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Abstract: The present study dealt with the mechanism of competitive adsorption of Sb(III) and Fe(Il) ions from a
copper-containing aqueous solution on Purolite S957, a commercially available cationic ion-exchange adsorbent.
Experiments were conducted using aqueous copper sulfate solutions containing either single or conjoint ions, using both
sedentary and batch adsorption techniques to ascertain the sensitivity of the adsorption process to variation in pH, mass
of resin, contact time, and temperature as well as establishing the optimal range of variables for maximum ion removal.
The data from single ion adsorption tests were fitted by non-linear regression techniques to Henry, Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich isotherm models. Freundlich isotherm for Sb(IIl) and Freundlich and
Henry models for Fe(Il) solutions best express the adsorption equilibrium data; while for binary ion electrolytes, the
extended Freundlich model fitted the data satisfactorily. The kinetic model adequately describing adsorption was shown
to be the pseudo-first-order, underscoring the dominant role of physical adsorption playing in the process.
Thermodynamic parameters for the adsorption process reveal differences in the Sb(IIl) adsorption mechanism from
single ion and Sb(III)-Fe(Il) containing electrolytes. The adsorption of Sb(III) alone is endothermic, whereas the
process becomes exothermic in the Sb(III)~Fe(Il) system.
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by a variety of techniques including active carbon,

1 Introduction

Cast plates of anodic copper contain antimony
that is released and gets accumulated in the copper
refining  electrolyte  contaminating  cathodic
copper [1]. This also hampers production since
Sb(III) at concentrations above 50 mg/L will
precipitate on the cathode plates, and also forms
floating sludge that interferes with the electrolysis
process and causes cathode embrittlement [2,3].
Antimony in copper-containing electrolytes used
for Cu refining is mainly in Sb(III) form with some
small amount as Sb(V) [4] and needs to be collected

mineral oxides, biological substances and ion-
exchange resins [5]. Although nanomaterials have
been recently investigated for removal of various
ions [6-12], and have shown high kinetic
performance due to a significantly higher surface
area to volume ratio and thus greater adsorption
capacity, their potential for large-scale use is
unproven due to problems which apart from the
factor of cost-effectiveness include problems of
stability of such materials and also the disposal of
the final waste products [13,14]. The ion-exchange
technique has advantages such as low cost and ease
of use; however, its industrial use depends on a high
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enough adsorption efficiency. Generally, the pH of
aqueous solutions may become a major factor in the
adsorption of metal ions if it affects the structural
properties of adsorbents and anolytes. This has been
shown to different degrees for Cu, Pd and Ce
sorption, solvent extraction and hydrometallurgical
processes where a change in pH values affects ion
sorption efficiency [11—16]. Stirring is a much less
important parameter which is not considered critical
in cation adsorption with the maximum adsorption
happening under the medium stirring rates around
150 r/min [17]. The Sb(IIl) adsorption mechanism
involves competition for adsorbent sites in which
copper despite its considerable concentration
difference over other electrolyte ions does not
participate in, rather, the real competition is from
Fe(II) which is also present in substantial amounts.

Adsorptive resins for antimony may be chosen
from the amino-methyl phosphonic family
commonly known as amino-phosphonic having an
R—CH,NHCH,PO;H, structure where R, could be
a phenolic or divinylbenzene (DVB) polystyrene
group. Purolite S597 resin used in this research is a
general-purpose commercial absorbent of the
phosphonate-mono phosphonic family
(R—CH,—H,P0;) containing phosphoric and
sulfonic acid. The hydrophilic sulfonic acid group
together with the hydrophobic monophosphonic
acid group forms a dual sorption mechanism, where
the former enhances the sorption kinetics, while the
latter allows the ion-specific selectivity [18]. Figure
1 shows the chemical structure of sulfonated
monophosphonic resin [19]. To the best of the
authors’ knowledge, there has been no theoretical
investigation of selective ion exchange sorption
phenomena of antimony and competitive adsorption
of Sb(Ill) and Fe(Il) ions from Sb and Fe ion
bearing solutions and their effect on copper refining
process.

