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ABSTRACT

The efficiency of Purolite A103S resin for zinc removal (as zinc chloride complexes) has been
studied using different resin quantities and temperatures in a batch adsorption system. The
experimental data were analyzed using pseudo-first-order, pseudo-second-order forms, Elo-
vich, and intra-particle diffusion models. Kinetic studies showed that the adsorption followed
type 1 pseudo-second-order reaction model. The results obtained from the kinetics models
were examined by the most common error functions (e.g. ERRSQ/SSE, HYBRID, ARE, EABS,
MPSDyr,, sge, S.E., RMSE, APE, and Ag). Thermodynamic parameters, enthalpy, entropy, and
Gibbs free energy were calculated in order to determine the adsorption behavior. The
enthalpy value indicated an exothermic reaction. The activation energy value suggested that
the process that rules over the zinc sorption on the Purolite A103S resin is physical.

Keywords: Zinc chloride; Kinetics; Error functions; Thermodynamics

1. Introduction

One of the oldest technique used to protect iron or
steel pieces from corrosion processes is hot-dip galva-
nizing, which is based on dipping the pieces into mol-
ten zinc. The effluents coming from the pickling
process, used to prepare steel pieces for galvanizing,
contain high concentrations of Zn, Fe, and HCl
together with low concentrations of organic com-
pounds, such as hydrogen evolution reaction inhibi-
tors, and other heavy metals. Therefore, spent pickling
baths have to be treated before their disposal to
accomplish with the environmental restrictions [1].

*Corresponding author.

Until now different combination of technologies such
as ion exchange, liquid-liquid extraction and pyrohy-
drolysis, solvent extraction and evaporation, anion
exchange and oxidation, anion exchange and acid
retardation, anion exchange and membrane elec-
trowinning have been studied [2].

The most popular removal materials are ion exchang-
ers/zeolites whereby zinc can exchange preferentially
with other ions [3]. The main advantages of ion exchange
are the recovery of metal, selectivity, less sludge pro-
duced, high adsorption capacity, and can reduce the
metal ion concentration to a very low level [4].

A number of investigators have studied the
removal of zinc ions from aqueous waste solution
using natural, synthetic, chelating ion exchange resins,
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and it was found that this method can be suitable for
industrial wastewater treatment [5,6].

In hydrochloric acid effluents, the main species pre-
sent as anionic species are zinc chloride complexes [2].
Maraifién et al. proposed two alternatives for the treat-
ment of acid pickling baths using anion-exchange
resins: one-step removal (treatment in a single exchange
column with prior oxidation of Fe**~Fe®*) or two-step
removal (two exchange columns in series, removing Zn
in the first, and Fe in the second after oxidation to Fe®")
[7]. The aim of the present work was to examine the
performance of Purolite A103S, an anion-exchange resin
to remove zinc as zinc chloride complexes in a batch
adsorption system taken into consideration the influ-
ence of resin quantity and temperature, and the error
analysis of the obtained results.

2. Materials and methods
2.1. Resins and solutions

Before usage, Purolite A1035 a macroporous
polystyrenic weak base anion resin was soaked in
double-distilled water for 24 h. The stock solution
(500 mg/L) was prepared by dissolving ZnCl, salt in
3 M HCl in order to ensure the formation of zinc com-
plexes. All chemicals used were of analytical grade.

2.2. Apparatus and analytical procedure

Batch sorption experiments were performed on a
magnetic stirrer at 300 rpm using beakers containing
100 mL zinc solution with 500 mg/L initial concentra-
tion, contacted for 300 min. In order to determine the
sorption conditions, experiments were conducted with
different resin quantities (1-5g) and temperatures
(297, 314, 329, 344, and 359 K). At predetermined time
intervals, samples from beakers were taken and ana-
lyzed using an atomic absorption spectrophotometer
Avanta PM GBC (Australia). All experiments were
performed in triplicate and the average value was
taken for further calculations.

The ionic exchange capacity, g. (mg/g), was calcu-
lated using Eq. (1), while removal efficiency, E(%) was
calculated using Eq. (2):

(¢, -C) Vv
e~ " m 1000 )
E(%) = Co—=Ce 100 )

o

where C, and C,. are the initial and equilibrium zinc
ion concentrations (mg/L), respectively, V is the
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volume of the zinc solution (mL), and m is the mass
of the resin (g) [6].

