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The current study was aimed at elucidation of the adsorption properties of Amberlite IRA-68 resin for vanadium ions in
effect of different

temperature, and adsorbent dosage on the uptake rate of vanadium. The findings showed that the equilibrium data were best

aqueous media. We investigated the parameters such as contact time, pH, initial concentration,

fitted by the Freundlich isotherm, and the maximum adsorption capacity of the resin was211.5 mg g' at 50 °C. The best
possible pH for adsorption was 4.5. The first, and second-order reaction models and the Weber-Morris model were applied to
the kinetics data. Among them, the best fitting was obtained by the second-order model. The rate-controlling step at the onset

of the uptake was liquid film resistance, which gradually changed to intraparticle diffusion. Thermodynamic study revealed

that adsorption was endothermic and spontaneous. The Amberlite IRA-68 resin could preserve more than 95% of its capacity

after 8 cycles of adsorption/desorption.

Keywords: Vanadium adsorption, Amberlite IRA-68, Kinetics, Isotherm, Thermodynamic

INTRODUCTION

Vanadium is an important element for the steel industry
that is added to alloys to increase strength. Other important
uses of vanadium chemicals are as catalysts and pigments.
Vanadium is a harmful heavy metal that occurs in industrial
effluents, both in tetravalent and pentavalent forms, of which
the pentavalent one is more hazardous [1]. Vanadium(V) is
categorized as a dangerous environmental and occupational
pollutant in the same class of toxicity as mercury, lead, and
arsenic [2]. The element is present in significant
concentration in fuel oil [3]; where according to some
estimations, it is estimated to cause about 400,000 deaths
from lung cancer, cardiovascular disease and about 14
million asthma diseases each year [1]. Different types of

vanadium coexist in aqueous media. These are divided into

*Corresponding author. E-mail: hsidkalal@aeoi.org.ir

three categories, cationic [e.g. VO:'],

VO(OH3)], and anionic species. The anionic group is also

neutral [e.g.

different. The speciation of vanadium in solutions is complex
and highly dependent on its concentration and pH. Figure 1
shows the variation of these species with respect to pH [4-6].
To separate vanadium from aqueous solutions, so far, several
methods have been investigated including chemical
precipitation [7], membrane filtration [2], ion exchange [8,9],
and adsorption [10,11]. In the case of the last two processes,
the different types of adsorbents used to treat V(V)-
[8,10,11].

Adsorption effectiveness for vanadium removal depends

containing  wastewater were considered
mainly on the type of adsorbent (i.e. its functional groups)
and pH of the solution [12-30]. For instance, Naeem et al.
reported that on the adsorption of vanadium on different
metal oxides, maximum uptake capacity is achieved between
pH 3 to 4 [5]. Other researchers who employed coconut-

derived active carbon, found the optimum pH between 4 and
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Fig. 1. Assignment of vanadium(V) species as a function of
pH (C=0.5 mM, T =25 °C, 1 atm, ionic strength 0.15 M
NaCl) taken from [32].

9 [31]. Studied the use of PGTFS (polyhydroxyethyl
skin)-NH3*Cl-  for the
adsorption of vanadium(V) ions, and they arrived at pHs 3 to

methacrylate-grafted tamarind
6 as the maximum capacity range. The aim of the current
study was to investigate the efficiency of Amberlite IRA-68
poly
ethylmethacrylate) structure and an —-NH3"Cl moiety, for the

anion exchange resin with a (hydroxyl
adsorption of vanadium(V) ions. The influence of different
parameters such as pH, contact time, initial concentration,
and adsorbent dosage on the uptake capacity of the resin was
examined. Equilibrium, kinetic and thermodynamic studies
were undertaken to elucidate different features of the
adsorption process. Furthermore, the reusability of the IRA-
68 resin was checked in eight consecutive cycles of

adsorption-desorption.
EXPERIMENTAL

Materials and Instruments

The metal salts were analytical grade and were obtained
from Merck, Germany. The stock solution of vanadium(V)
(1000 mg 1'") was prepared from sodium metavanadate by
dissolving 2.23 g NaVOs; in distilled water. Working
solutions of various concentrations were obtained by diluting
the stock solution with distilled water. due to the nature of
weakly basic anion exchangers under different pH
conditions. It has been observed that this type of anion