Since the concomitant presence of metal ions
can lead to synergism, antagonism or non-interaction,

SO,H

Fig. 1 Chemical structure of sulfonated monophosphonic
resin [19]

the understanding of the nature of the interactions
between these triple ions is essential. Therefore,
studying this system’s thermodynamics, kinetics
and isotherm characteristics to find the degree of
selectivity and also the adsorption sequence taking
into account the interactive effect of one metal ion
on the overall rate of sorption of the other is of
practical and theoretical importance [20,21].

2 Experimental

Chemical and physical characteristics of
Purolite S957 ion exchange resin, a chelating
compound consisting of the macroporous
polystyrene cross-linked divinyl benzene network
with sulfonic and phosphonic acid functional
groups are given in Table 1.

Atomic absorption spectroscopy (AAS)
analysis results of industrial copper refinery
electrolytes for Sb and Fe concentrations are given
in Table 2 and were used as the basis for the
formulation of antimony sulfate and iron sulfate
solutions made wusing Merck analytical grade
compounds as shown in Table 3.

To become fully hydrated, the fresh resin was
soaked in double-distilled water for 15 min before
each experiment and then 200 mL

containing the antimony sulfate at a specified pH in

solution

Table 1 Chemical and physical characteristics of Purolite
S957 ion exchange resin (Purolite International Ltd.)

Characteristic Description
Structure Macroporous cross-linked
polymer
Matrix Polystryrene/divinylbenzene

Functional group

. Sulfonic and phosphonic acid
complex amine

Ionic form H' (free base)
Bead size 0.55-0.75 mm
Density 1.12 g/em’
Moisture retention 55%—70% (in Cl-form)
Total capacity 8 mol/mL

Table 2 AAS analysis results of copper refinery
electrolyte (g/L)

Cu Sb(III) Fe(Il)

35.05 0.30 1.08
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quantities shown in Table 3 was added. The solution
was stirred at 150 r/min during the experiment and
then drained through blue band filter paper, to be
analyzed for iron and antimony concentrations
using Varian double-beam flame atomic absorption
spectrophotometer (Varian AA-975, AA—1275).
Optimal performance range of each process
parameter for attaining the maximum value of
desirable optimized point, was
determined by repeated experiments (at least three
times), which were carried out at different levels of
contact time (0.5, 1, 1.5, 2 and 2.5 h), pH (2, 4, 6, 8
and 10), temperature (25, 35, 45, 55 and 65 °C), and
mass of resin (0.5, 2, 3.5, 5 and 6.5 g). The amount
of Sb(IIl) adsorbed (g.) and its removal efficiency
() was calculated after each experiment using the
following equations [22]:

q=V(Cy=C.)/m (1)
n=[(Co—Ce)/Co]*100% 2)

removal as

where V is the volume of the solutions (mL), m is
the mass of adsorbent (g), Cy and C. denote the
initial and equilibrium concentrations (mg/L) of
Sb(I1I), respectively.

Table 4 shows the results of experiments run
on optimized variables for maximum removal
exhibiting good agreement with predicted values
with a relative error around 1%, suggesting that the
model has high enough adequacy to predict removal
percentage for this system.

3 Results and discussion

3.1 Adsorption isotherm models

The mathematical relationship between the
amount of a substance adsorbed on a surface and its
concentration in the equilibrium solution at constant
temperature is called the adsorption isotherm [23].
There is an important association both from

theoretical and practical points of view since the
parameters taken from models provide information
on the mechanisms and surface properties of the
sorbent [24,25]. Equilibrium data obtained from ion
adsorption in different systems were analyzed
through the most frequently applied isotherm
models available, namely, Henry, Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich
(D—R) shown in Egs. (3)—(9), respectively. The
adsorption equilibrium at a constant temperature on
a homogeneous surface at low concentrations,
according to Henry’s law, is a straight line when
equilibrium adsorbate amount n, is plotted versus
concentration C and Henery constant Ky (L/g):

n1=KHC (3)

where Ky is Henry constant.