3. Results and discussion
3.1. Effect of resin quantity and contact time

Sorption experiments were carried out at various
resin quantities (1-5 g) and fixed initial zinc concentra-
tion (500 mg/L). The results are given in Fig. 1. The
sorption capacity increased with decreasing the resin
quantity, from 10 to 46 mg/g. This could be due to
partial overlapping or aggregation of adsorbent at
higher resin quantities, resulting in a decrease in total
surface area and the availability of sorption sites [8].
As the resin quantity increases the removal efficiency
also increases from 87 to 96% (Fig. 2). Approximately
80-90% of zinc was removed within 10-50 min and
the maximum adsorption was obtained after 210 min,
when the equilibrium was reached. The initial rapid
rate of sorption is due to the difference in zinc concen-
tration between the solid and liquid phase in the first
stages of the process. The increase in the removal effi-
ciency along with the increase in resin quantity can be
attributed to the increased number of sites and
exchangeable ions available for adsorption [9].

3.2. Effect of temperature

Temperature has an important effect on the
adsorption process. The experiments were carried out
using a fixed anion exchanger quantity (5 g) and ini-
tial zinc concentration (500 mg/L) at different temper-
atures (297-359 K). The results are presented in Fig. 3.
Upon increasing the temperature the removal effi-
ciency slowly decreases. The decrease in percentage of
adsorption with the rise in temperature may be due to
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Fig. 1. Effect of resin quantity on zinc sorption by Purolite
A103S; C, =500 mg/L, 297 K, 300 rpm.
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Fig. 2. Removal efficiency and ionic exchange capacity for
zinc sorption on different resin quantities; C, = 500 mg/L,
m=15g, 297 K, 300 rpm.

desorption caused by an increase in the available
thermal energy. Higher temperature induces higher
mobility of the adsorbate causing desorption [10].

3.3. Kinetic models

Prediction of batch kinetics is important for design-
ing the sorption systems to test the experimental data,
to find the mechanism of adsorption, and its rate-con-
trolling step. Several kinetic models such as pseudo-
first-order [11], pseudo-second-order [12,13], Elovich
[14], and intra-particle kinetic models [15] can be
applied to explain the mechanism of the adsorption
processes.

Fig. 4 shows the plot for pseudo-first-order kinetic
model using different resin quantities of Purolite
A103S resin for zinc removal. The rate constants k;
and the ionic exchange capacities g; at any time, ¢,
(mg/g) were calculated from the plot presented in
Table 1, [6]. It can be observed that k; increases with
the increase in resin quantity. The correlation coeffi-
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Fig. 3. Effect of temperature for zinc sorption on Purolite
A103S; C, =500 mg/L, m =5 g, 300 rpm.
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Fig. 4. Plot of pseudo-first-order reaction kinetic model for
zinc sorption on Purolite A103S; C, =500 mg/L, 297K,
300 rpm.

cients were ranging from 0.7247 to 0.8899 (Table 2).
Based on the obtained results, the calculated g. values
according to pseudo-first-order rate expression were
in disagreement with the experimental g, values.

The pseudo-second-order rate constant kp,
(g/mg min) for Type 1-4 of pseudo-second-order
expressions are presented in Table 1 [16]. The calcu-
lated g. and k, kinetic constants according to four lin-
ear forms of the pseudo-second-order models at
different resin quantities are presented in Table 2.
Moreover, Fig. 5(a)-(d) illustrates the experimental
data using the equations of Types 14 pseudo-second-
order kinetic models for zinc sorption on the consid-
ered resin. Kinetic studies for zinc sorption using dif-
ferent resin quantities showed a good correlation for
the Type 1 pseudo-second-order expression. The high
values of R? (Table 2) confirmed that the sorption
followed a pseudo-second-order mechanism. The
calculated ionic exchange capacities (gecac) Were in
very good agreement with the experimental ionic
exchange capacities. In case of Types 2—-4 pseudo-
second-order models, lower R? values (from 0.7559 to
0.9735) were obtained.

