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Abstract
Vanadium is one of the toxic elements that is a threat to the environment and is present in the USEPA Contaminant Candi-
date List (CCL); hence, the removal of the same from contaminated water is the need of the hour. The vanadium removal 
studies by the surface-activated T A-62(MP) resin is analyzed under a variety of chemical and physical conditions, which 
include vanadium concentration, resin weight, contact time, temperature, and pH of the medium. An efficient and economi-
cal procedure was found for the removal of vanadium, i.e., by using 0.1 g of surface-activated T A-62(MP) and the initial 
vanadium concentration of 40 mg L−1, which resulted in 97.5% vanadium removal from the solution with a contact time of 
3 h; this removal percentage increased more than 99.9% when the T A-62(MP) dosage was 0.25 g. In the aqueous media 
with a pH range of 6.0–7.0, the sorption process resulted in the maximum removal of vanadium. T A-62(MP) was also 
examined using SEM with EDX, BET surface area analyzer, and FTIR spectrometer before and after vanadium adsorption. 
The thermodynamic parameters reveal the endothermic nature of the adsorption process. The adsorption rate increases with 
an increase in the temperature of the medium. The equilibrium adsorption data is well fit by the Langmuir isotherm; the 
linear model explains the aggregation of the solute by the adsorbent that is directly proportional to the solution concentra-
tion. These findings show that surface-activated strong base anion-exchanger T A-62(MP) can be used to remove vanadium 
from wastewaters and aqueous solutions effectively.
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Abbreviations
T A-62(MP)	� Tulsion A-62 (macroporous)
qe	� Quantity of adsorbate adsorbed at the time 

of equilibrium (mg g−1)
Qo	� Langmuir constant (Langmuir adsorption 

capacity) (mg g−1)
Co	� Adsorbate initial concentration (mg L−1)
Ce	� Adsorbate concentration at equilibrium 

time (mg L−1)
SSA	� Specific surface area
RL	� Equilibrium parameter

1  Introduction

People all around the world are expanding their territory, 
which includes industrialization and unplanned urbanization, 
which results in poor quality of water; here, heavy metal ions 
are one of the toxic categories in water contaminants and 
may enter the food-chain system. Many toxic heavy metal 
ions are drained from different industries into the environ-
ment, which has a negative impact on the environment and 
thus causing environmental pollution [1–3]. As there are 
various possibilities of different heavy metals entering the 
water system, vanadium is the main focus of many regula-
tory majors as it has entered the Contaminant Candidate 
List [4]. The Bureau of Indian Standards has established the 
permissible limit of vanadium in ground and surface water 
to be 0.2 mg L−1 [5].

In the refinery leachates, vanadium is found in its pentava-
lent form, V (V) [6, 7] which is considered to be carcinogenic 
and toxic to human beings [8]. Vanadium solubility increases 
with an increase in its valency; hence, vanadium in its pen-
tavalent form [V (V)] is considered to be more toxic, and its 
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mobility is high in aqueous media [9, 10]. Vanadium ions can 
cause cough, mucus membrane inflammation, anemia, and 
gastrointestinal disturbances in the human body when exposed 
to them for long periods [11]. There are several purifica-
tion processes for contaminated wastewaters; some of them 
include ion exchange, adsorption, precipitation, phytoreme-
diation of heavy metals [12], and advanced filtrations [13–17]. 
Others include oxidation, membrane filtration, coagulation, 
reverse osmosis, bioremediation, reverse osmosis, and elec-
trochemical therapy, which are some of the applied techniques 
for removing metal ions [18, 19]. For vanadium ions, proto-
nated chitosan flakes were used to remove them from aqueous 
solutions [4]. The removal of vanadium from aqueous solu-
tion has been reported by using activated carbon [20]. How-
ever, the process of adsorption has been implemented for the 
removal of heavy metals, dyes, toxic gases, and pesticides [19, 
21], but there is a need for more efficient and cost-effective 
alternative materials which adsorb effectively [22, 23].