exchanger shows a strong preference for heavy metal salts

under neutral conditions and strong acids at low pH values.
At neutral pH, the nitrogen atoms of these groups are not
protonated. Therefore, they have a lone pair of electrons and
can act as Lewis bases with metal ions (Lewis acids). In
addition, equivalent amounts of anions must be present to
maintain electroneutrality in the liquid phase and resin phase
[33]. The physicochemical properties of Amberlite IRA-68
resin are as follows: Spherical beads of off-white to yellow
color, ionic form with Cl, weakly basic amine, particle size
0.6-0.75 mm, and maximum service temperature 60 °C. The
resin was prepared for the adsorption experiment by
contacting it with a 5% (w/v) H2SO4 solution in the ratio
20:1 (Vhzsos: Mresin). The concentration of metal ions in
solutions was determined using an inductively coupled
plasma-optical atomic emission spectrometer (ICP-OES)
(Perkin Elmer Optima 2000 DV, USA).

Experiments

The influence of pH on adsorption was determined by
shaking 25 ml of vanadium solution with a fixed amount
(0.1 g) of the adsorbent, for 4 h, in a thermostatic shaking
bath. The rate of shaking was fixed at 200 strokes/min. The
initial pH of the solutions was adjusted by adding adequate
amounts of 0.5 M HNOs or 0.5 M NaOH solutions. After
equilibration, samples were filtered using 0.45 um nylon
filter (Whatmann) and the concentration of vanadium ions
was determined by (ICP-OES).
The adsorption rate, uptake capacity (q, mg g'), and
distribution coefficient (Kq4, ml g”') were calculated using the
following equation:

Adsorption rate (%) = (C’;ﬂ x100 M
_(G-CxV 2)
qimg/ g)="—ro0
K,(mi/ g)=E=C) V. )
C m

e

where C;and C. (mg I"') respectively denote the initial and
equilibrium concentration of vanadium, V (ml) stands for
volume of the solution, and m (g) shows the amount of
adsorbent.
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As for the evaluation of the adsorption capacity, two
different procedures were undertaken. In the first procedure,
the volume of the solution (25 ml), its initial concentration
(70 mg I') and temperature were set equal to the
abovementioned values of the pH experiment, but the pH was
4.5 and the amount of the resin was changed from 0.5 to
10 g I'". In the second, initial concentration and amount of the
resin were fixed, while the volume of the solution was
changed.

Likewise, to study the kinetic of the vanadium uptake, we
fixed the pH, temperature, and amount of the resin, but
changed the initial concentration of vanadium. After the
onset of the kinetic experiments, small amounts of solution
were pipetted out at 5, 10, 15, 30, 60, 120, 180, and 240 min,
and analyzed by ICP-OES method.

In order to estimate the thermodynamic parameters,
uptake experiments were followed at different temperatures
(30, 40, and 50 °C), with an initial vanadium concentration
of 180 mg 1"

Another significant property, required for the industrial
application, is reusability. This parameter in our study was
evaluated by undertaking eight repeated cycles of adsorption-
desorption, whereby the uptake percentage was measured at
every cycle of the adsorption. In these experiments,
desorption was performed by contacting the loaded resin with
an adequately large amount of 2 M NaOH solution, followed
by rinsing them with distilled water.

RESULTS AND DISCUSSION

Effect of pH

Figure 2 displays the effect of pH on the uptake
efficiency of vanadium(V) by Amberlite IRA-68 resin. The
adsorption percentage increased as pH rose from 2.0 to 4.5,
and it reached a plateau in the range of pH 4.5-5.5.
Afterwards, the uptake rate gradually decreased. At optimum
pH 4.5, and initial V(V) concentrations of 70 and
150 mg 1"!, the amounts of adsorbed vanadium were found to

be 49.6 and 79.8 mg g, respectively.

The pH influences both ion speciation in the solution,
and protonation/deprotonation in the resin matrix. As was
explained in the introduction, vanadium exists in cationic
forms below pH 3.0; and as VO3 ion in the pH range of 4.0-
10.0 [4,6,34]. A decrease in the adsorption of vanadium in
the pH range of 2.0 to 3.0. is indicative of positive vanadate
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Fig. 2. Effect of pH on the uptake rate of Amberlite IRA-68
resin for V(V) ions (Temperature: 30 °C, Time: 4 h, Sorbent
dose: 2 g I'M.