Elovich model was primarily developed to
describe the kinetics of chemisorption [6,17]. The lin-
ear form of this equation is given in Table 1, where a,
f known as the Elovich coefficients, represent the ini-
tial sorption rate (mg/g min) and the sorption con-
stant [6]. The predicted kinetics constants and their
corresponding R” values are presented in Table 2.
Experimental data (Fig. 6) did not fit on the Elovich
equation (small R? values), therefore the exchange of
electrons between adsorbent and adsorbate did not
take place during the sorption of zinc complexes on
Purolite A103S [17]. Thus, the process that rules over
the zinc sorption on the studied resin is physical.
Moreover, estimated geciac Values, Table 2, gave
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Table 1
Kinetics models linear forms
Type Linear form Plot Parameters
Pseudo-first-order In(q, —q,) =Inq, — kit In(q, — q,) vs.t k1 = slope
¢ 1 1 Je = intercept
Pseudo-second-order el + —t i vs. t ge = 1/slope
1 %f 2%1 ‘%e 1 k, = slope”/intercept
2 — = (—) -+ — Lys. 1 ge = 1/intercept
g9 \kge) t 4. g k=i 24l
1 » = intercept”/slope
3 =4~ (% 1 g, vs. L qe = intercept
2e ko = =1/ (intercept-slope)
4 & = kq? — kaq g, I vs. g, g = —intercept/slope
k, = slope®/intercept
Elovich q; = glnopf + yint g, vs. Int o = slope
p = intercept
Intra-particle diffusion q; = kipt®® g, vs. 99 kiq = slope
C = intercept
Table 2
Kinetic parameters obtained for different resin quantities
Type Parameters lg 2¢g 3g 4¢ 5g
Pseudo-first-order ky (1/min) 0.01 0.01 0.02 0.02 0.02
e calc (ME/g) 4.16 2.57 2.16 1.22 2.05
R? 0.7247 0.7953 0.9154 0.8543 0.8899
Pseudo-second-order k; (g/mg min) 0.01 0.02 0.04 0.08 0.05
1 e calc (Mg/g) 45.66 24.20 15.54 12.61 10.07
R? 1 1 1 1 1
2 k; (g/mg min) 0.03 0.04 0.06 0.11 0.07
e, calc (mg/g) 45.24 24.03 15.52 12.61 10.07
R? 0.7637 0.9009 0.9432 0.9713 0.9735
3 ks (g/mg min) 0.34 0.04 0.06 0.11 0.07
e, calc (mg/g) 45.33 24.07 15.49 12.61 10.07
R? 0.7559 0.8948 0.8911 0.9694 0.9690
4 k; (g/mg min) 0.02 0.03 0.05 0.10 0.07
e, calc (mg/g) 45.51 2411 15.53 12.61 10.07
R? 0.7559 0.8948 0.8911 0.9690 0.9694
Elovich a (mg/g min) 0.78 0.56 0.36 0.20 0.28
B 41.29 21.10 13.61 11.52 8.55
R? 0.9881 0.9660 0.932 0.8981 0.9152
Intra-particle diffusion kip (mg/g min®®) 0.38 0.71 1.11 1.37 1.71
C 43.00 22.39 14.46 12.00 9.22
R? 0.9446 0.8427 0.7779 0.7363 0.7603
Experimental values Jeexp (ME/ ) 45.79 24.20 15.54 12.61 10.07
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Fig. 5. Plot of pseudo-second-order types reaction kinetic model for zinc sorption on Purolite A103S; (a) Type 1,
(b) Type 2, (c) Type 3, (d) Type 4; C, = 500 mg/L, 297 K, 300 rpm.
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Fig. 6. Plot of Elovich kinetic model for zinc sorption on
Purolite A103S; C, = 500 mg/L, 297 K, 300 rpm.

significantly different values compared with the exper-
imental values.

The effects of resin quantity on the rate of sorption,
when intra-particle diffusion model was applied are
shown in Fig. 7. The amount of adsorbed zinc
decreased approximately from 46 to 10 mg/g, when
the resin quantities increased from 1 to 5 g. The calcu-
lated kinetic parameters obtained from g, vs. > plot
are listed in Table 2. The values of intra-particle diffu-
sion rates, ki, (mg/gmin®®) increased from 0.38 to

®lg 2g A3g X4g S5g

S, PP IR IR I 2 I S A A
35

25
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t0.5

Fig. 7. Plot of intra-particle diffusion model for zinc sorp-
tion on Purolite A103S; C, = 500 mg/L, 297 K, 300 rpm.

171 mg/g min’® with the increase in resin quantities.
This is due to the fact that the plots presented in
Fig. 7 did not pass through the origin and the inter-
cept values were higher than 0, the intra-particle diffu-
sion was not considered to be the rate-controlling step
[6,8].

It is important to note that for pseudo-first-order
model, types 2-4 of pseudo-second-order, Elovich
equation, and intra-particle diffusion model, the
correlation coefficient was always less than 0.9881,
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which indicated a bad correlation. In contrast, the
application of type 1 pseudo-second-order model
leads to much better regression coefficients, all around
1, leading to the conclusion that this model describes
the best zinc sorption process on Purolite A103S.

