published results (Ouni and 
Dhahbi 2010a, b), the present study presents a signifi cant dye 
removal in both acidic as well as alkaline pH values.

On the other hand, the variation of permeate fl ux as 
a function of pH values is presented in Figure 11b. From this 
fi gure, it can be seen that the fl ux maintained stable throughout 
the range of pH value.
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Fig. 11. Variation of (a) TB retention and (b) permeate fl ux as 
a function of pH
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Conclusion
The results of this study have distinctly evinced that the 
polyoxometalates assisted ultrafi ltration (POMAUF) process 
is a promising method for the TB removal.

The obtained results clearly suggest that:
  The retention of TB increases progressively with 

the increase of POMs concentration and reaches the 
maximum value of 95% and 98% for PW12 and PW11, 
respectively.

  The applied transmembrane pressure and the operating 
time have no infl uence on the dye retention. This means 
that the interaction between the POMs and the dye 
molecules was only responsible for the removal of dye.

  The retention of the dye decreases by the addition of 
high concentration of NaCl and CTAB. This is due to 
a competition between the molecules of TB+ and the 
ions Na+ or CTA+ on the same negative sites on the 
POMs surface.

  The retention of dye remains high in a broad range of pH 
values ranging from 2 to 12.

In light of the results obtained, it can be argued that 
polyoxometalates-assisted ultrafi ltration may be a promising 
new method for removing various pollutants from effl uents.
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