As there is an increase in laws, regulations and economic 
constraints, the development of novel cost-effective produc-
tion technology with lower energy consumption and environ-
mental impact is a major drive at the global level.

Many different materials and techniques are being used 
for vanadium removal from wastewaters. Adsorbents such as 
activated carbon and metal hydroxides on nanocomposites are 
being used in the removal of vanadium [24]. The adsorption 
capability for V (V) was studied by using surface-modified 
palm fruit husk [25]. For different valencies of vanadium like 
V (IV), highly anionic hydrogel was used for the adsorption 
from an aqueous solution of pH 6.5 [26]. Iron-rich sludge as 
a conjugate with kaolin clay has also been used as an applica-
tion for vanadium removal from a solution of pH 3–7 [27]. 
Vanadium removal from mine water with pH 4 containing 
11 mg L−1 of vanadium was removed using surface-modified 
(using triethanolamine and iodomethane) sawdust [28]. Stud-
ies are being carried out for surface modification of materials 
for which quaternary ammonium groups were grafted onto 
pine bark which removed maximum vanadium from a solution 
of pH 4 [29]. There have been studies done on the removal of 
vanadium by the ion exchange methods [8, 30]. A resin with 
cation exchange capability has also proven to have high sorp-
tion selectivity for Ni and V [31].

In the present study, an effort has been made to efficiently 
extract vanadium from aqueous media using an eco-friendly 
process, ion exchange resins. Commercially available resin 
T A-62(MP) was used for the removal of vanadium from 
an aqueous solution. The vanadium removal studies by the 
surface-activated T A-62(MP) resin was analyzed under a 
variety of chemical and physical conditions. Based on the 
above measurements, further studies were carried out for 
surface-activated T A-62(MP) in batch tests in the removal 
of vanadium from aqueous media. The effects of vanadium 
concentration at an initial stage, pH of the medium, contact 

time, and adsorption equilibrium were analyzed. Adsorption 
data obtained was checked with Langmuir and Freundlich 
adsorption isotherms for their efficacy.

2 � Materials and methods

Ion exchange studies of vanadium were done by using de-miner-
alized water free from carbon dioxide. The chemicals required for 
the experiment were of AR grade. Vanadium solution was pre-
pared using divanadium pentoxide (AR) to get a vanadium con-
centration of 40 mg L−1 (V solution). The commercially available 
T A-62(MP) resin was procured from Thermax Ltd., India.

The detailed properties and calculated properties of T 
A-62(MP) have been shown in Table 1. The general structure 
of the strong base anion exchange resin has been depicted 
in Fig. 1. The T A-62(MP) was surface activated by alter-
natively using dilute sodium hydroxide solution and dilute 
hydrochloric acid solution, finally  the T A-62(MP) was 

Table 1   Anion exchanger T A-62(MP) properties, with experimen-
tally calculated total exchange capacity

Parameters T A-62 (MP) resin

Type of resin Macroporous strong 
base anion exchange 
resin

Type of matrix Cross-linked polystyrene
Total exchange capacity 0.72 m.eq./250 mg
Functional group Quaternary ammonium
pH span 0–14
Moisture 52.0 ± 3%
Size 0.3–1.2 mm
Stability 195 °F/90 °C
Screen size 16–50 US mesh

Fig. 1   The general structure of the strong base anion exchange resin
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washed with de-mineralized water to remove excess hydro-
chloric acid and then dried at 303 K temperature.

The experiment for ion exchange studies was done by 
shaking 40 mL of varying concentrations of V solution and a 
definite quantity of resin Tulsion A-62(MP) in a thermostatic 
water bath shaker at 303 K, 313 K, and 323 K temperatures 
until equilibrium was reached.

The adsorption studies were made with 40 mL of V solu-
tion and varying resin quantity kept for stirring at 160 rpm 
in an orbital shaker (Glassco, 12 stations) for 3 h.

