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Abstract: This study assessed the adsorption process and the reaction kinetics involved in the selective recovery of
vanadium from an acid solution containing iron as an impurity. Four commercial resins were studied: Lewatit®
MonoPlus TP 209 XL, Lewatit® TP 207, Dowex™ M4195 (chelating resin) and Lewatit® MonoPlus S 200 H (strong
cationic exchange resin). To investigate the effect of time on the adsorption process, batch experiments were carried out
using the following initial conditions: pH 2.0, 298 K, and a proportion of 1 g of resin to 50 mL of solution. The
variation of pH over time was analyzed. Chelating resin released less H" ions as the adsorption occurred, resulting in a
lower drop of pH when compared to S 200 H resin. Ion adsorption by the resins was also evaluated through FT-IR and
SEM-EDS before and after the experiments. Among the evaluated kinetic models (pseudo-first order, pseudo-second
order, Elovich and intraparticle diffusion models), the pseudo-second order model best fits the experimental data of the
adsorption of vanadium and iron by all of the four resins. M4195 resin showed the highest recovery of vanadium and
the lowest adsorption of iron. Kinetic data, which are fundamental to industrial processes applications, are provided.
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1 Introduction

One of the main applications of vanadium is as
an additive in steel alloys (e.g, ferrovanadium)
which represents a consumption over 80% of the
global production [1,2]. Vanadium has been
standing out and getting more space for storage
batteries on a large scale, especially from renewable
sources, which causes the growth on its demand in
the coming years [3.,4]. Vanadium consumption for
electrolyte production is estimated to grow by as
much as 44% by the year 2027 as these batteries
gain more visibility [5].

Vanadium occurs predominantly in the form of
V** replacing Fe** or AI’* in several minerals in
ore deposits and crude oil. In addition, metallurgical

slags have become other important source for
obtaining vanadium [3]. Regardless of the origin,
impurities will be associated in the vanadium
extraction, which reflects in a necessity for methods
to purify and obtain products with high purity,
especially for application in electrolytes of
vanadium redox flow batteries. However, there is a
lack in the literature of deep studies about the
influence of impurities on the battery’s performance.
Therefore, these applications still require a product
with purity above 99.8%, greatly increasing its
cost [6].

There are studies aimed at the
purification of solutions containing vanadium and
other impurities using techniques such as solvent
extraction [7—12], chemical precipitation [13—15]
and ion exchange resins [16—20]. A comparison

several
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among these methods for recovering vanadium
from leach liquors was also critically reviewed in
the work by ZHANG et al [21].

In this context, ion exchange resins stand out,
especially chelating resins, considering that
the ion exchange technique applied to the recovery
of strategic metals is among the fundamental
technologies for the development and progress of
society [22]. lon exchange was linked to several
modern technologies, being widely used in several
industrial applications which include advanced
separations, such as metal recovery, water treatment
and removal of radioactive isotopes [23]. In
addition to their extensive industrial use [24], ion
exchange resins offer advantages such as low
energy cost, simplicity in operation and fast kinetics,
reflecting a low operating cost [25].

There are several commercial resins available
designed to recover different metals [26]. Cationic,
anionic and chelating resins are used in different
purification processes, and chelators in chelating
resins have been developed to improve the
selectivity of the process. The order of selectivity of

these resins depends on their functional groups [25].

An celectrostatic interaction between functional
group and the adsorbed metal occurs by donor
atoms present in their functional groups, such as
nitrogen, sulfur, oxygen and phosphorus, which
have pairs of unemployed electrons and form
coordinated links with adsorbed metals [27,28].

The investigation of the adsorption process by
kinetic modeling is crucial, owing to ideal
conditions of operation in large-scale batch,
mechanism of sorption between the metal and the
resin, and control of the reaction rate including
mass transportation and chemical reaction
processes [29,30]. FEBRIANTO et al [31] stated
that, in projects of an adsorption system, the
knowledge of the adsorption rate involved in the
recovery of a metal by a certain resin figure among
the most important steps, because, from this study,
the time of residence of the adsorbate is known.

