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ABSTRACT 

Ion exchange resin poly(4-vinylbenzyl) trimethylammonium chloride(P(ClVBTA)) was synthesized and its removal properties toward vanadium(V) and 
molybdenum(VI) were evaluated and compared with those of the Amberlite IRA-402 commercial resin. The resin was characterized by FT-IR spectroscopy, TGA, 
and SEM. The water absorption capacity, pH effect, Langmuir and Freundlich adsorption isotherms, and kinetic model parameters were determined. All studies were 
conducted through a batch equilibrium procedure. Thermodynamic parameters, including enthalpy, entropy, and free energy, were determined. The P(ClVBTA) resin 
showed faster and higher capacity for the removal of V(V) and Mo(VI) from a water solution than the Amberlite IRA-402 commercial resin with the same ammonium 
salt functional group. The higher capacity of the P(ClVBTA) resin was attributed to the higher degree of swelling, the exfoliation in the monolayer, and the small 
particle size. 
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INTRODUCTION 

With the fast development of metal plating facilities, mining operations, 
fertilizer industries, tanneries, batteries, paper industries, and pesticides, among 
other industries, heavy metal wastewaters are increasingly directly or indirectly 
discharged into the environment, especially in developing countries. In contrast 
to organic contaminants, heavy metals are not biodegradable and tend to 
accumulate in living organisms, and many heavy metal ions are known to be 
toxic or carcinogenic.1 

Heavy metal pollution has become one of the most severe environmental 
problems. The treatment of heavy metals is of special concern due to their 
recalcitrance and persistence in the environment. In recent years, various 
methods for heavy metal removal from wastewater have been extensively 
studied.2–9 These procedures and technologies include chemical precipitation, 
ion-exchange, adsorption, membrane filtration, coagulation–flocculation, 
flotation, and electrochemical methods. According to the literature survey 
articles, ion-exchange, adsorption and membrane filtration methods are the most 
frequently studied for the treatment of heavy metal wastewater.10–17 

Among the metal ions, as oxyanions, molybdenum and vanadium occur in the 
earth crust in mean concentrations of approximately 0.0001% and 150 g t-1, 
respectively. 

Therefore, vanadium is one of the most commonly found metals. Since the 
1980s, a new type of secondary raw materials has gained importance for the 
production of these metals, namely, the molybdenum-containing catalysts, which 
are widely used in the petroleum refining industry. As environmental legislation 
is becoming strict, the emission and deposition of these residues must be 
drastically reduced.  

Equilibrium in aqueous solutions of molybdenum(VI) has been studied in 
detail. At molybdenum concentrations exceeding 10-3mol l-1 at pH >6, the 
predominant species is the tetrahedral [MoO4]2- ion. As the pH is lowered, 
polymerization condensation occurs,which yields at pH 5-6 the heptamolybdate 
ion [Mo7O24]6- and at pH 3-5 the octamolybdate ion [Mo8O26]4-. Both ions are 
constructed from linked octahedral MoO6. At pH 0.9, MoO3 precipitates, and in 
more acidic solutions, the [MoO2]2+ ion is formed. 

The typical source of molybdenum in physiological studies is a molybdate, but 
it is not always clearly stated in the literature precisely which compound has been 
used. For example,"ammoniummolybdate" may refer to (NH4)2MoO4, 
(NH4)2Mo2O7 (dimolybdate), or (NH4)6Mo7O24.4H2O (heptamolybdate). Due to 
the chemical similarities of the various molybdate species and since they are in 

equilibrium in aqueous media,substantial differences are unlikely in terms of 
their physiological effects.18–20 However, compared with tungsten, Mo sorption 
is more pH-sensitive. In strongly acidic solutions, molybdate(VI) oxoanions can 
convert to molybdenylcations, namely, MoO22+.21 At higher pH, molybdenum 
polyanions are converted into simple molybdates, namely, MoO4

2-. This can 
strongly impact molybdenum adsorption onto polyol adsorbents.  