Langmuir and Freundlich isotherms are the
most widely accepted surface adsorption models for
single-solute systems [26]. The linear form of the
Langmuir isotherm is given as follows [27,28]:

Ce/Qezl/KL'CImaxJ’_Ce/Qmax (4)

where ¢. is the adsorbed sorbent amount (mg/g), C.
is the equilibrium metal ion concentration in
solution (mg/L), K is the equilibrium adsorption
energy constant (L/mg), and ¢u.x is the maximum
adsorption capacity (mg/g). A linear plot is obtained
when drawing C./g. against C. over the entire
concentration range of investigated ions. For cases
where adsorbent surface is heterogeneous [29,30],
Freundlich isotherm is applicable when multilayer
physisorption occurs. The logarithmic equation of
Freundlich isotherm is expressed as [31-33]:

lg g=lg Krt1/nlg C, (5)
where Ky ((mg/g)-(mg/L)") and n are the

Freundlich constants. Based on Eq. (5) the values
of Kr and 1/n can be determined experimentally

Table 3 Characteristics of metallic salts to make synthetic solution samples

. Chemical . Relative Concentration/ Metal concentration/  Manufacture
Metallic salt Purity/% 4 O
formula molecular mass (g'L) (gL) ID code
Antimony sulfate  Sby(SOy); 99.99 531.70 1.31 0.30 Sigma-10783
Iron sulfate FeSO,7H,O  99.80 278.05 5.36 1.08 Merck-103965
Table 4 Results of model verification with optimum combination
Time/h Temperature/°C pH Mass of resin/g Removal/%
1 55 8 89.77 (predicted); 88.80 (experimental)
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by plotting lgg. vs lg C. and the shape of the
adsorption isotherm can be resolved according to
the values of 1/n [4,5]. In this model, it is postulated
that the adsorbate can be easily adsorbed when the
1/n value is between 0.1 and 0.5 and is hindered
when it is greater than 2.0 [34]. Unlike the
Langmuir isotherm which postulates the heat
of adsorption to be independent of surface
coverage [35], the Temkin model assumes it to be
proportional to the number of atoms or molecules
forming the absorbed layer. It is formulated as
follows:

qe=BTIn KT+B7'11'1 Ce (6)

where Br=RT/b, R is the mole gas constant
(8.314J/(mol'K)), T is the thermodynamic
temperate, b is a parameter related to temperature,
J/mol; Kt (L/mg) is the Temkin constant. Plotting g.
vs In C. results in a line whose parameters would
define the isotherms constants.

The D-R isotherm was also theorized to
distinguish physical and chemical adsorptions of
Sb(IIT) on a sorbent surface, using the logarithmic
form of the D—R equation written as [36]:

In g.=In qs-i-Kadez @)

where K,41s the D—R isotherm constant (molz/sz);
gs is the theoretical isotherm saturation capacity, ¢ is
the Polanyi potential, which is calculated as

follows [37]:
e=RTIn(1+1/C,) (®)

The experimental isotherm data of the D—R
equation were obtained by the linear regression
method from the plot of In ¢, versus &”.

The value of mean adsorption energy, E
(kJ/mol), is the free energy change when 1 mol of
ion is transferred to the surface of the sorbents from
the solution and it is calculated from D-R
parameter K4 as follows [38,39]:

E=—K,q) %)

Interacting forces between the adsorbate and
sorbent determine the value of mean adsorption
energy and thus its chemical or physical nature. The
physical adsorption reverses with about 8 kJ/mol
energy, which is far less than that required for
cutting strong bonds formed in chemical adsorption.
Multi-component adsorption systems, due to the
interaction and competition between different
species for adsorbent sites, are complicated and

various mathematical models are developed to
define the effect of different ions on the adsorption
process. The main models used are listed in
Table 5 [40].