Besides, the kinetic modeling is important to
evaluate the separation rate between vanadium and
contaminants. Therefore, this study is devoted to
investigate the adsorption and model adsorption
kinetics of iron and vanadium by ion exchange
resins. Three chelating resins and one strong
cationic resin were tested. The kinetic investigation
was performed through the evaluation of four

kinetic models (pseudo-first order, pseudo-second
order, Elovich and intraparticle diffusion). FT-IR
and SEM—-EDS analyses were used as chemical
characterization of the resins to enhance the
interpretation of the process.

2 Experimental

2.1 Ion exchange resins and synthetic solution

Four ion exchange resins were used: Lewatit®
MonoPlus TP 209 XL, Lewatit® TP 207, Dowex™
M4195 and Lewatit® MonoPlus S 200 H. These
resins are functionalized by the following
functional groups: iminodiacetic acid, imino-
diacetic acid, bis-picolylamine and sulfonic acid,
respectively. Figure 1 depicts the structures of these
groups.
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Fig. 1 Functional groups of resins: iminodiacetic acid
(TP 209 XL and TP 207 resins), sulfonic acid (S 200 H
resin) and bis-picolylamine (M4195 resin)

A pre-treatment step was performed previously
to the experiments to eliminate any possible
remnant impurity of the resins manufacture and
to obtain H" exchangeable ions. The pre-treatment
consisted in washing the resins with hydrochloric
acid solution (4 mol/L HCI) interspersed with
three-fold deionized water. The washing process
was conducted in Erlenmeyer flasks (250 mL) in
orbital shaker (200 r/min) under a temperature of
298 K at intervals of 4 h for each wash. After the
last wash with water, flasks were taken to an
ultrasonic bath for 10 min. Finally, the resins were
separated by filtration and dried at 333 K for 24 h.

The synthetic solution was prepared by
the dissolution of 10 g of commercial vanadium
pentoxide (V20s, 99.5% purity) in 400 mL of aqua
regia under stirring. After 24 h, the obtained
solution was filtered and 0.2 g of metallic iron (Fe)
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was added to the solution. After homogenization,
ultra-pure water was added to a volume of 2 L.
Thus, a solution with 2.7 g/ of vanadium and
0.1 g/LL of iron was obtained. Subsequently, based
on another study already carried out [32], the pH
and the redox potential (¢) were corrected to obtain
V(IV) and Fe(Il) by the addition of a sodium
hydroxide (NaOH) solution (10 mol/L) and sodium
dithionite (Na2S,04) (1 mol/L), respectively.

The purification of a solution of the same
composition using the same resins tested in the
present work was investigated by VINCO et al [32].
In such work, the authors studied the influence
of pH, ratio of resin mass to solution volume and
system temperature, evaluating the sorption
process through adsorption isotherms and the
thermodynamic parameters involved.

2.2 Ionic exchange experiments and Kinetic study

The kinetic experiments for iron and vanadium
adsorption were performed from 30 to 1440 min.
Tests were carried out in Erlenmeyer flasks
(250 mL) submitted to the orbital shaker with a
stirring speed of 200 r/min. A ratio of 1 g of resin to
50 mL of solution at pH 2.0 was used.

The separation coefficient of V (fBvr.) for
each evaluated adsorption time was calculated by
Eq. (1) [33,34]:

CV,r CFe,s

Cre.Cy )

ﬁV/Fe =

Fe,r

where Cvyand Cr., are the concentrations of V and
Fe in the resin, respectively, and Cvs and Cgcs are
the concentrations of V and Fe in the solution,
respectively.

Kinetic modeling was performed according to
data obtained to investigate the adsorption
mechanism, the rates control of mass transport and
the chemical reaction process [31]. In the present
study, four distinct kinetic models: pseudo-
first order, pseudo-second order, Elovich and
intraparticle diffusion, were used.

The kinetic models of pseudo-first and
pseudo-second order are the most employed in the
kinetic metal adsorption study [31,35]. They are
widely used in the description of the adsorption rate
in liquid—solid type interactions, both being
obtained from the integration of Eq. (2) [36]:

dg,
) k _ n 2

where g.and g, are the amount of solute adsorbed
per mass of adsorbent (mg/g) at equilibrium and
time ¢ (min), respectively, and &, is the constant rate
of the pseudo-nth order kinetic model (min™").