Vanadium occurs in living organisms in very small amounts. The total amount 
of vanadium in the human body is estimated to be less than 1 milligram 
(0.000035 ounce). It is found most commonly in the kidneys, spleen, lungs, 
testes, and bones. No function for vanadium in humans has been identified. In 
large doses, vanadium can be toxic to humans and other animals. Excessive 
vanadium compounds have been demonstrated to be toxic and possibly 
carcinogenic, while an overdose of molybdenum may induce copper 
deficiency,22 thereby causing problems with the transfer of oxygen from blood to 
other cells.   

The chemistry of vanadium is even more complicated than that of 
molybdenum. Similar to molybdenum, vanadate(V) can be converted into a form 
of vanadyl(V) cation, namely, VO2+. Yellow vanadate(V) oxoanions can also be 
reduced to blue vanadyl(IV) cations, namely, VO2+.23 Changes in the adsorptivity 
of these species can play an important role in their mutual separations. 

The objective of this paper is to evaluate the removal properties of poly(4-
vinylbenzyl) trimethylammonium chloride(P(ClVBTA)), which is a water-
insoluble polymer thatcontains a quaternary ammonium group for molybdenum 
and vanadium under various experimental conditions.P(ClVBTA) resin was 
studied by the research group for the recovery of chromium, arsenite, and 
arsenate from water.24-26 

EXPERIMENTAL 

Materials 

The reagents used to synthesize the ion-exchange resins and the poly(4-
vinylbenzyl) trimethylammonium chloride(P(ClVBTA)) resin were the 
monomer (4-vinylbenzyl) trimethylammonium chloride (99%) and N,N´-
methylene-bis-acrylamide (99%) and ammonium persulfate (98%) as the 
crosslinking reagent and the initiator, respectively. All these reagents and the 
AmberliteIRA-402 commercial resin were purchased from Sigma-Aldrich. The 
reagents used to investigate the removal properties were ammonium 
metavanadate(p.a.), ammonium heptamolybdate (99%), hydrochloric acid 
(37%), and nitric acid (65%). All the salts and acid solutions were purchased 
from Merck. 
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Synthesis of the P(ClVBTA) resin 

The P(ClVBTA) resin was synthesized at laboratory scale by radical 
polymerization using a (4-vinylbenzyl) trimethylammoniumchloride, N,N´-
methylene-bis-acrylamide (4 mol%), and 1 mol% of ammonium persulfate as the 
monomer, crosslinking reagent, and initiator, respectively. All the reagents were 
introduced into a polymerization flask with 10 mL of water and were placed 
under a N2 atmosphere for 24 h at 70°C.24 The resin was filtered, washed with 
distilled water, and dried in an oven at 40°C until a constant weight was obtained. 
Finally, the dry resin was milled and sieved to obtain particles with sizes that 
were between 250 and 180 µm. 

The synthetic route of the P(ClVBTA) resin is illustrated in Figure 1. The 
structure of the Amberlite IRA-402 commercial resin, which was used as 
reference is shown in Figure 2. 

 

Figure 1. Synthetic route of P(ClVBTA) resin. 

 

Figure 2. Structure of Amberlite IRA-402 commercial resin. 

Instrumentation 

The laboratory equipment that was used in the experimental stage of this 
research included the following: (a) a Shimadzu AUX 220 analytical balance; (b) 
a Wisebath thermostatic bath; (c) a Memmert heater; (d) a Perkin Elmer 
PinAAcle 900F atomic absorption spectrometer; (e) a Toledo seven compact 
digital pH meter; (f) a Wisestir MSH-20ª magnetic stirrer; (g) a Jeol JSM-6380 
LV scanning electron microscope; (h) a Magna Nicolet TF-IR spectrometer 550; 
(i) a Netzsch 209F1 Iris 2020-1 thermogravimetric analyzer; (j) a set of stainless 
steel sieves of sizes 100, 180, and 250 μm; (k) an IKA A11 basic grinder; (l) a 
Spectra/Chrom CF-2 fraction collector; and (m) a Kross Flo research I peristaltic 
pump. 