Table 5 Extended models used for adsorption isotherms
of multi-component systems [40]

Model Equation
_ qmax,iKL,iCe,i
Extended Langmuir fei =0
xtende u
g 1+ Z K ;Ce;
J
G, = qmax,iKL,i (Ce,i /771)
Modified Langmuir o il
& 1+ZKL,J‘(Ce,i /77i)
J
_ Ki, Co
Extended Freundlich fei = X
Z Cex,'i + inc:,i j
J
1/m;
g, = GG
Langmuir—Freundlich S um,
2.b,Ce;
J

In Table 5, g.;is the equilibrium amount of
adsorbed component i, C.; is the equilibrium
concentration of component i, Cg; (=1, 2, ***, N; N
is the number of the components) is the equilibrium
concentration of each component, K ; ; and K,
are the Langmuir and Freundlich constants for
component i and j, respectively, and ¢« represents
the maximum adsorption capacity of component i.
The parameters @Gmax;, 7, Kig; and Kggj are
obtained from the single ion adsorption isotherms.
The other parameters (1, x;, Vi, zi, a;, bj, m;;) can be
obtained from the curve fitting method [41] based
on the quality of fitting calculated through the value
of RMSE (the root of mean square errors):

RMSE= {Z(xobs,f —xmodel,[)j/zv” (10)
i=l

where Xobs; and Xpoder; are observed and modeled
values, respectively. The adsorption kinetics of ions
was studied via fitting the experimental data to
different existing models including pseudo-
first-order, pseudo-second-order, Elovich, and
intraparticle diffusion. The linear equation for the
pseudo-first-order model is expressed as

In(ge=g)=In q.—Kit (11)

where ¢. and ¢, are the adsorption capacities (mg/g)
at equilibrium and time ¢, respectively, K| is the rate
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constant (min'). The pseudo-second order is
represented as

tq=tlqg+1/Ksq’ (12)

where K is the rate constant (mg/(g-h)).

The Elovich equation describes the kinetics
of chemisorption by a solid from an aqueous
medium [42]. The linear form of the Elovich
equation is formulated as

g=1/Bn(ap)+1/pln ¢ (13)

where a is the initial adsorption rate (mg/(g min)),
and £ is related to the extent of surface coverage
and activation energy for chemisorption (g/mg).

The intraparticle diffusion model involves a
diffusion mechanism for the adsorption on porous
materials controlled in part by the intraparticle
diffusion rate of the adsorbate [43] and is expressed
as

q=K,t"*+C, (14)

where K, is the intraparticle diffusion rate constant
(mg/(g-h'?), C, is related to exterior to inner
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diffusion phenomenon, shown as the intercept of
the first stage of adsorption plot and gives an idea
about the thickness of the boundary layer, thus, the
higher the intercept, the thicker the boundary
layer [43]. If the plot of g, vs £ gives a straight
line, then adsorption process is controlled by
intraparticle diffusion only. The standard enthalpy
change is estimated by applying the Van’t Hoff
equation and equilibrium constant [37].

3.2 Effect of different variables on adsorption
capacity

The effects of contact time, pH, temperature
and mass of resin on the adsorption rate of resin are
shown in Fig. 2.