LAGERGREN [37] showed the obtained
equation from the integration of Eq.(2) at n=1
under boundary conditions of: =0, ¢~=0 and =,
ge—q:, naming the model of pseudo-first order
(Eq. (3)) [36]. It is assumed that the adsorption
processes that best fit this model have the
adsorption driven by the mass concentration
gradient [38]. Therefore, this model is more
appropriate for the most initial steps in the
adsorption process [39], since in more advanced
stages the change in the concentration of metal ions
in solution, in accordance with the fall in the
number of active sites available in the resin, makes
the model less applicable [40].

In(ge—q.)=In ge—kit (3)
where ki is the equilibrium rate constant of the
pseudo-first order equation (min™").

A linear model (Eq. (3)) might be rearranged
to a non-linear form (Eq. (4)):

q=qe[1—exp(~ki1)] “)

HO and MCKAY [41] integrated Eq.(2)
assuming »=2 and using the same boundary
conditions of LAGERGREN [37], thus obtaining an
expression for the pseudo-second order model
(Eq. (5)). According to this model, the rate of
pseudo-second order reactions is predominantly
related to the amount of metal ions that are on the
surface of the adsorbent [38]. This model assumes
that there is the occurrence of two reactions, being
balance quickly reached by the first, and a second
slower, which can extend for a long period of
time, as chemisorption works as the determining
step [40,42].

kzqezt

—2e 5
kyq.t +1 ®)

q, =
where k is the equilibrium rate constant of the
pseudo-second order equation (g/(mg-min)).

The nonlinear expression of the pseudo-second
order model (Eq.(5)) can then be rearranged to
obtain a linearized model (Eq. (6)):

LI SR (6)
4 kq: 4.

In these two models, however, through all
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stages of the adsorption process, such as diffusion
in the film, adsorption and intraparticle
diffusion, the adsorption mechanism cannot be
identified [35,43].

The kinetics rate of chemisorption of Elovich
(Eq. (7)) distinguishes from previous models to deal
with an exponential drop in the adsorption rate over
time [44].

99, _ exp(—
<= eexp(=ha,) (7)

where a is the constant of initial sorption rate
(mg/(g'min)) and S is the constant of desorption
(g/mg), which is related to the extension of surface
coverage and activation energy for chemisorption.

CHIEN and CLAYTON [45] integrated Eq. (7)
using the following boundary conditions: =0, ¢~0
and =t, g~q;. They assumed aft>>1, obtaining
the linearized expression for the Elovich model
(Eq. (8)):

q, =%ln(aﬁ)+%lnt (8)

Regarding the mechanism related to the
adsorption process of metals in adsorbents, four
primordial stages are involved: (1) diffusion of
metal ions to the liquid film on the surface of the
adsorbent solid material; (2) diffusion of these
metal ions through the superficial liquid film;
(3) adsorption of the ions at the active sites of the
adsorbent surface, a process of physical or chemical
nature; (4) diffusion of ions through the pores of the
adsorbent particles [46]. The diffusion rate of
intraparticle mass (Eq. (9)) proposed by WEBER
and MORRIS [47] predicts that the intraparticle
diffusion stage is the limiting step of the adsorption
process when the kinetic data are suitable for their
model, ie., when the amount of metal ions
adsorbed by adsorbent as function of the square
root of the contact time results in a straight line.

q,= kptl/z +C 9)

where k, is the constant of the intraparticle diffusion
rate (mg/(g-min'?)), and C is a constant that reflects
the effect of the limit layer, and the greater its value
is, the greater the contribution of surface adsorption
in the rate limitation is [46].

2.3 Chemical analysis
Samples before and after experiments were

analyzed by atomic absorption spectrometry
equipment (AAS) (SHIMADZU AA-7000). The
characterization of the resins before and after
experiments was carried out in scanning electron
microscopy (SEM) analyzer coupled to an energy
dispersive spectroscopy (EDS) (Phenom ProX
equipment) and infrared spectroscopy by Fourier
transform (FT-IR) (Bruker Tensor 27 spectrometer).
For FT-IR analysis, the resins were ground to make
KBr tablets.