Characterization 

The P(ClVBTA) resin was characterized by FT-IR spectroscopy over the range 
of 400 to 4000 cm-1 to identify the typical absorption bands of the ion exchange 
resin and also by SEM (scanning electron microscopy) to observe the 
morphology of the resin at100-1µm.Finally, it was also analyzed by TGA 
(thermogravimetric analysis), and the profile of decomposition of the resin was 
identified between 0 - 550°C under N2 atmosphere and a heating rate of 
10°C/min. 

Degree of swelling 

The resin swelling analysis was conducted using 100 mg of dry resin and 80 
mL of bidistilled water, which were introduced into and stored in a 100-mL 
beaker for 24 h.For this study,the particle size was between 180 and 250 μm. 

Once the residence time was completed, the beaker content was filtered, and 
the wet resin was weighed to obtain the mass of water that was absorbed per 
gram of resin (see Eq. 1). The resins were classified as (a) xerogel (0 g H2O g-

1resin), (b) hydrogel (0-100 g H2O g-1 resin), and (c) superabsorbent (higher than 
100 g H2O g-1 resin). 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =
ௐ௘௧ ௠௔௦௦ ௢௙ ௥௘௦௜௡

஽௥௬ ௠௔௦௦ ௢௙ ௥௘௦௜௡
                                                         (1) 

Batch procedure 

Effect of the pH on the removal  

To study the pH effect on the metal ion removal, solutions of Mo(VI) and V(V) 
at pH values of 2, 4, 6, 8, 10, and 12 were prepared. The pH values were adjusted 
with HNO3 and NaOH. The resin (0.05 g) was contacted with a solution of 50 
ppm of metal ion in a water bath at a constant agitation of 140 rpm for 60 min 
and 25°C. Afterward, the solutions were filtered and washed prior to analysis by 
atomic absorption spectroscopy (AAS). Thus, the optimal pH was determined, 
which corresponds to the pH at which the resin retained the largest amount of the 
metal ion. 

Thermodynamic parameter study 

To obtain the thermodynamic parameters for the P(ClVBTA)resin, an 
adsorption isotherm study was conducted by varying the concentration of metal 
ion at constant mass of the resin. The experiment was conducted after preparing 
25-2200 ppmofthe metal ion solution and the resin mass (50 mg), and  the 
temperature was maintained constant with stirring at 140rpm for 24 h. Then, the 
solutions were filtered and washed, and they were used for analysis by AAS. The 
adsorption isotherms were identified at 25, 35, and 45°C. 

The obtained data were adjusted according to the Langmuir and Freundlich 
isotherms, and whether the adsorption of the metal ion in the resin corresponds 
to a physical or chemical adsorption was determined. Equation (2) and equation 
(3) express the Langmuir and Freundlich linearized isotherms, respectively. 

Langmuir Equation: 

𝐶௘

𝑞௘

=
1

𝑏𝑞௠

+
𝐶௘

𝑞௠

 
 (2)

Ceq: Equilibrium concentration (mg L-1) 
qe:   Amount of metal ion that is adsorbed per unit weight of the resin (mg 

metal ion g-1 resin) 
qm: Maximum adsorption capacity (mg g-1 resin) 
b:  Langmuir constant (L mg-1) 

Freundlich equation: log (𝑞_𝑒 ) = 𝑙𝑜𝑔𝑘_𝐹 + 1/𝑛 𝑙𝑜𝑔𝐶_(𝑒) (3)

qe:   Amount of metal ion that is adsorbed per unit weight of the resin (mg 
metal ion g-1 resin) 

Ceq: Equilibrium concentration (mg L-1) 
KF: Freundlich constant 
n: Dimensionless parameter that corresponds to the preference of the 

adsorption 

Kinetic Models 

To predict the mechanism of the adsorption process, two kinetic models were 
used: Lagergren pseudo-first-order and pseudo-second-order models. As usual, 
the sorption kinetics were described by pseudo-first-order or pseudo-second-
order models.27 

The sorption kinetics follow the following pseudo-first-order equation: 

𝑑𝑞

𝑑𝑡
= 𝑘ଵ(𝑞௘ − 𝑞௧) 