As it is expected, increasing contact time
raises metal uptake to a level above which it stays
constant (Fig. 2(a)). In the present set-up, Sb(III)
reaches this point within 1 h as a large number of
resin’s adsorption sites initially accommodate a
high ion mass transfer towards the Purolite surface
driving fast adsorption [44]. As these surface sites

25+

45 50 55

Temperatue/°C

35 40

40}

32 3.8 4.4

Mass of resin/g

2.0 2.6 5.0

Fig. 2 Effects of various factors on adsorption of 200 mL solution containing Sb at stirring speed of 150 r/min:

(a) Contact time; (b) Temperature; (¢) pH; (d) Mass of resin
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saturate, a quasi-equilibrium is reached and time
becomes less effectual on adsorption rate as it is the
inward diffusion rate that controls further
adsorption. Figure 2(b) shows an increased rate of
Sb(IIl) adsorption with temperature, indicating its
endothermic nature [45]. The pH, as Fig. 2(c)
demonstrates, has a pronounced effect on the
adsorbing process [46] since at lower pH levels H
will compete with Sb(IIl), thus the dominant
adsorbed ion is H'. Purolite S957 is a weakly
cationic resin having H' ions in its structure that
can perform well within pH range of 5—8 [47]. The
mass of resin also affects adsorption to a less
degree (Fig. 2(d)) as adding more adsorbent
means more active sites available for taking up
metal ions.

3.3 Adsorption isotherms for single-component

systems

Equilibrium data for single-component
electrolytes were analyzed separately by fitting data
to Henry, Langmuir, Freundlich, Temkin, and
Dubinin— Radushkevich isotherm equations and the
results are shown in Figs. 3 and 4. The values of
parameters related to each model are summarized in
Table 6.
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As shown in Table 6, and Figs. 3(a) and 4(a),
the Rl2 values for Sb(III) and Fe(Il) adsorption of
Henry model are 0.982 and 0.9922, respectively,
indicating relative agreement of the data with this
isotherm; however, when results of a plot of C./g.
versus C. for the Langmuir model in Figs. 3(b) and
4(b) and Table 6 are studied although the maximum
adsorption capacity for Sb(III) (38.46 mg/g) is
roughly equal to that of iron (36.00 mg/g),
the K; constant for Sb(II) (0.073) is more than
27 times that of Fe(II) (0.00284), indicating the
clear preference of Purolite for adsorbing Sb(III).
The comparison between the coefficient of
determination values for various isotherm plots
indicates that the Freundlich model with R12=0.999
has the highest conformity. Plots of lg g. versus
lg C. for Freundlich model for Sb(III) and Fe(II) are
shown in Figs. 3(c) and 4(c). The values of K, 3.2
and 1.06 (mg/g)-(mg/L)"", for Sb(III) and Fe(II),
together with n-values of 1.83 and 1.60 for them
respectively calculated from the slope and the
intercept of the linear plot and listed in Table 6,
show that resin has a much higher propensity for
Sb(III) adsorption. The plots of g, versus In C. for
the Temkin model shown in Figs. 3(d) and 4(d) give
Rl2 values as low as 0.8871 for Sb(III) and 0.8892

60 0.25
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£ 3 o & O3]
g 20+ <>o § 0A0F °
> S °."y=0.0029x+0.
s & y=0.5644x+7.7472 o5k & @25’8%3’3‘ 0-026
10rs  R=0.982 051 & s
o H
0720 40 60 80 100 0 20 40 60 80
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2015 @ o 4.0 ‘o
& 50 , 351 & )=2x10"x+3.8958
— 157 . R - o, R=0.9384
T < = 40 s To3.0F o
) W "eo = 12.495x-11.105 0 .
grop by RTOBSTL g 25} °,
> ~ & % h ~ O
S N S
= " y=0.6295x+0.5053 20 Fs = 207
0.5 R¥=0.999 s
10 & 15}
o
. o— 1.0
0.5 1.0 15 20 25 1 2 3 4 5 0 5 10 15
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£2/(103kJ-mol™1)?