3 Results and discussion

3.1 Adsorption

The effect of time on vanadium and iron
adsorption was studied at pH 2.0, 1 g of resin and
50 mL of solution at 298 K. The use of pH 2.0 is in
agreement with the study carried out previously,
which demonstrated the influence of pH on the
recovery of these metals [32]. In this work, it was
demonstrated within the range of pH evaluated
(0.5-2.0) that pH 2.0 favored the adsorption of
vanadium ions by the resins, providing the highest
percentage of recovery. The recoveries of metals
adsorbed by the resins as a function of time are
depicted in Table 1. In 60 min, the TP 209 XL resin
recovered 6.7% of vanadium in the solution. After
90 min, it increased to 25.8%, reaching a maximum
in 180 min (31.4%). The resin TP 207 reached
22.5% of vanadium extraction in 30 min of contact
and only in 420 min it reached a maximum
recovery value (31.8%). After these maximums,
both maintained a behavior close to stability.

The resins TP 209 XL and TP 207 showed a
similar vanadium recovery in 1440 min (30.4 and
30.5%, respectively). Iron extraction, however, was
41.5% by TP 209XL, up to 9% higher than that
of TP 207 (32.5%). This was reflected in low
vanadium-to-iron separation coefficients, especially
after 420 min of contact between the resin and the
solution (Table 1). It is also noted that, for the case
of TP 207 resin, the best separation between the two
metals occurred in the first 30 min, where the fv/re
was equal to 9.1, the highest value obtained among
all those calculated.

Although with the same functional group and
the same matrix composition, it is possible to notice
a difference in the amount of vanadium and iron
ions adsorbed by TP 209 XL and TP 207 chelating
resins. ZAINOL and NICOL [48] also observed
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similar behavior, who compared five resins
functionalized by iminodiacetic acid (Amberlite
IRC 748, Lewatit TP 207, Lewatit TP 208, Purolite
S 930 and Lewatit TP 207 Monoplus) in the
recovery of nickel and cobalt. The authors
demonstrated that, despite having the same
functional group, the performance of each one was
different. Probably it occurs due to oscillation in the
synthesis that could result in variations in the
matrix crosslinking, density of functional groups
and even the size of each particle.

In the case of M4195 and S 200 H resins, in
contrast, the recovery of vanadium ions adsorbed
achieved the equilibrium after 60 min of contact.
These two resins were more selective for vanadium
than iron in comparison to TP 207 and TP 209 XL,
as depicted in Table 1, where there are higher
values of fvr. related to the TP 209 XL and TP 207
resins. The recovery of vanadium by the M4195
resin reached equilibrium with adsorption
efficiency up to about 45%, while the iron
adsorption reached about 14%. The adsorption
efficiencies of vanadium and iron by S 200 H were
35.5% and 7.2% at contact time of 60 min,
respectively.

The pH of the solution was monitored over
time, which is presented in Fig. 2. For all resins
studied, it can be seen that there is an initial drop in
the pH value, followed by a plateau. This behavior
is explained by the fact of the H' ions initially
occupied the functional groups of the resins and
then are released into the solution due to the

José Helber VINCO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2438-2450

exchange with vanadium and iron ions. This makes
the solution more acidic. Even, the stabilization of
the pH after the fall over time is in accordance with
the stabilization of metals adsorption.

According to data presented in Fig. 2 and
Table 1, although their behaviors are associated, the
extraction percentage of metals by each resin is not
proportional to decrease degree of pH of the
medium, that is, how much H" is released into the
solution. It can be visualized by the data from the
M4195 resin, which demonstrates that, even though
the resin that presented the greatest extraction of
vanadium from the solution, it was the one that
resulted in the lowest pH drop among the four
resins analyzed.

The differences between the pH values among
the resins are probably due to their exchange
mechanism. For chelating resins (TP 209 XL, TP
207 and M4195), the decrease in pH was less
pronounced in relation to the cation exchange resin
S 200 H in which, after 30 min, a pH drop from 2.0
to 0.6 was observed (Fig. 2). This phenomenon can
be explained by the adsorption of the metallic ions
exclusively by ion exchange with the H* ions.
That is, since it is not a chelating resin, the only
way to recover metals in solution is through the ion
exchange process, with a greater release of H' ions.
Among the chelating resins, TP 207 and TP 209 XL
had similar pH values over time (pH 1.2) due to the
same functional group. For M4195 chelating resin,
the pH reached 1.4 as the reaction achieved the
equilibrium.