(4)
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Table 1. Main FT-IR absorption bands of P(ClVBTA) and IRA-402(Cl)resins 

Resin -NH/cm-1 -N+-(CH3)3/cm-1 -CH aromatic/cm-1 -C=O/cm-1 

P(ClVBTA) 3438.51 1483.02 3023.88 1643.08 

IRA-402(Cl) 3415.37 1481.09 3027.74 1646.94 

 
𝑞௧: Amount of adsorbed species (mg g-1) at time t. 
𝑞௘: Amount of adsorbed species (mg g-1) at the equilibrium time. 
𝑘ଵ: Adsorption rate constant (min-1). 
Eq. (4) is integrated with respect to the following boundary conditions: 

𝑞 = 0 at 𝑡 = 0 , , and 𝑞 = 𝑞௧at𝑡 = 𝑡 

This yields, 

log(𝑞௘ − 𝑞௧) = log(𝑞௘) −
𝑘ଵ

2.303
 

(5)

The adsorption rate constant 𝑘ଵ(min-1) can be calculated from the plot of 
log(𝑞௘ − 𝑞௧) versus time. 

The kinetic data can be analyzed by means of pseudo-second-order kinetics: 

𝑑𝑞

𝑑𝑡
= 𝑘ଶ(𝑞௘ − 𝑞௧)ଶ (6)

k2: Pseudo-second-order rate constant (g mg-1 min) 
𝑞௧: Amount of adsorbed species (mg g-1) at time t. 
𝑞௘: Amount of adsorbed species (mg g-1) at the equilibrium time. Varying the 

variables in Eq. (6) yields 

𝑑𝑞

(𝑞௘ − 𝑞௧)ଶ
= 𝑘ଶ𝑑𝑡 

 (7)

And by integrating Eq. (7) for the following boundary conditions: 

𝑡 = 0 to 𝑡 = 𝑡, and𝑞 = 0and𝑞 = 𝑞௘,  

The final form is obtained: 

𝑡

𝑞௧

=
1

𝑘ଶ𝑞௘
ଶ

+
1

𝑞௘

𝑡 
 (8)

A plot of 𝑡/𝑞 versus 𝑡gives yields the value of constant𝑘ଶ (g mg-1 min). It is 
possible to calculate 𝑞௘ (mg g-1).  

RESULTS AND DISCUSSION 

Characterization by FT-IR spectroscopy 

Figure 3 presents the FT-IR spectra of P(ClVBTA) resin (circles) and IRA-
402(Cl) resin (squares). In Table 1, the principal absorption bands for both are 
presented. 

 

Figure 3. FT-IR spectra of P(ClVBTA) (circles) and IRA-402(Cl) (squares) 
resins. 

Scanning electron microscopy (SEM) 

The shape of the particles, the rugosity of the surface, and the porosity were 
investigated by SEM. It is important to examine the surface characteristics of a 
material that will be used in the adsorption process. A resin with a rough surface 
will have a larger available surface for interaction with an adsorbate. 

An SEM analysis of P(ClVBTA) resin was conducted with particles of size 
180-250 µm. For the P(ClVBTA) resin, in Figure 4.a), homogenous small 
particles were observed, which were irregularly shaped and non-uniform, and in 
Figures 4.b) and 4.c), a lack of rugosity and a small exfoliation were observed. 
For the commercial IRA-402(Cl) resin, in Figure 4.d) we observe particles of 
spherical and uniform shape, and in Figures 4.e) and 4.f) we observe exfoliation 
and porosity. 

 

Figure 4. Microphotographs of P(ClVBTA) resin at magnifications of a) 100 
µm, b) 10 µm and c) 5 µm and of IRA-402(Cl) resin at magnifications of d) 500 
µm, e) 5 µm and f) 1 µm. 

Thermogravimetric analysis (TGA) 

To obtain the decomposition profile of the P(ClVBTA) resin, the sample was 
subjected to controlled heating. Figure 5 presents a thermogram of the 
P(ClVBTA) resin, which was obtained under a nitrogen inert atmosphere at a 
heating rate of 10°C/min. 