These parameters chosen are efficient and economical as 
shown in Fig. 5; here, only 0.1 g of T A62 (MP) removed 
97.5% of vanadium from 40 mg L−1 of vanadium solution.

Equilibrium distribution coefficient is calculated [32] 
using Eq. (1).

Here qe represents metal ions adsorbed (mg g−1) at equi-
librium, and Ce denotes the metal ion equilibrium concentra-
tion (mg L−1).

Vanadium recovery factors (% R) are calculated using 
the Eq. (2):

where Ca is vanadium concentration adsorbed on the T 
A-62(MP) (mg L−1) and Co is the vanadium concentration 
(mg L−1) at the beginning of the process.

3 � Analysis

ICP-OES (PerkinElmer, Optima) was used to measure vana-
dium concentration, and wavelengths were selected by the 
standard method (USEPA Method 200.7). The calibration 
was carried out by using 1, 2, and 5 mg L−1 standards from 
Merck’s Certipur ICP multi-element standard solution, and 
samples were analyzed through ICP-OES with QC standard 
check after every 10 samples. Also BET surface area (Quan-
tachrome, NOVA), SEM with EDX (HITACHI, SU), and 
FTIR (Thermo Scientific, Nicolet) scan of the T A-62(MP) 
were done before and after the adsorption of vanadium.

4 � Results and discussion

4.1 � Effect of pH

T A-62(MP) highest uptake capacity can be determined by 
the variation of pH of the medium. Vanadium adsorption by 
the T A-62(MP) was investigated at pH values ranging from 

(1)Kd =
qe

Ce

(2)%R =
Ca

Co

× 100

1 to 12, and the parameters like temperature, contact time, 
initial concentration, and resin dosage were kept constant. 
From Fig. 2, one can infer that for T A-62(MP), the percent 
removal of vanadium was 97.5%, which was highest in the 
6.0 to 7.0 pH range. The removal was maximum at this pH 
due to the stable acidic pH maintained by the amine group 
protonation, and the ion exchange process can be explained 
by the following exchange reaction in the pH range 6–7, 
where the RCl represents the T A-62(MP) in the chloride 
form:

Here, in the V solution of 6–7 pH, the vanadium removal 
percentage is highest due to the presence of HV10O28

5− in 
the majority, which displaces the chloride ions present on 
the adsorption site of T A-62(MP) as shown in Eq. (3).

The possibility of removing vanadium ions at pHs below 4.0 
decreases rapidly due to the formation of V3+, HVO2+, and VO2+ 
[4]. V+3; V+4 and V+5 are the stable oxidation states of vanadium. 
Here, V+5, the most common oxidation state, has greater solubil-
ity under oxic conditions. At lower pH, the T A-62(MP) did not 

(3)HV10O
5−
28

+ 5RCI ⇔ R5HV10O28 + 5Cl−

Fig. 2   Effect of different pH of V solution on removal capacity of T 
A-62(MP)

Fig. 3   Forms of vanadium existing in aqueous solution [33]
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adsorb vanadium; this is because vanadium exists dominantly in 
the form of VO2+ at low pH (Fig. 3) and the anion exchange res-
ins cannot adsorb cationic species; also the pH values at the lower 
side indicate adsorption, which is lesser due to the exchange 
competition between hydrogen ions and vanadate ions for bond-
ing regions. The adsorption capacity decreases gradually above 
pH 7.0 for T A-62(MP) due to an increase in the hydroxyl ions. 
[33–35].

The ion exchange process and the possible mechanism for 
the vanadium removal using surface-activated T A-62(MP) 
can be explained by the below equations under specific 
pH (Table 2).