Table 1 Recoveries of V and Fe ions adsorbed by resins and separation coefficient (Sv/re) as function of contact time

Time/ TP 209 XL TP 207 M4195 $200 H

min nvi% /% Pyire nvi% /% Pyire % /%  Pyrre % /%  Pyre
30 3.8 5.2 0.7 22.5 31 9.1 354 10.3 4.8 34.7 6.8 7.3
60 6.7 10.3 0.6 24.1 5.8 5.2 40.2 15.2 3.8 35.5 7.2 7.1
90 25.8 11.3 2.7 25.6 7.9 4.0 42.5 14.5 4.4 38.0 9.0 6.2
120 30.9 16.2 2.3 28.9 9.9 3.7 42.1 13.8 4.6 36.9 10.8 4.8
180 314 24.4 1.4 28.4 12.8 2.7 43.2 13.6 4.8 35.8 11.5 43
300 28.5 354 0.7 304 17.2 2.1 433 14.7 4.4 359 10.5 4.8
420 30.1 383 0.7 31.8 293 1.1 45.9 14.5 5.0 35.0 10.5 4.6
540 29.9 39.7 0.6 31.7 314 1.0 45.0 14.7 4.7 334 11.5 3.9
960 28.3 40.9 0.6 31.1 30.9 1.0 45.5 13.7 5.3 33.7 11.4 3.9
1440 30.4 41.5 0.6 30.5 32.5 0.9 41.7 14.2 4.3 36.9 10.3 5.1

nv is recovery of V, and #r. is recovery of Fe
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Fig. 2 Variation of pH of medium as function of contact
time for resins under experimental conditions of 298 K,
1 g of resin in 50 mL of sulution, and initial pH of 2.0

3.2 Kinetic modeling

Kinetic parameters were obtained through
the plots of the linearized models of pseudo-first
order (Eq. (3): In(ge—q:) vs f), pseudo-second order
(Eq. (6): t/q; vs t), Elovich (Eq. (8): g vs In ) and
intraparticle diffusion (Eq. (9): ¢, vs ¢'?). The data
plotted for each kinetic model is presented in Fig. 3
(g: vs t). Table 2 shows the parameters for each
kinetic model for all resins studied. The choice of
which kinetic model best explains the adsorption
behavior of vanadium and iron ions by resins must
be based on not only the value of the determination
coefficient obtained with the linearization of the
models, but also how the models will be adjusted
over time to all experimental points, and whether
the calculated kinetic parameters are consistent.

Parameters depicted in Table 2 show that the
adsorption of vanadium by the four resins follows a
pseudo-second order kinetics, in view of the higher

values of the correlation coefficient (R?) obtained
by the linearization of this model. A best fit in this
model indicates that the adsorption of vanadium
ions in the functional groups of the resins has their
rate controlled by the amount of the metallic ions
that are on the surface of the resin and, also, by the
valence forces that occur due to the sharing of
electrons between the metal ions and the functional
groups [49].

It is indicated that in the first hours of contact
of the solution with the resin there is a fast
adsorption of vanadium ions. However, as the
active sites are occupied by the metal, large amount
of ions result in a slower adsorption rate. This is
also assumed by the model, which reiterates that the
balance of the process is quickly achieved by a first
ion exchange reaction that occurs in the system.
Given the high correlation of the data to the model
(all close to 1), the values for the calculated amount
of ions adsorbed in the equilibrium ¢. are in
agreement with those verified experimentally.
Figures 3(a, c, e, g) demonstrated that the pseudo-
second order model exhibited a stability behavior
when the adsorption of vanadium ions had reached
equilibrium after 240 min for all resins.

The adsorption kinetics of iron is also
explained by the pseudo-second order model for the
four resins. For the TP 207 resin, although the
correlation coefficients obtained for the pseudo-first
and pseudo-second order kinetics are equal (0.992),
the analysis in Fig. 3(d) shows that the best fit of
the pseudo-second order model to the experimental
points when compared to the pseudo-first order.
In addition, the system still seems not to reach
equilibrium at 1440 min, since the adsorption
rate is increasing. Therefore, although the g. value

Table 2 Kinetic parameters calculated from pseudo-first order, pseudo-second order, Elovich and intraparticle diffusion
models for vanadium and iron elements for each of studied resins

Pseudo-first order Pseudo-second order Elovich Intraparticle diffusion
Resin Metal ky/min” qe/, " fq/ N qe/, " fX/ N ﬂ/, . 7kp/ N e
(mg-g™") (grmg''min”") (mg-g™) (mg-g''min"") (gmg™) (g'mg"'min""?)