There is no significant decomposition temperature, and according to the 
thermogram, the P(ClVBTA) resin is stable up to approximately250°C.The 
P(ClVBTA) resin does not show a substantial loss of weight, which is likely due 
to adsorbed water molecules. Subsequently, it lost weight in two steps, which is 
likely due to the ammonium group weight loss. 

 

Figure 5.Thermogram of P(ClVBTA) resin. 

Degree of swelling 

The degree of swelling represents the capacity for water absorption, which is 
directly correlated with the number of available active sites for the removal of 
metal ions. The degree of swelling is the most important property 
that,theoretically, enables the metal ions to diffuse through the porous 
crosslinked matrix and favors the exchange of metal ions with functional groups. 

The degree of swelling can be influenced by various characteristics of the 
polymer matrix structure, such as the crosslinking degree, concentration, pK of 
ionizable groups, ionization degree, and hydrophilicity, among others. 
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According to the degree of swelling, it is possible to classify the resins as 
xerogelresins (0 g H20 g-1 resin),which areincapable of retaining water, or 
hydrogel resins (0 to 100 g H20 g-1 resin), which can retain water. In addition, 
superabsorbents (100 g H20 g-1 resin) are resins that absorb more water, thereby 
inhibiting ion exchange. 

According to Table 2, the P(ClVBTA) resin and the IRA-402(Cl) commercial 
resin are both classified as hydrogels, but the P(ClVBTA) resin has a higher 
water absorption capacity than that commercial resin IRA-402(Cl), as it has more 
available active sites for metal ion removal. 

Table 2. Degree of swelling for the P(ClVBTA) and IRA-402(Cl) resins. 

Resin Water absorption/g H2O g-1 resin 

P(ClVBTA) 82.7 

IRA-402(Cl) 0.69 

Effect of the pH on the adsorption 

With the objective of determining the effect of the pH on the adsorption, 
solutions of Mo(VI) and V(V) at pH values of 2, 4, 6, 8, 10, and 12and a 
concentration of 50 mg L-1 were prepared. 

The speciation of molybdenum and vanadium differ according to the pH value, 
which will affect the structure. Table 3presents the speciation at various pH 
values. 

According to Table 3, molybdenum at a pH lower than or equal to 1, the ion 
has a positive charge, which leads an impossible ion exchange with ammonium 
quaternary functional groups, whereas at a pH that exceeds 2, the removal will 
be possible due to the negative charge of the ion as an oxyanion species, which 
is favored by the resin structure. 

Vanadium at a pH of less than 2 is positively charged; hence, removal by the 
P(ClVBTA) resin is impossible due to the ammonium quaternary functional 
groups. However, at values that exceed 2, vanadium is an oxyanion that favors 
the ion exchange due to its negative charge. 

Table 3. Speciation of molybdenum and vanadium at various pH values. 

Molybdenum Vanadium  

pH species pH Species 

˃ 6.5 MoO4
2- ˃ 13 VO4

3- 

4 MoO24
6- 9 V2O7

4- 

2 Mo8O26
4- 8.5 VO3

- 

≤ 1 MoO2
2+ 6 V3O9

3- 

0.8 MoO3*2H2O 2 V10O28
6- 

  < 2 VO2
+ 

In Tables 4 and 5,the adsorption of Mo(VI) and V(V) at various pH values for 
the P(ClVBTA) and IRA-402(Cl) resins at a concentration of 50 mg L-1are 
presented. Both resins showed high retention percentages at pH 6-10, namely, 
above 83%, for Mo(VI) at a concentration of 50 mg L-1.  

Table 4. Retention of 50 mg L-1 of Mo(VI)at various pH values for the 
P(ClVBTA) and IRA-402(Cl) resins. 

 P(ClVBTA)  IRA-402(Cl)  

pH Retention (%) mg g-1resin Retention (%) mg g-1resin 

2 71.4 1.875 91.5 3.249 

4 77.1 2.272 94.7 3.772 

6 83.7 2.774 96.3 4.839 

8 65.5 2.059 97.4 4.688 

10 99.0 2.282 92.7 4.005 

12 0.00 0.000 94.3 4.172 

Table 5. Retention of 50 mg L-1 of V(V) at various pH values by the 
P(ClVBTA) and IRA-402(Cl) resins. 