4.2 � Effect of interaction time

The kinetics of adsorption gives a clear picture of the uptake 
of ions which governs the contact time of the adsorption 
process. The adsorption processes were carried out in a 
temperature-regulated water bath shaker with 0.1  g of 
T A-62(MP) beads in 40 mL of V solution to determine 
the kinetic parameters of vanadium adsorption on the T 
A-62(MP) beads. Throughout the experimental time, con-
tinuous 160 rpm shaking is carried out. Inductively coupled 
plasma optical emission spectrometry is used to calculate 
the amount of vanadium that remains in each sample after 
adsorption at various time intervals. Figure 4 illustrates that 
the adsorption of vanadium increases as the equilibration 
time increases. Within 15 min, the T A-62(MP) can remove 
approximately 70% of vanadium. At 180 min, 97.5% of 
vanadium has been removed. The percentage of vanadium 
removal was increased rapidly up to 180 min before reaching 
equilibrium, suggesting monolayer coverage of vanadium on 
the resin surface. The mechanism of vanadium removal by 
T A-62(MP) resin was governed by electrostatic adsorption. 
Because of the large number of adsorption sites available 
on the resin matrix, the removal percentage of vanadium 
was fast at first. Since the active sites on the resin matrix 
were saturated after equilibration, increasing the interaction 
period had no effect on vanadium adsorption.

4.3 � Resin dosage effect

Equilibrium capacity tests on the resin T A-62(MP) were car-
ried out with a concentration of 40 mg L−1 and varying the 

amount of resin from 0.020 to 0.140 g and equilibrating for 3 h 
at 6.5 pH. Figure 5 illustrates that the necessary resin dosage for 
optimum uptake of vanadium is 0.1 g, above which the percent 
removal does not improve significantly [36, 37]. It is possible 
to infer that raising the adsorbent dose improves removal effi-
ciency, while there was a decrease in adsorption density, which 
can be explained by the fact that certain adsorption sites during 
the adsorption phase remain unsaturated. Experiments show 
that the removal of vanadium increases as the quantity of resin 
increases since the amount of available sites increases.

4.4 � Vanadium concentration effect

The effect of the different concentration ranges of vanadium 
on T A-62(MP) is investigated. V solution concentrations were 
taken from 30 to 100 mg L−1. Figure 6 shows that as the initial 
concentration of the adsorbate in an aqueous medium increases 
at a constant temperature at 303 K, the removal of vanadium 
decreases. This is because at first, the resin matrix has the most 
active sites available for adsorption, and as the concentration of 

Fig. 4   Effect of interaction time, vanadium percent removal increases 
as contact time increases and remains constant after 180 min

Fig. 5   Effect of T A-62(MP) resin dosage

Table 2   Vanadium removal by T A-62(MP) possible reaction equa-
tions

Reaction equations pH range

HVO4
2−  + 2RCl ⇔ R2HVO4 + 2Cl−

V10O28
6−  + 6RCl ⇔ R6V10O28 + 6Cl−

HV10O28
5−  + 5RCl ⇔ R5HV10O28 + 5Cl−

H2V10O28
4−  + 4RCl ⇔ R4H2V10O28 + 4Cl−

11–12
7.2–8.2
5.5–7.2
2.5–5.5
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vanadium ions rises, the resin matrix becomes saturated with 
vanadium. This reduces the amount of vanadium uptake.

4.5 � Adsorption isotherms

The sorption mechanism is a fascinating topic for predict-
ing metal partitioning between a solution and a solid. Metal 
adsorption by various adsorbents can be defined using the 
Langmuir and Freundlich isotherms [38, 39]. At constant 
temperature, these isotherms link metal uptake (qe) to the 
adsorbates’ equilibrium concentration (Ce). These models 
are defined in broader terms below.

Langmuir isotherm equation can be as follows:

The Langmuir constants As (mol g−1) and Kb (l mol−1) 
are related to ion exchange capacity and adsorption energy, 
respectively.