species being repelled by protonated NH» groups of the ion
exchanger. That maximum adsorption occurs at pH range
of 4.0-5.0, species
predominates at such range, and it is preferentially adsorbed
on amine groups of the resin. At higher pH values there is
competition between hydroxide ions and anionic vanadium
species for binding with amine groups.

indicates that anionic vanadium

Equilibrium Studies

Resin Dosages Effect. The relation between adsorbent
dosage and uptake efficiency is shown in Fig. 3. According
to this figure, by increasing adsorbent dosage, the uptake rate
increases, but the loading of vanadium per unit mass of the
adsorbent decreases. The increase in uptake percentage may
be due to the increase in surface area and available adsorption
sites, which are proportional to the amount of the resin [35].
On the other hand, the amount of adsorbent was changed
from 0.5 to 10 g I'', which lowered the adsorption density
from 95.4 to 5.1 mg g, implying that an increase in the
amount of adsorbent results in a higher density of unoccupied
binding sites on Amberlite IRA-68 resin.

Adsorption capacity and isotherms. Figure 4 displays
the equilibrium loading of the resin as a function of
equilibrium concentration at three different temperatures of
30, 40, and 50 °C. The equilibrium distribution of solutes
between the liquid and solid phases can best be described by
the adsorption isotherms, for which various models such as
e.g. B. Langmuir [36], Freundlich [37], Temkin [38], Radke-
Prausnitz and Fritzschlunder [39] and compared the obtained



Sid Kalal et al./Phys. Chem. Res., Vol. 11, No. 4, 929-942, December 2023.

120 100
100 90 &
2 80 80 2
o 70 =
&0 60 =
g 0 £
o 40 50 e
(=]
20 N 40 3
®-_g _ _ _ <

0 ® 030

0 5 10
Adsorbent dosage (g 1)

Fig. 3. Effect of adsorbent dosage on the adsorption of V(V)
ions by Amberlite IRA-68 resin (Temperature: 30 °C, Time:
4 h, pH = 4.5, initial concentration: 150 mg 1").
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Fig. 4. Equilibrium uptake loading of vanadium on Amberlite
IRA-68 resin at different temperatures (Time: 24 h, pH =4.5,
Sorbent dose: 2 g 1!, initial concentration: 150 mg I'').

data with these generalized and nonlinear isotherm fitting
curves studied for the above-mentioned adsorption isotherm
models (Fig. 5).

The Langmuir model proposes monolayer adsorption with no
mutual effects between the adsorbed species. This isotherm
is expressed by:
__O,bC,

= 4)
(1+5C)

qe

where qe(mg g, and Cc (mg dm*) denote equilibrium values
resin loading, and solution concentration, respectively. The
constant Qo stands for maximum theoretical adsorption
capacity, and b is related to the energy of adsorption.

The Freundlich isotherm model is expressed by:

1
q.=K,Cor (5)
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Fig. 5. Isotherm curves obtained by the best non-linear
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modeling at different temperatures for the removal of
Vanadium ions on Amberlite IRA-68 resin (Time: 24 h, pH
=4.5, Sorbent dose: 2 g I'!, initial concentration: 150 mg I'').

and in logarithmic form as:

log g, =log K , + llog C, (6)
n
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Table 1. Isotherm Constants of Different Models for Adsorption of Vanadium by Amberlite [RA-68

T
Isotherm Parameter ©C)
30 40 50
Langmuir Qmax 194.2377 195.2 211.4729
kI 0.054 0.07231 0.0733
R? 0.9581 0.8664 0.8517
X2 12.79512 10.63851 12.51043
Freundlich n 3.1072 3.1342 3.1747
Kr(mg g!) (Img™") 37.7828 41.6018 459119
R? 0.9826 0.9827 0.9785
X2 1.603808 1.692292 2.268974
Temkin B (mg g 34.7523 37.546 40.5294
A (Img™h) 1.0349 1.0662 1.0932
R? 0.9306 0.9319 0.9213
x? 4311822 4.47017 5.483634
Radke-Prausnitz Qmax (Mg g 7.324 8.244 9.016
Krp (Img™) 99.98 99.93 99.94
n 0.6593 0.6632 0.6639
R? 0.9736 0.9737 0.9667
X2 1.661997 1.749802 2.358451
Fritz-schlunder Kifs 44 41.88 46.76
K2fs 0.2531 0.0786 0.0008
n 0.3418 0.3372 0.3103
m 0.004 0.000308 1.1E-07
R? 0.9737 0.9738 0.9623
%2 1.657203 1.746965 2.32486

where Ky is related to the adsorption capacity, and n indicates
the selectivity. These constants were calculated from the
nonlinear plot of g. vs. Co (Fig. 5) and are presented in
Table 1.