Fig. 3 Adsorption of Sb(IIl) ions by resin according to various isotherm models: (a) Henry; (b) Langmuir;

(¢) Freundlich; (d) Temkin; (e) Dubinin—Radushkevich
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Fig. 4 Adsorption of Fe(Il) ions by resin according to various isotherm models: (a) Henry; (b) Langmuir; (¢) Freundlich;
(d) Temkin; (¢) Dubinin—Radushkevich

Table 6 Stationary isotherm models for adsorption of Sb

and Fe ions on Purolite resin from single-component

system (R, is fitting coefficient)

Model Parameter Sb Fe
Ky/(L-g™h 0.5644  0.0346
Henry )
R; 0.982  0.9922
Ima/(mg-g) 3846  36.00
Langmuir Ki/(L'mg ") 0.073  0.00284
R} 0.9743  0.9161
Ky/[(mg/g):
3.20 1.06
(mg/L)")]
Freundlich
n 1.83 1.60
R 0.999  0.990
Ki/(L-mg ") 2.43 0.03
Temkin Br/(J-mol ™) 12.495  9.630
R} 0.8871  0.8892
gJ/(mg-g ") 4280  25.04
Dubinin= 4 okl ?)  —2x107° —1x107
Radushkevich .
(D-R) E/(kJ-mol ") 5.00 227
R 0.9384  0.6775

for Fe(Il) adsorption, which indicates low
compatibility of the model. Dubinin—Radushkevich
(D—R) isotherm is more general than the Langmuir
isotherm because it does not assume a
homogeneous surface or constant adsorption
capacity [4]. The plots of In g, versus &¢* shown in
Figs. 3(e) and 4(e), and the values of ¢, and K4
determined from the intercept and slope of the
linear plot of the data for Sb(IIl) (¢~42.80 mg/g,
Koq=—2x10"" mol*/kJ?) and Fe(Il) (¢=25.04 mg/g,
K,i=1x10"" molz/sz) are given in Table 6. Also
the values of E, for adsorption of Sb(Ill) and Fe(II),
are tabulated as 5.00 and 2.27 kJ/mol, respectively,
indicating physical adsorption. Therefore, in the
process of absorbing Sb(III) on Purolite resin, the
Freundlich model can be applied to describing
adsorption, while for Fe(Il), the Freundlich and
Henry models describe the mechanism with the
highest agreement.

3.4 Adsorption isotherms for multi-component
systems (Sb(III)—Fe(Il))

The constants introduced for these models are

calculated after fitting the adsorption data on the
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Purolite resin and are presented in Table 7. Based
on the data, the evaluated parameters (Rlz, RMSE)
for Sb(IIl) and Fe(Il) indicate that the extended
Freundlich model has the highest coefficient of
determination and the lowest error when describing
the adsorption data on Purolite resin.

3.5 Kinetic models for single- and double-

component systems

Diffusion of Sb(lll) from the bulk of
solution into the resin sites involves three main
stages, each of which may be considered as a
rate-limiting step, therefore, to determine the
adsorption rate the mechanism of the reaction must
be understood. The three steps include diffusion of
the ions from the solution bulk to the layer
surrounding the adsorbent, diffusion from this outer
layer to the adsorbent surface and finally, diffusion
from the surface to the internal sites [25]. The
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adsorption kinetics of Sb(III) and Fe(Il) onto the
resin was evaluated by pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle diffusion
models. The conformity between experimental data
and the model-predicted values was expressed by
the correlation coefficients. From the experimental
results g..x and the adsorption capacity in the
calculated equilibrium state ge.,;, the Rl2 adsorption
parameter of the pseudo-second-order model
obtained from Eq. (12) (Figs. 5(b), 6(b) and Table &)
is low for both single (0.5919) and two-component
(0.5009) systems, therefore, this kinetic model is
not suitable. According to the analysis of
experimental data (Figs. 5(c), 6(c) and Table 8),
using the Elovich equation based on Eq. (13), the
R12 value is 0.9303 for single system and 0.9769 for
the binary system), therefore, the Elovich model is
not suitable for this system. The complication
arises from that, in a one-component system, Sb(III)

Table 7 Multi-component isotherm parameters for Sb(II) and Fe(II) adsorption on Purolite S957