The dataset for the sorption process of vanadium by the 
T A-62(MP) is processed using the Langmuir equation in its 
linear form. As shown in Fig. 7 for the resin T A-62(MP), 
the linear model explains that the aggregation of a solute by 
the adsorbent is directly proportional to the concentration 
of the solution. The equilibrium adsorption data is well fit 
by the Langmuir isotherm. The results show that, under the 
studied conditions, the resin has a higher capacity and affin-
ity for removing vanadium from solutions.

Freundlich isotherm describes the vanadium adsorption 
on T A-62(MP) resin. It defines the relationship between the 
amount of adsorbed metal per unit mass of adsorbent and the 
equilibrium metal concentration (Ce). Freundlich isotherm 
in its most basic context is:

(4)
Ce

qe
=

1

KbAs

+
Ce

As

(5)
x

m
= kC1∕n

e

Here, x represents the quantity of adsorbed metal, Ce 
represents the equilibrium concentration, m represents the 
quantity of adsorbent, and n and k represent the strength of 
adsorption and adsorption capacity, respectively. The equa-
tion is written in a logarithmic form as:

The relationship between the resin’s adsorption potential and 
vanadium concentration at equilibrium is investigated using the 
Freundlich equation (Fig. 8). Table 3 lists the measurements of 
the Freundlich and Langmuir isotherms. In addition, n which 
is Freundlich constant indicates greater interaction between 
T A-62(MP) and vanadium in the range of 1–10. For the T 
A-62(MP), the Freundlich constant (n) is found to be 3.20. A 
dimensionless parameter known as the separation factor [40, 
41] can be used to analyze the Langmuir equation, as shown.

(6)log
(

x

m

)

= log k +
1

n
logCe

(7)RL =
1

1 + KbC0

Fig. 6   Effect of initial concentration

Fig. 7   Langmuir isotherm for vanadium adsorption on T A-62(MP)

Fig. 8   Freundlich isotherm for vanadium adsorption on T A-62(MP)
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Here, the Langmuir constant is Kb, and the initial con-
centration of vanadium is Co (mg L−1). The adsorption on T 
A-62(MP) is found to be favorable since 0 < RL < 1 (Table 3).

4.6 � Characterization of the Tulsion A‑62(MP) 
before and after vanadium adsorption

Scanning electron microscopic (SEM) of T A-62(MP) 
shows the surface of the T A-62(MP) before (Fig. 9a) and 

after vanadium adsorption (Fig. 9b), giving a picture of the 
crust of vanadium on the surface of T A-62(MP). Figure 9c 
depicts the pore surface of the T A-62(MP), while Fig. 9d 
shows the pore surface covered by vanadium, which is also 
detected in the point and shoot method (Fig. 10). In addi-
tion, the specific surface area (SSA) of T A-62(MP) was 
21.5 m2g−1, and after adsorption of vanadium, it was found 
to be 23 m2g−1 which shows that SSA had increased due to 
vanadium adsorption; this might be because the vanadium 

Table 3   Freundlich and 
Langmuir isotherm parameters 
for vanadium adsorption on T 
A-62 (MP)

a mg g−1 resin

Resin Freundlich isotherm Langmuir isotherm

k n R2 Kb AS
a R2 RL

T A62(MP) 15.33 3.20 0.980 0.585 36.9 0.964 0.266

(b)(a)

(c) (d)