 P(ClVBTA)  IRA-402(Cl)  

pH Retention (%) mg g-1resin Retention (%) mg g-1resin 

2 10.1 0.504 7.30 0.363 
4 73.8 3.411 76.4 3.292 
6 76.6 3.325 70.0 3.177 
8 80.7 3.744 84.5 4.084 

10 80.6 4.490 80.7 4.522 
12 8.00 0.467 81.1 4.571 

For the retention of 50 mg L-1 of V(V),the P(ClVBTA) and IRA-402(Cl) resins 
showed satisfactory performance, namely, they retained over 73% of the V(V) in 
the pH range of 4-10. P(ClVBTA) retained more V(V) than the commercial resin, 
namely, IRA-402(Cl), at the optimal pH. For Mo(VI), the resins retained similar 
percentages. 

To investigate additional properties of the P(ClVBTA) resin and to compare 
both ions with the commercial IRA-402(Cl) and with results from the literature28, 
Mo(VI) was removed as MoO4

2-at pH 6 and V(V) was removed as V2O7
4- at pH 

10. 

Thermodynamic parameter study 

Adsorption isotherms provide important information regarding the adsorption 
process and the interaction between the resin (adsorbent) with the metal ion 
(adsorbate). In Figures 6and 7,the adsorption profiles of the P(ClVBTA) and 
IRA-402(Cl) resins are presented with the V(V) metal ion at pH 10and Mo(VI) 
at pH 6, respectively, at various temperatures. 

Figure 6 demonstrates that the P(ClVBTA) and IRA-402(Cl) resins with V(V) 
at pH 10 do not show a plateau; hence, they have not reached the maximum 
retention capacity. Figure 6.a) shows that the adsorption capacity of the 
P(ClVBTA) resin decreases as the temperature increases. At constant 
temperature (25°C), a gradually increase of the V(V) concentration results in a 
higher retention at higher concentrations and pH 10, whereas at lower 
concentrations, the retention does not change with an increase in the temperature. 
Figure 6.b) shows the opposite tendency for the IRA-402(Cl) commercial resin 
regarding the influence of the temperature on the retention of V(V): an increase 
in the temperature is associated with an increase in the retention capacity. This 
is likely due to an increase in the kinetic energy of the metal ions and to a 
dilatation of the porous of IRA-402(Cl) resin with an increase in the temperature, 
which favors the diffusion of the metal ions through the active sites, thereby 
resulting in a higher adsorption at 35°C. 

 

Figure 6. Isotherms profile of a) P(ClVBTA) and b) IRA-402(Cl) resins with 
V(V) at pH 10 and 25, 35, and 45°C. 
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Figure 7. Isotherms profile of a) P(ClVBTA) and b) IRA-402(Cl) resins with 
Mo(VI) at pH 6 and 25, 35, and 45°C. 

According to Figure 7, the P(ClVBTA) and IRA-402(Cl) resins reached a 
plateau that corresponds to the maximum retention capacity. According to Figure 
7.a), theP(ClVBTA) resin with Mo(VI) presents a similar behavior to that of the 
resin that is charged with a V(V) metal ion solution. The P(ClVBTA) resin 
presents higher adsorption at 25°C up to a Mo(VI) ion solution concentration of 
150 mg L-1; after that, it reaches the plateau, and with an increase in 
concentration, higher adsorption is exhibited at 35°C. Figure 7.b) shows that the 
IRA-402(Cl) resin with Mo(VI) at pH 6 presents the same trend as the 
P(ClVBTA) resin. The IRA-402(Cl) resin presents a higher adsorption at 25°C 
up to a concentration of 70 mg L-1; as the concentration is further increased, 
higher retention is realized at 45°C. 