TP 209 XL 3.13x107% 162.26 0.919 9.10x107* 5435  0.997 1.76x10° 0.040  0.965 6.44 —15.67 0.990
Fe 4.47x10° 095 0.983 9.29x10°* 091  0.998 9.41x107° 3.82 0951 0.050 -0.21 0.977
TP 207 VvV 6.86x107° 20.07 0.982 7.99x107* 5895  0.999 1.26x10? 0.16  0.981 1.11 35.05 0978
Fe 2.33x10° 0.60 0.992 3.24x107° 0.82  0.992 5.44x107° 6.05  0.966 0.019 —0.0085 0.941
VvV 7.89x107° 20.95 0916 1.24x107° 84.42  0.999 2.36x10% 0.29  0.840 1.70 58.19 0.872
M3 Fe 2.29x10° 0.039 0.747 4.85x107" 0.27  0.999 9.02x10° 73.37  0.768 0.0017 023  0.759
S 200 H 1.11x1072  9.19  0.888 3.21x107° 67.57  0.999 2.68x10* 0.19  0.823 1.29 55.35 0.781
Fe 1.58x107% 0.19 0.954 2.12x107! 021  0.993 7.63x107° 13.54  0.950 0.012 0.050 0.928




2444 José Helber VINCO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2438-2450

1.50

@  /VTP209XL e (®) Fe, TP209XL .~
L e 125} e
: / ,~"“A. /'/
8oH / i
T 1: ] & Loor // R
S goll / i S
ECI/F o a3 5 s £ O75T
ERRT, - =
40/ -~~~ Pseudo-first order osok /A4 Pseudo-first order
o 7 S Elovich Elovich
— Pseudo-second order —_ Pseudo-second order
20 —-— Intraparticle diffusion 0.25y Y }Entrapgrtuilel glftfusmn
® Experimetal data Spenmeialdaln
0 240 480 720 960 1200 1440 0 240 480 720 960 1200 1440
t/min t/min
70 (¢ v,TP207 07 (d) Fe, TP 207 -
60F e 0.6 oS
3 § e
50 0.5r
= ---- Pseudo-first order - = .
= & . Elovich Pt 4 L Il Pseudo-first order
£ 5l = E .l S e Elovich
= 24 P = 0= S — Pseudo-second order
20 e ool o —-— Intraparticle diffusion
P .2 ® Experimetal data
Vs — Pseudo-second order 1y
of 7 —-— Intraparticle diffusion 0.1 77
7 ® Experimetal data
0 240 480 720 960 1200 1440 0 240 480 720 960 1200 1440
t/min t/min
100 0.30
(e) V,M4195 (D Fe, M41951 .........................................
e § ...................... 4}_ 0251 T E !
---- Pseudo-first order 0.20 g
W 6o Elovich =~ .- o ---- Pseudo-first order
50 /./"’ o o150 Elovich
g e g — Pseudo-second order
= - .~~~ —— Pseudo-second order = —-— Intraparticle diffusion
< 40 - Pseud d ord = I le diffi
Pre —-— Intraparticle diffusion 0.10 F ® Experimetal data
P ® Experimetal data
201 ST 005F T T
17 ’.,‘:::::;t ________________________
0 240 480 720 960 1200 1440 0 240 480 720 960 1200 1440
t/min t/min
............................................ 030 (h) 7 Fe,S200 H
...................... s
: ‘ - 025F
- 4 7/
- ---- Pseudo-first order 020 i"i d _!___; ____________ — i
- Elovich e Teg 7
g P @ 015
= T 3 ---- Pseudo-first order
_.~~"" — Pseudo-second order olo0my e Elovich
20k P —— Intraparticle diffusion — Pseudo-second order
Prs ® Experimetal data / —-— Intraparticle diffusion
,/;’ ------------------------------------- 0.05 e Experimetal data
0 240 480 720 960 1200 1440 0 240 480 720 960 1200 1440
t/min t/min
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calculated by the pseudo-first order model
(0.60 mg/g) is apparently closest to the presented
data, it does not represent the actual amount of iron
ions adsorbed in the equilibrium, which is probably
better explained by the value obtained by the
pseudo-second order model (0.82 mg/g). FATIMA
et al [50] investigated the adsorption kinetics of
some metals when using a cationic exchange resin
functionalized by the sulfonic acid group. It was
shown that, for Fe(Il) recovery, the pseudo-second
order model is also the one that best relates to the
data obtained, indicating that chemical sorption
may be the limiting step of the reaction rate.