The Temkin isotherm is used in the forms of:

4. =L In(4C) ™

or:
q,=BlnA+BInC,

®)
where C. and g have the equilibrium values, and RT/h = B
and A and h are the constants. A plot of . vs. logCe to check
the applicability of Temkin model is given in Fig. 6.
Radke-Prausnitz isotherm. This model is particularly suitable
for low adsorbate concentrations [40]. The isotherm is given
by the following expression:

933

Qmrp KrpCe
1/me

e = ©

(1+KRPCe

Where ge is the adsorbed amount at equilibrium (mg g™),
Qmrp is the Radke-Prausnitz maximum adsorption capacities
(mg g'), Cc is the adsorbate equilibrium concentration
(mg 1), Kgp is the Radke-Prausnitz equilibrium constants
and mgp is the Radke-Prausnitz models exponents.
Fritz-Schlunder isotherm can be specified as follows:

— KflcenfS
- meg
1 +Kf2 Ce

(10)

Je

ge (mg g'): equilibrium adsorption capacity, ce (mg 17):
equilibrium adsorbate concentration in solution, ke (g™):
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Fig. 6. Plot of InKq4 vs. 1/T for vanadium adsorption onto
Amberlite IRA-68 resin. (Time: 4 h, pH = 4.5, Sorbent dose:
2 g 1", initial concentration: 150 mg 1.

Fritz-Schlunder kp (mg'): Fritz-Schlunder
constant, mf: Fritz-Schlunder exponent and nf: Fritz-

constant,

Schlunder exponent.

According to Table 1, the adsorption of vanadium by
Amberlite IRA-68 resin is of ion exchange nature. As shown
in Table 1, The Freundlich model in the form of error Egs.
((11) and (12)) as for R? and y>. The best fit among the
isotherms used here. In addition, the values of the "n"
parameter in the Freundlich model were greater than 1,

showing the favorable nature of the uptake. The maximum

adsorption capacity of Amberlite IRA-68 resin for vanadium
was found to be 211.5 mg g\

2
2 _ n (Xobs.i_xmodel,i)
R® =1- YL, 2 (11)
(Xobs,i_xmodel)
2 _ vn (Xobsi~Xmodeli)”
= YL, opel—modell 12
X =1 Xmodel,i ( )

Comparison with other adsorbents. Table 2 shows
comparisons of the adsorption capacities of various
adsorbents with Amberlite IRA-68 resin for the uptake of
vanadium ions. Evidently, Amberlite IRA-68 has an
appreciable capacity for the V(V) uptake. Indeed, only
Chitosan presents a higher capacity than the examined resin.
But chitosan as a naturally modified biopolymer also has a
remarkable capacity for ions such as copper or cadmium.
Nonetheless, chitosan holds certain disadvantages compared
to IRA-68 resin such as solubility in acidic media, and lesser
durability, which restricts its large-scale application.

Thermodynamics of adsorption. Thermodynamics of
adsorption was investigated to extend the applicability of the
obtained data to wider range of the temperature. The required
thermodynamic parameters were extracted from the data of

distribution coefficient (Kq), which is defined as follows:

Kfam) - =G (13)

e

Table 2. Comparison of Adsorption Capacities of Various Adsorbents for Uptake of Vanadium

Qmax

No. Adsorbent r Ref.
pH (mgg)
| ' Activate.d carbon 3717 [40]
(Derived from starch industry waste sludge) 4.0
2 ZnCly-activated carbon 4-9 24.9 [31
3 40 400 [12]
Chitosan/a modified biopolymer
5 Iron-based adsorbent 3.0-4.0 111.11 [5]
7.5 100 2
6 Commercial spiral-wound 21
7 Zr(IV)-impregnated collagen fiber 5.0 96 [10]
Amberlite IRA-68 resi 4.5
8 mibertie restn 211.5 This work

934
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Standard free energy (AG), standard enthalpy (AH), and
standard entropy (AS°) were estimated by using the following
equations [23]:

0 0

In(k,) =25 _Af (14)
R RT

AG° =AH" -TAS® (15)

Where R is the universal gas constant.