 
According to the isotherm constants in Table 6,the P(ClVBTA) and IRA-402 

(Cl) resins are more strongly correlated with the Langmuir isotherm for Mo(VI) 
and with the Freundlich model for V(V) ions. The Langmuir constant “b” is 
directly related to the affinity between the resin and the metal ion and the 
maximum retention capacity. These results suggest the formation of a monolayer. 
The P(ClVBTA) resin showed a larger constant of Langmuir in comparison with 
the IRA-402(Cl) resin, with high maximum capacities of retention (117.6 mg 
Mog-1 resin and 344.8 mg V g-1 resin), which suggest a stronger resin/metal ion 
affinity under the experimental conditions of pH 6 and 10 for Mo(VI) and V(V), 
respectively, at 25°C. 

At diference of vanadium (see fig. 6), it’s retained a high concentration of 
molybdenum and very fast (during the first 120 sec, see fig. 8), we assumed that 
this is the reason of the irregular behavior at the starting of the plot. 

Table 6. Constants of the isotherms of Langmuir and Freundlich for the 
P(ClBVTA) and IRA-402(Cl) resins with V(V) and Mo(VI) ions at pH values of 
6 and 10, respectively, at 25°C. 

Langmuir Freundlich 

Resin 
Metal 

ion 
qm(mg metalg-

1resin) 
b (L mg-1) R2 N 

Kf 
(mg Mo g-1resin) 

R2 

P(ClVBTA) Mo(VI) 117.6 0.224 0.999 3.093 27.55 0.840 

 V(V) 344.8 0.008 0.982 1.318 4.21 0.984 

IRA-402(Cl) Mo(VI) 90.1 0.414 0.996 3.156 25.95 0.744 

 V(V) 185.2 0.011 0.960 1.388 3.23 0.997 

Table 7 presents the Langmuir constants of the P(ClVBTA) resin at various 
temperatures. From these data, it is possible calculate the thermodynamic 
parameters, such as the Gibbs free energy G°, the enthalpy H°, and the entropy 
S°. 

Table 7. Constants of Langmuir at various temperatures for the P(ClVBTA) 
resin that is charged with Mo(VI) and V(V) at pH values of 6 and 10, 
respectively. 

  Langmuir constants  

Temperature 
(°C) 

Metal ion 
qm                      

(mg metal g-1) 
P(ClVBTA) 

b 
(L mg-1) 

R2 

25 Mo(VI) 117.6 0.224 0.999 
 V(V) 344.8 0.008 0.982 

35 Mo(VI) 119.0 0.209 0.996 
 V(V) 454.5 0.004 0.950 

45 Mo(VI) 108.7 0.261 0.998 
 V(V) 303.0 0.010 0.996 

The free energy G° is calculated by equation (9) using the constant of 
Langmuir. 

∆𝐺° =  −𝑅𝑇 ln 𝑏     (9)

The enthalpy and entropy, namely,H° andS°, can be obtained by the relation 
of Van,t Hoff, which is presented as equation (10). 

log(𝑏) =  
∆ௌ°

ଶ.ଷ଴ଷோ
−

∆ு°

ଶ.ଷ଴ଷோ்        
(10) 

It is possible to determine H° andS° from the slope and the intercept, 
respectively, in the plot of log (b) vs 1/T. 

Table 8. Thermodynamic parameters for the P(ClVBTA) resin with Mo(VI) 
and V(V) at pH values of 6 and 10, respectively. 

T/K Metal ion G°/kJ mol-1 H°/kJ mol-1 S°/kJ mol-1 

298.15 Mo(VI) 3.706   

 V(V) 11.993   

308.15 Mo(VI) 4.006 5.808(Mo) 0.07(Mo) 

 V(V) 14.065 8.459 (V) -0.014 (V) 

318.15 Mo(VI) 3.557   

 V(V) 12.186   

Table 8 summarizes the G°, H°, and S° values obtained for the adsorptions 
of Mo(VI) and V(V) by the P(ClVBTA) resin. The free energy values 
substantially depend on the temperature. The values are positive; hence, the 
adsorptions of Mo(VI) and V(V) are non-spontaneous processes. This finding is 
supported by the small constants of Langmuir that were obtained previously. The 
enthalpy suggests endothermic processes of Mo(VI) and V(V) adsorption, 
namely, we must input energy into the system. The value of entropy for Mo(VI) 
suggests an increase in the randomness (increase in the number of species) in the 
P(ClVBTA) resin surface. The entropy value forV(V) suggests a decrease in the 
number of degrees of freedom, which is due to the metal ion being retained by 
the P(ClVBTA) resin and transformed to a more organized state. 