3.3 Characterization of resins in adsorption

In order to understand the chemical bond
connection that occurs between the metal ions and
the resins, FT-IR (Fig. 4) and SEM—EDS (Fig. 5)
measurements were performed before and after the
adsorption.

FT-IR spectra show strong and wide bands at
3431 cm™'. These are related both to the vibrations
of the hydroxyl groups (O—H) and the stretching

2445

vibrations of N—H bonds [51,52]. The peaks at
3023 cm™' come from the asymmetric stretching of
the v,(C—H) from the C—H bonds present in the
aromatic rings [52]. The hydrogen vibration band
outside the plane of the aromatic ring 6 (C—H) is
responsible for the appearance of the observed
peaks at 700 cm ™' (Figs. 4(a) and (b)) and 704 cm™
(Fig. 4(c)) [53]. The peaks at 2926 cm™' refer to
vas(—CHz), an antisymmetric stretching vibration of
the —CH, groups [52,54]. Meanwhile, M4195
resin (Fig. 4(c)) also presents a peak at 1452 cm ™,
which is related to the asymmetric scissoring
vibration band of &,s(—CH,) groups [51,55].

Peaks at 1630 and 1732 cm™' (Figs. 4(a) and
(b)) indicate the presence of hydrophilic groups
(C=0) at 1620-1640 cm™" and 1710-1740 cm ™',
being the second one characterizing the presence of
C=0 of —COOH groups [56,57]. Besides, peaks
at 1385cm™' are associated to the symmetric
deformation of carboxylate ions (vs(—COO")) [58].
The presence of C—0 band in the TP 209 XL and
TP 207 resins is also confirmed by peaks at
1225 cm™' [59].

(a) — Before adsorption
After adsorption

(b)  — Before adsorption
After adsorption

974 700

3023 3023 i 1732+-4 L
H i = H 2926
! 2926 Yoy s 1385
; v, 1385 :
3431 173 1630 3431 i
4000 3000 2000 1000 4000 3000 2000 1000
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Fig. 4 FT-IR spectra before and after adsorption experiments for TP 209 XL (a), TP 207 (b), M4195 (c¢) and S 200 H (d)

resins



2446 José Helber VINCO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2438-2450

(b)

(d)

Fig. 5 SEM images (a, ¢) and their respective EDS spectra (b, d) for TP 209 XL resin before (a, b) and after (c, d)

adsorption experiments

In Fig. 4(d), the presence of the —SOsH in
S 200 H resin can be identified by the specific

peaks of this group at 1177, 1036 and 675 cm™' [60].

The peak at 1117 cm™' refers to the asymmetric
stretching mode of the S=—O bond, while the
1036 cm™' occurs due to the symmetric stretching
mode in the same bond [61]. The peak at 1639 cm™
must be associated to the C—C bond [62].

Pyridine groups of M4195 resin (Fig. 4(c))
were identified through the vibration at 1614 cm™,
reflecting the C=N bond [55]. The peaks at 1116
and 768 cm ! are related, respectively, to C—N and
C—H bonds of the pyridine molecule [55]. The
peak at 1384 cm ™' is also a C—N correspondent
stretching mode [63]. It becomes strong and quite
accentuated in the spectrum corresponding to the
M4195 resin after the adsorption experiments,
probably due to the adsorption and complexation of
vanadium ions by the functional group.

The presence of peaks at 974 cm ' shown in
TP 209 XL and TP 207 resins (Figs. 4(a) and (b),
respectively) after the adsorption process can be
attributed to the deformation vibrations of the
copolymer benzene ring (ST-DVB), which forms
the matrix of both resins [52]. The spectra after

contact with the solution (Figs. 4(a—c)) were altered
in several peaks, either by attenuation or by
intensification. It corroborates the fact that, in the
functional group of chelating resins, complexation
with metals also occurs and is not just an adsorption
process.