Fig. 9   SEM images of T A-62(MP) before (a) and after adsorption of vanadium (b). In addition, pore surface area images of T A-62(MP) before 
(c) and after adsorption of vanadium (d)
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has its own surface area and has contributed to the increase. 
Meanwhile, after the adsorption process, 1.94% wt. V2O5 
was found in the elemental composition of T A-62(MP) 
by point and shoot method in SEM–EDX (Fig. 10) which 
indicates that vanadium had been adsorbed throughout the 
surface of the T A-62(MP). Figure 11 illustrates the Fourier 
transform infrared (FTIR) spectra of as is T A-62(MP) and 
after adsorption of V on T A-62(MP). The FTIR spectrum 
of the exchanger (Fig. 11) revealed that a wide peak at about 
3428 cm−1 is of the hydroxyl group’s O–H stretching vibra-
tion [42]. Peaks at 3015, 2924, and 2856 cm−1, on the other 
hand, refer to the C-H stretching of the aromatic ring of the 
polystyrene divinylbenzene matrix of the resin [43]. Further-
more, a major peak at 1458 cm−1 is due to CH2 bending of 
the quaternary ammonium functional group [38]. The FTIR 
spectrum of T A-62(MP) taken after the adsorption studies 
shows a band at 1119 cm−1, which reveals the presence of 
V = O bonds. This confirms the presence of vanadium on the 
T A-62(MP) (Table 4).

4.7 � Study of thermodynamic parameters

The Van’t Hoff equation can be applied to study thermody-
namic parameters and it is given by Eq. (8) [44].

The change in enthalpy ΔH0 and change in entropy ΔS0 
of the adsorption process were determined from the slope 
and intercept of plot ln Kd vs. 1/T.

The Gibbs free energy ΔG0 is calculated by using Eq. (9):

Table 5 represents thermodynamic data generated for 
the adsorption study; the negative ΔG0 value indicates that 
the adsorption of vanadium on T A-62 (MP) is feasible and 
spontaneous. The positive ΔH0 value suggests the endother-
mic nature of the adsorption process. The positive ΔS0 value 

(8)lnKd =
ΔSO

R
−

ΔHO

RT

(9)ΔG0 = ΔH0 − TΔS0

Fig. 10   SEM EDX of vanadium 
adsorbed T A-62 (MP), showing 
the elemental composition on 
the surface of the T A-62(MP) 
(EDX live time: 30.0 s)

Fig. 11   FTIR scan of T A-62 (MP) before (–) and after (–) vanadium 
adsorption

Table 4   Quantitative results at a single point for vanadium adsorbed 
T A-62(MP)

Element 
line

Net counts Weight % Atom % Formula Compound 
%

C K 582 98.06 99.09 C 98.06
O K 131 0.85 0.65 –-
V K 5 1.09 0.26 V2O5 1.94
V L 13 –- –- –-
Total 100.0 100.0 100.0

Table 5   Thermodynamic parameters for the sorption of vanadium by 
T A-62(MP)

Resin T K lnKd ΔG0 kJ mol–1 Δ H0 kJ 
mol–1

ΔS0 kJ 
mol–1 K–1

Tulsion 
A-62(MP)

303 3.20  − 8.00 28.31 0.120

313 3.48  − 9.20
323 3.90  − 10.40
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indicates the increase in randomness at the solid-solute inter-
face during the adsorption of vanadium.

5 � Conclusions

The surface-activated T A-62(MP) ion exchange resin hav-
ing a quaternary ammonium functional group has been 
found to be the capable polymeric substance that can be used 
for the removal of vanadium from polluted water. Here, the 
studies on T A-62(MP) suggest that this surface-activated 
resin efficiently removes vanadium from aqueous solutions 
in the pH range of 6.0 to 7.0, and the efficiency increases 
with an increase in resin dosage, as 0.25 g of surface-acti-
vated T A-62(MP) removed more than 99.9% of 40 mg L−1. 
Vanadium and the thermodynamic study conclude that as 
the temperature of the solution increases, vanadium removal 
percentage increases showing endothermic nature of the 
adsorption process. Adsorption kinetics is influenced by 
resin dosage and vanadium concentration. Equilibrium data 
followed the Freundlich and Langmuir isotherms. Here, the 
Freundlich constant (n) is found to be 3.20, which suggests 
greater interaction between the T A-62(MP) and vanadium 
ions. The non-dimensional separation factor is a strong 
predictor of vanadium adsorption (RL). Surface-activated 
T A-62(MP) was found to be a capable material for the 
removal of vanadium from aqueous solutions.
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