Finally, according to the enthalpy values,the adsorptions of Mo(VI) at pH 6 
and V(V) at pH 10 in the P(ClVBTA) resin are essentially physical processes. 

Kinetic study 

Figure 8presents the kinetic profiles of the P(ClVBTA) and IRA-402(cl) resins 
that are charged with V(V) and Mo(VI). For the P(ClVBTA) resin, Figure 8.a) 
shows that equilibrium is reached during the first 120 sec for both metal ions and 
that more V(V) than Mo(VI) can be retained. Meanwhile, according to Figure 
8.b), the commercial IRA-402(Cl) resin at 1200 sec does not reach equilibrium 
and can retain more Mo(VI) than V(V). 
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Figure 8. Kinetic profiles of a) the P(ClVBTA) resin and b) the IRA-402(Cl) 
resin with V(V) represented by squares and Mo(VI) by circles. 

Table 9 presents the values of the kinetic data that have been adjusted to the 
pseudo-first-order and pseudo-second-order kinetic models by equations (5) and 
(8) for the P(ClVBTA) and IRA-402(Cl) resins with Mo(VI) and V(V) metal 
ions. The P(ClVBTA) resin with Mo(VI) follows a pseudo-first-order kinetic 
mechanism, whereas with V(V),it follows a pseudo-second-order mechanism. 
The IRA-402(Cl) resin with Mo(VI) and V(V) metal ions follows a pseudo-first-
order kinetic mechanism. 

Table 9. Evaluation of the kinetic data for the P(ClVBTA) and IRA-402(Cl) 
resins using conventional pseudo-first-order and pseudo-second-order equations. 

Resin P(ClVBTA) IRA-402(Cl) 

Model Metal ion R2 R2 

Firstorder Mo(VI) 0.983 0.997 

 V(V) 0.600 0.988 

Secondorder Mo(VI) 0.600 0.986 

 V(V) 0.995 0.953 

CONCLUSIONS 

P(ClVBTA) resin containing ammonium quaternary groups was successfully 
synthesized, and this resin retained more Mo(VI) and V(V) metal ions than the 
commercial IRA-402(Cl) resin at pH values of 6 and 10, respectively. This 
finding can be attributed to the resin’s high water adsorption capacity, which is 
supported by the small particle size and non-uniform shape, as observed by SEM. 

The P(ClVBTA) and IRA-402(Cl) resins were more strongly correlated with 
the Langmuir isotherm for Mo(VI) and with the Freundlich model for V(V) ions. 
This suggests the formation of a monolayer. The P(ClVBTA) resin shows higher 
maximum retention capacity (117.6 mg Mo g-1 resin and 344.8 mg V g-1 resin), 
which suggests a higher-affinity resin/metal ion than the IRA-402(Cl) resin under 
the experimental conditions of pH 6 and 10 for Mo(VI) and V(V), respectively, 
at 25°C. The values of the free energy, enthalpy, and entropy for the P(ClVBTA) 
resin suggest that the adsorptions of Mo(VI) and V(V) are non spontaneous 
endothermic processes that result an increases in the randomness (increases in 
the number of species of Mo) on the P(ClVBTA) resin surface.  

These values for V(V) suggest a decrease in the number of degrees of freedom 
because the metal ion is retained by the P(ClVBTA) resin and transitions to a 
more organized state. The adsorption of Mo(VI) and V(V) at pH values of 6 and 
10, respectively, are essentially physical processes. 

Finally, the P(ClVBTA) resin showed faster kinetics than the commercial IRA-
402(Cl) resin and reached the maximum retention capacity during the first 120 
sec for Mo(VI) and V(V) metal ions at pH values of 6 and 10, respectively. 
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