TP 207 resin was studied for copper recovery
with iron as an impurity in the work of BOTELHO
JUNIOR et al [64]. The authors obtained FT-IR
spectra with peaks at values very close to those
shown in Fig. 4(b) and also demonstrated that,
when in contact with the copper and iron ions, the
resin undergoes a process of coordination between
the functional group and the solution ions.

SOFINSKA-CHMIEL and KOLODYNSKA [65]
evaluated the spectra of the M4195 resin before and
after the adsorption of metals such as copper and
zinc and the behavior was analogous to that shown
in Fig. 4(c). The change in peak intensity in the
region between 1250 and 1650 cm™' was attributed
to the formation of bands and coordination links of
these functional groups with the adsorbed metals.

WOLOWICZ and HUBICKI [66] studied the
chelating resin TP 220 with bis-picolylamine
functional group and compared its FT-IR spectrum
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with that of M4195. The authors also suggested that
the peak attenuation in the region regarding the
vibration of the atoms of the functional groups was
due to their participation in the bond with the
recovered metal (Pd).

These results corroborate with those presented
in Section 3.1, where it was shown that the recovery
of metal ions by chelating resins occurred not only
by ion exchange, but also by complexing these with
the functional group.

In the present study, the resins before and after
the experiments were analyzed by SEM—-EDS to
investigate the adsorption process. None of the
resins showed physical changes on their surfaces
after the experiments. Although reported as
macroporous resins [67], a very smooth surface was
found, most of them in a diameter range of
300—400 um. As the SEM image and EDS spectra
were similar among the resins studied, Fig. 5 shows
only the data obtained for TP 209 XL resin (the
others are shown in the Supplementary materials).

TP 209 XL and TP 207 resins have quite
similar EDS spectra. Major elements are,
respectively, carbon (54.0%, 45.7%), oxygen
(25.5%, 30.2%) and nitrogen (18.1%, 18.0%), as
expected, once these consist of their functional
groups (iminodiacetic acid in Fig. 1). Carbon
(50.5%), nitrogen (22.1%) and oxygen (23.7%) are
also the major elements in the M4195 resin. Finally,
major elements of the S 200 H resin are carbon
(48.8%), oxygen (33.7%) and sulfur (17.5%), which
are coherent with the sulfonic acid functional
group. Chlorine is also present in the spectra of TP
209XL, TP 207 and M4195 resins, and probably
related to the washing process with HCI solution.

Atomic proportions non-significate
changes after experiments. Peaks of vanadium were
observed after adsorption experiments. The cationic
resin S 200 H showed the presence of Na element,
used to adjust the pH (NaOH).

Although iron was adsorbed, it was not
identified in any of the resins studied by means
of semi-quantitative EDS after the adsorption
experiments due to the sensitivity of the technique.
An important observation is that the quantification
given by the EDS must be considered as a
qualitative guidance of the proportions of those
elements, as this technique is not sufficiently
accurate to serve as a chemical quantification.

have

4 Conclusions

(1) The adsorption of iron and vanadium was
studied using four ion exchange resins. The
investigation of the process over time revealed that
the resins TP 209 XL and TP 207 demonstrated
different kinetic behaviors and that the resins
M4195 and S 200 H tend to equilibrate from the
first 30 min of contact with the solution. M4195
resin, in particular, had the highest vanadium
recovery (about 45% of all vanadium) and the
lowest iron adsorption (about 14%).

(2) Monitoring the behavior of pH over time
showed that chelating resins, due to coordination
interaction with metals, release less H' ions into the
medium as the ions are adsorbed on their functional
groups in relation to the cationic exchange resin.

(3) Regarding the reaction Kkinetics, it was
shown that the adsorption of both metals is better
explained by the mechanism proposed by the
pseudo-second order model, indicating that the
adsorption rate of these metals by the four
resins evaluated is controlled by a process of
chemisorption.

(4) The change in intensity and displacement
of some peaks in the spectra generated by the FT-IR
analysis for the resins, before and after the tests,
corroborated the understanding that complexation
occurs in chelating resins.

(5) This study provides fundamental
information for scaling this technique to industrial
processes. This is because knowledge of kinetic
parameters is essential in equipment sizing and
performance calculations, which form the basis for
determining the investment’s potential.
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