Adsorb Extended Langmuir ~ Modified Langmuir Extended Freundlich Langmuir—Freundlich
sorbate
RMSE R} RMSE R RMSE R RMSE R
Sb(I1I) 6.72  Negative  63.23 0.9876 0.9885 0.9944 1.288 0.9879
Fe(Il) 81.88  Negative 285.70 0.2903 6.0890 0.9732 15.000 0.7661
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Fig. 5 Adsorption kinetic curves according to various models in single system: (a) Pseudo-first-order; (b) Pseudo-

second-order; (c) Elovich; (d) Intraparticle diffusion
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Fig. 6 Adsorption kinetic curves according to various models in binary system: (a) Pseudo-first-order; (b) Pseudo-

second-order; (c¢) Elovich; (d) Intraparticle diffusion

Table 8 Kinetic parameters of adsorption of Sb ions by
Purolite resin in single and binary systems

Model Parameter :;;i; SB;;eri
Geoy/(mg-g™)  50.0000  38.0000
P;er‘;f_o' gJ/(mg'g")  26.8200  21.2100
order K/(L'min ") 0.0682 0.0591
R 0.9894  0.9787
Pseudo- qJ/(mg-g’ ) 497500  49.0100
second-  K/(mg-g h')  0.0130 0.0095
order R 0.5919  0.5009
o/(mg-g "“h')  259.4400 214.5700
Elovich Bl(gmg ") 0.1535  0.1460
R 09303  0.9769
Intraparticle K/(mg'g “h*) 6.630 6.134
diffusion R 0.8237  0.7487

easily cross the surrounding layer around the
adsorbent to reach the internal sites (Fig. 5(d)).
However, when Fe(Il) is also present as a second
component in the solution, a competition takes
place between the ions. In the intraparticle diffusion

model, the permeation rate of Sb(IIl) in the
absorbent is mainly due to the resin structure, which
has a small pore size of less than 40 nm in
comparison with the large size of the Sb(IIl),
preventing them to penetrate deeply into the resin’s
active sites. The curve of capacity versus time for
intraparticle diffusion model (Fig. 6(d)) shows only
two-stages of the adsorption process and the
diffusion step from the surface into the resin almost
disappears. This is due to further space limitation
by competing ions versus Sb(III) and blocking its
ion [48]. The comparison of constant K, in the
intraparticle diffusion model obtained from both
systems shows that Fe(Il) in the two-component
system limits the available surface sites and
absorption capacity of the resin for antimony
(Table 8). Therefore, this model cannot describe the
rate-determining step due to its high external
resistance to the mass transfer on the surface of
particles. The comparison of the results from
the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models shows that the R’
value of the pseudo-first-order kinetic model based
on Eq. (11) as plotted in Figs. 5(a) and 6(a), has the
best-fit values (0.9894 for single system and 0.9787
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for binary system), corroborating the physical
nature of Sb(III) adsorption in both systems.

3.6 Thermodynamic parameters

Figure 7 shows the results of fitting the Vant’s
Hoff equation to equilibrium Sb(III) adsorption data
in single system (Fig. 7(a)) and binary system
(Fig. 7(b)). The values of the thermodynamic
parameters (AG®, AH®, and AS®) are summarized in
Table 9.