Figure 6 shows a plot of the Kq versus the inverse of
temperature. From the slope and intercept of the obtained line
AHC and AS° can be calculated using Vant Hoff Eq. (14). The
results are tabulated in Table 3.

Kinetic Studies

Figure 7 shows the effect of initial V(V) concentration
and contact time on the adsorption rate of Amberlite IRA-68
resin. It can be seen that there was initially considerable
adsorption (so 85%) for about 50 min and it levelled off,
thereafter, to arrive at the equilibrium in nearly 4 h. Although
change in the initial concentration of vanadium from 70 to
150 mg 1!, led to a change in loading (q) from 47.3 to
77.6 mg g”!, the equilibrium time was almost independent of
the initial concentration. The relatively rapid initial uptake of
V(V) ion is due to the adsorption of the ions on the surface of
the adsorbent. According to Sag and Kutsal [41], the uptake
of heavy metal ions often occurs in two successive stages: the
first is rapid and quantitatively predominant, the second is
slower and quantitatively insignificant. The slower stage can
be related to the intraparticle transfer of the ions, whose
diffusion coefficient is often smaller than the diffusivity of
the ions in the liquid film medium. In addition, the initial
rapid stage of the uptake is very likely due to the abundance
of active sites of the resin at the onset of the adsorption [42].
The Sag and Kutsal theory encompasses the principal mass
transfer resistances, but it overemphasizes on the share of the
surface uptake in the rapid stage of adsorption and
underestimates the contribution of intraparticle diffusion.
Actually, the surface of the particle has only limited active
sites, and most of the ion-sequestering sites are located in the
interior body of the particle. At the onset of the adsorption,
active sites of the surface are nearly promptly saturated by
the exchanging ions. Afterward, the incoming ions have to

935

Table 3. Thermodynamics Parameters for Vanadium
Adsorption onto Amberlite IRA-68 Resin

Temperature AG’ AH’ AS°
(C) (kJmol')  (kJmol!) (Jmol K"
30 -15.03 19.08 112.57
40 -16.15 - -
50 -17.28 - -
90
80 : o-9--0---0---9
'r';! - B
70 ," _ _ _ -
o0 . B ,.: 0 . = - <
50 .i" T
Eso
=)
40 : —@®— 70 mg/ L
- ® =150 mg/l
20 me
0 100 200 300
Time (min)

Fig. 7. Kinetics of V(V) uptake by Amberlite IRA-68 resin
(Temperature: 30 °C, time: 4 h, Sorbent dose: 2 g 1!, pH: 4.5)

penetrate into the volume of the resin through intraparticle
diffusion, to be adsorbed. In the case of the Amberlite IRA-
68 resin, high porosity enhances the intraparticle diffusion
and augments the uptake kinetics. Generally speaking, faster
kinetics is favored by the industry, because it corresponds to
a smaller reactor size and a greater capital saving.

First-order and second-order Kinetics. In order to
acquire a deeper insight into the kinetics of uptake, and
discover the rate-controlling mechanism of the adsorption,
the experimental kinetic data were modeled using the first-
order, the second-order, and the Weber-Morris equations. In
what follows, we will first give a brief account of the
aforementioned models and then go through their application
on the obtained data.

Lagergren [43] suggested the first-order equation for the
sorption of a solute, based on the solid capacity. His model is
represented as:
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dq _ _ 16
o =ka.—a) (16)

Where ge and q denote loading of adsorbed ion (mg g!) on
resin at the equilibrium and time t, respectively, and k; is the
rate constant of the first-order adsorption (min™').

Integration of Eq. (16) with the initial conditions q = 0 at
t=0 gives:

Log(q, —q) = Log(q,) — Kkt (17)

The second-order kinetic model is represented by the
following formula [44]:

dq )
YA k(g - (18)
dT (4. ~4)

Integration of Eq. (18) with the initial conditions q = 0 at
t=0 gives:

L:i%zt (19)
q9.—49 (4,

where k> (g mg min™') is the rate constant of the second-order
adsorption. Slight manipulation of Eq. (19) results in the
following formula that is more convenient for the depiction:

1 t

2

L - (20)
q k2qe qe

Figures 8 and 9 display the plot of kinetics data that were
fitted to Eqs. (17) and (20). From the slope and intercepts of
these graphs, the values of qc and k; parameters of the first-

1.5
" ® 70 mg/l
1 150 mg/1
Linear (70 mg/1)

Linear (150 mg/l)

0.5
(=
% 0
o0
=05
-1 ®
-1.5
0 50 100 150 200 250 300

Time (min)
Fig. 8. Plots of the first-order kinetic model for adsorption of
vanadium onto Amberlite IRA-68 resin (Temperature: 30 °C,
pH: 4.5, adsorbent dose: 2 g I').

6
5 ® 70mg/l
4 150 mg/I

3
2
1
0
0 100 200 300 400
Time (min)

Fig. 9. Plots of the second-order kinetic model for adsorption
of vanadium onto Amberlite IRA-68 resin (Temperature:
30 °C, pH: 4.5, adsorbent dose: 2 g I'!).

Table 4. Values of Rate Constants for the First-order and Second-order Kinetic Models in Adsorption of Vanadium by

AmberliteIRA-68 Resin, pH = 4.5, T=30°C, Resin=2 g I'!

G First order Second order
(mg 1)
K] Je.exp (e, cal R2 SD K2 (e,cal R2 SD
(min)  (mggh)  (mgg") (gmgmin")  (mgg")
70 0.035 51.3 26.5 0.932 0.065 0.0042 52.2 0.997 0.043
150 0.024 78.5 27.8 0.874 0.076 0.0018 79.6 0.999 0.033
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order, and q. and k; of the second-order models were
obtained and tabulated in Table 4. Note that “q.” somewhat
acts as a fitting factor, and thus, its values differ in the
different models.

According to Table 4, coefficients of determination (R?)
for the first-order kinetics are rather low, and the “q.” values
of this model do not agree well with the corresponding resin
capacities, obtained from the equilibrium experiments. On
the other hand, for the second-order model, R? values are
close to unity, and calculated values of loading are close to
their equilibrium counterparts. According to these results, the
uptake kinetics of vanadium by Amberlite IRA-68, closely
follows the second-order model [45]. We can conclude that
the kinetics of the overall reaction depends on the
concentrations of vanadate species and functional groups
(amines) of the resin.

Weber-Morris model. There are three phenomena
related to mass transport processes associated with the
adsorption of ions from a solution. These are (1) film
diffusion, (2) intraparticle or pore diffusion, and (3). The
binding of adsorbate to the functional groups of ion
exchangers. The third step has been found to be very rapid in
ion exchange resins [46] and therefore, either intraparticle
diffusion or film diffusion determines the overall adsorption
rate.

In order to evaluate the main diffusion phenomena and
kinetic data were also analyzed by Weber and Morris model
[47]. For this purpose, the temporal loading of vanadium (q)
was plotted against the square root of time using Eq. (21):

g, =kt'>+C (21)

Where ki (mg g”! min®3) is the intraparticle diffusion rate

constant. The intercept C is an indication of the thickness of
the liquid film layer, i.e., the larger the intercept, the thinner
the film layer, and the smaller the film mass transfer
resistance [47,48].

The results of fitting the experiments with the Weber-
Morris equation are shown in Fig. 10. Apparently, the uptake
process comprises of two successive steps. According to
Table 5, the first step has a higher k; value, but a lesser C
parameter. This means that at the beginning of the process,
the liquid film resistance is larger and it controls the kinetics.
With the progress of the adsorption, the near-surface layers
of the resin are relatively quickly saturated, and ions have to
diffuse through a longer length to reach the interior active
sites of the resin. The consequence of this phenomenon is
nothing but the enlargement of the intraparticle resistance.
Such gradual change of the rate controlling mechanism is
manifested by an increase in the C and a decrease in the k;

parameters.
90
80 - 0
T + -

~ 70 Y.

5 60 0

Es0 0 M
40 @70 mg/l
30 150 mg/1
20

0 5 10 15 20

TimeS (min®5)
Fig. 10. Plots of the Weber and Morris kinetic model for

adsorption of vanadium onto Amberlite IRA-68 resin
(Temperature: 30 °C, pH: 4.5, Sorbent dose: 2 g 1!).

Table 5. Values of the Weber-Morris Kinetic Constants for Uptake of Vanadium onto AmberliteIRA-68, pH = 4.5, T =

30 °C, Resin Dosage =2 g I'!