According to Table 9, negative AG® values
indicate that Sb(III) adsorption is spontaneous in
both systems and the small positive enthalpies
for Sb(IIl) or Fe(Il) signify the physical and
endothermic nature of adsorption. In conclusion,
the bond formed between the metal ions and the
active resin sites is of secondary type and metal ion
is weakly attached to resin surface; however, when
both Fe(Il) and Sb(IIl) are present and compete for
resin’s limited surface sites, indicating that the
adsorbed iron ions will be part of the energy
balance of the system whereby, Fe(Il) desorption
takes place to accommodate the Sb(III). This alters
the nature of reaction to an exothermic one, thus, as
the temperature rises, AG® becomes more negative,
indicating increased spontaneity [49]. Table 9
shows different entropy change (AS®) values for the
two systems, indicating the associative/dissociative
nature of the adsorption process. A AS® greater than
=10 J/(mol-K), is indicative of a dissociative
mechanism [50] which in the present context, could
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confirm the dissociative mechanism of exchange of
resin and electrolyte’s cations raising the
entropy [51]. The release of water molecules
generated during the ion exchange reaction also
contributes to this increase. The positive entropy
value measured for adsorption from single type ion
solutions is the result of increase in entropy at the
solid—liquid interface during the process, while in
the binary system, the level of disorder diminishes
since the overall exchange with surface sites
decreases due to the competition between ions and
consequently, their diminished access to free
surface sites. Within a short time after the
introduction of electrolytes, the internal surface of
the resin becomes inaccessible because of the
accumulation of ions in a layer next to the surface
causing a reduction of the resin capacity for Sb.
This, however, will change if the contact time is
unrealistically increased.

3.7 Elution

The elution procedure was performed on the
resin to establish the degree of recovery as well as
the end life of the polymer. The experiments were
carried out using 500 mL chloric acid at different
concentrations, temperatures, and flow velocities.
Resin load is estimated to be 0.35 g/L and sampling
from effluent for each separate experiment was
made at a constant 25 BV (bed volume, 1 BV
equals 25 mL) (125 mL). The results are shown in
Table 10 and Fig. 8.
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Fig. 7 Plots of Van’s Hoff equation for single (a) and binary (b) systems in optimum conditions

Table 9 Thermodynamic parameters of adsorption of Sb(IIl) by Purolite resin from single and binary systems

AG®/(kJ-mol™")

System AH®/(kJ-mol ™) AS®/(Jmol K

293 K 303 K 313K 323K
Single 2.14 42.56 -2.67 29 -3.60 -4.011
Binary -10.24 -22.01 -3.86 -3.7 -3.29 -3.140
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Table 10 Optimum conditions for elution of pregnant

resin
Csy/ 7°C o/ HCI concentration/
(mg-Lh (mL-min"") (mol-L™")
0.31 60 2 7
300
T, 250t
z
1 200 |
.S
£ 150t o
=)
3
S 100}
o
= S0 X
. f S ¢ i b
0 5 10 15 20 25 30 35
Eluate volume (BV)

Fig. 8 Elution diagram for Sb(Ill) from Purolite S957
resin under optimum conditions with original resin load
of 0.35 g/L

Figure 8 shows that the complete recovery of
Sb(IIl) from Purolite resin happens at 25 BV from
elution liquid resulting in Sb(IIl) concentration of
250 mg/L.

The experiments showed that a higher
concentration of HCI results in enhanced elution
with complex chlorine-based anions. Overall, the
flow rate has a pronounced effect on elution
outcome with lower flow rates, and longer staying
time shows a greater elution efficiency. A new
experiment started with fresh resin and after 6
regenerations the resin was still in good condition.

4 Conclusions

(1) The controlled removal of Sb(IIl) through
ion exchange is possible within an optimal range
for independent variables of time, temperature, pH,
and mass of resin with a maximum efficiency of
90% for the copper extraction process. The pH was
shown to have an eminent effect with the highest
outcomes obtained at the pH values around 8.

(2) The Freundlich isotherm showed the
highest compatibility for single ion solution and
extended Freundlich for the two components.

(3) The pseudo-first-order model can be used
as the model for the kinetics of adsorption.

(4) The negative Gibbs free energy values

indicate the spontaneous Sb adsorption in either
single or binary systems. The small positive value
of enthalpy for single ion adsorption shows an
endothermic process, but when Fe is also present it
counters adsorption of Sb ions on the resin sites.
Therefore, an ion dislodgement process with
opposite energy expenditure occurs and as a result,
the process becomes somewhat exothermic.
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