Ci Weber-Morris
(mg 1™
Ki1 C R;? Kiz C R»?
(mg g’ min"*?) (mg g' min®?)
70 5.18 11.69 0.99 0.41 45.08 0.84
150 7.75 26.45 0.99 0.37 74.93 0.92
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An Overview of the reaction mechanism. As Fig. 1
shows, various species of negative vanadates involve in the
adsorption of the resin. It is expected that these species
almost transfer into the resin beads without any chemical
changes under intraparticle diffusion. The previous studies
showed that the reactions between vanadates and monoamine
is weak, but their donor properties will improve when the
number of alkyl groups on the amines increases. Under this
condition, the stability of complexes grows by a factor of
2-3. In general, amine derivatives of amine react with various
vanadate ions spontaneously and reversibly [49,50]. Our
finding is also in agreement with these studies. For example,
our results show that the ion exchange behavior of the resin
with vanadate ions is reversible and they can be recovered
from the resin with the change of pH condition. but here it
appears that the overall reaction mechanism is not simple.
i.e., we can attribute a number of reactions to the resin which
affects in the enthalpy of the overall reaction.

One of these reactions is that of vanadate deprotonation
which is endothermic and occurs in dilute solutions (0.1 mM)
as follows [51]:

H,VO;y = HVO?™ +H* AH=15+1KJmol™! (22)
According to this model, oligomeric vanadates also can be
converted to monomers under endothermic conditions, so
that the exothermic interaction of amine groups and vanadate
ions affects these reactions. In other words, the endothermic
reaction of adsorption compensates by the increase of
entropy because of increasing the number of free molecules
in the solution with a concentration of ImM considering the
following equation [52]:

[ MyO4r—y I"™ +yH20 = xMOJ~ +2yH* (23)
In addition to the above, we can assign the role of ion pair
interaction in this adsorption mechanism. Accordingly, the
binding of monomeric vanadates with amine groups is
stronger than oligomeric ones. i.e., charge density is higher
in small species than oligomers. In other words, the
monomeric solvent-separated ion pair species will form
conveniently when these anions compete against oligomeric
vanadate.
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Fig. 11. Effect of regeneration cycle on adsorption capacity
of Amberlite IRA-68 V(V)
concentration:150 mg 1!, solution pH = 4.5, mass of
adsorbent 2 g I'' and T = 30 °C).

resin for ions (initial

Desorption and Reusability

In order to study the durability and reusability of the
adsorbent, multiple cycles of adsorption-desorption were
conducted on the same resin substance. After each cycle, an
alkaline solution (2 M NaOH) was employed as the stripping
agent and a double distilled water as the washing liquid. The
obtained results are shown in Fig. 11. According to this
figure, the uptake capacity of Amberlite IRA-68 resin
decreased by about 5% after eight cycles of adsorption-
desorption. Such reduction is rather insignificant and can be
resulted from incomplete elution of vanadium between the
cycles. As a result, Amberlite IRA-68 seems to have
noticeable stability and reusability in the uptake of vanadium.

CONCLUSIONS

The current study demonstrated that Amberlite IRA-68 is
an effective adsorbent of vanadium in the aqueous media.
Thermodynamic study revealed that the adsorption of
vanadium onto Amberlite IRA-68 is spontaneous, and its
extent of progress is improved by increasing the temperature
(i.e. it is endothermic). The adsorption capacity was found to
be 211.5 mg g, which is quite appreciable for an anion
exchange resin. Among the adsorption isotherms, the
Freundlich equation best fitted the equilibrium data. The
uptake percentage was largely dependent on pH, and the



Adsorption of Vanadium Using Amberlite IRA-68 Resin/Phys. Chem. Res., Vol. 11, No. 4, 929-942, December 2023.

optimum pH was found to be around 4.5. Adsorption of V(V)
by Amberlite IRA-68 resin was quite rapid in the first 50 min,
and it attained equilibrium in 250 min. The adsorption rate
followed a second-order kinetic model very closely. The
positive value of AH? indicates an endothermic process with
regard to the adsorption of vanadium. The negative free
energy change, the positive entropy change, the adsorption
process is spontaneous and favors the higher temperatures.
Also fitting the kinetics data with the Weber-Morris
mechanistic model revealed that the rate-controlling
mechanism at the onset of adsorption was liquid film
resistance, which gradually changed to intraparticle
diffusion. Amberlite IRA-68 resin can be reused for the
adsorption of vanadium for at least eight cycles without
significant loss of the uptake capacity. In summary,
Amberlite IRA-68 anion exchange resin is an excellent
adsorbent for the large-scale recovery of anionic vanadium
complexes in industry.
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