3.4. Error analysis for kinetic models

Contrary to the linearization models, nonlinear
regression involves the minimization or maximization
of error distribution, between the experimental and
the predicted data [18]. Thus, in the present study,
nonlinear regression method was used to determine
the optimum model out of the four widely used
kinetic models studied.

Sum squares errors (ERRSQ) is the most widely
used error function, at higher end of the liquid-
phase concentration ranges. Hybrid fractional error
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function (HYBRID) was developed to improve
ERRSQ fit at low concentrations. Average relative
error (ARE) attempts to minimize the fractional error
distribution across the entire studied concentration
range. Sum of absolute errors (EABS) is similar to
the ERRSQ function and provides a better fit at
higher concentration. Based on to the number of
degrees of freedom in the system, Marquardt’s per-
cent standard deviation (MPSD) it is similar in some
respects with a modified geometric mean error dis-
tribution. Spearman’s correlation coefficient (rs) and
standard deviation of relative errors (sgg) are deter-
mined to evaluate the global correlation and the dis-
persion of their relative errors. Standard error (S.E.),
root mean squared error (RMSE), average percentage
errors (APE) and normalized standard deviation, Agq
(%) were also considered [9,17,18]. The equations of
each error function are presented in Table 3.

Table 3
List of error function applied for zinc sorption on Purolite A103S
Error function Abbreviation Expression
T
Sum squares errors ERRSQ/SSE > G care — qe_exp)2
i=1 ’
n
Hybrid fractional error function HYBRID Lp Z [% n e ““'°} _
cow i
Average relative error ARE % > [q"]’i}
Sl Geer
n
Sum of absolute error EABS Z Teexp — Jecale
(oo Tecae | >
Marquardt’s percent standard MPSD 100 E( =2 “’“‘“)
deviation & cexp i
n _ 2
Spearman’s correlation coefficient Ts 1- w
n(n—1)
. B -
Standard deviation of relative errors SRE \/ Zi:l[(qe'exp,,j?“C)l ARE
- 2
Standard error S.E. nl p z:](qetexp - qe,calc)
iz
n
Root mean squared error RMSE %Zl De.cate — e, exp)2
iz
Z (Ge,exp e cale)
Average percentage errors APE e 1k 100
Normalized standard deviation Ag (%) 100 M
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Table 4
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Results obtained from different error function for the considered kinetic models

Pseudo-second-order

Type Pseudo-first-order Elovich Intra-particle diffusion
1 2 3 4

HYBRID 656 0.009 0.05 0.04 0.01 10.84 4.53
ARE 3,923 0.96 1.04 1.03 1.01 3.05 2.11
EABS 96 0.32 0.74 0.65 0.38 1217 7.83
MPSD 256 0.99 2.44 2.06 1.27 32.92 21.29
Ts 0.12 0.99 0.99 0.99 0.99 0.98 0.99
SRE 1,037 0.27 0.13 0.15 0.19 1.16 0.72
S.E. 14.07 0.04 0.15 0.13 0.08 1.69 1.06
RMSE 13.09 0.03 0.14 0.12 0.07 1.57 0.99
APE (%) 29.07 0.12 0.13 0.12 0.06 3.93 2.62
ERRSQ/SSE 2,574 0.02 0.33 0.23 0.09 37.24 14.70
Ag (%) 52 0.12 0.37 0.31 0.19 717 4.82

The terms of the error functions are defined as:
Je,calc is the theoretical ionic exchange capacity calcu-
lated from the kinetic model, ge exp is the experimental
ionic exchange capacity obtained from Eq. (1), n is the
number of data points, and p is the number of
isotherm parameters [9,17,18].

The experimental data and the calculated values
obtained by applying different kinetic models were
analyzed by the most common error function
described above in order to compare the applicability
of each model. The results are presented in Table 4.

The outcomes indicated that the pseudo-second-
order kinetic model fitted the experimental data (low
values for the error function). The statistical tests were
able to point the pseudo-second-order model as the
most appropriate one to fit the experimental data and
the Elovich model as the lowest model to predict the
fitting. It was found that the sorption of zinc com-
plexes follows the Type 4 pseudo-second-order model
(values of Aq are less than 5%). On the other hand, it
was concluded that pseudo-first-order, Elovich, and
intra-particle diffusion models overestimates zinc sorp-
tion (values of Aq are 52, 7.17, and 4.8, respectively).

3.5. Thermodynamic parameters

Thermodynamic  parameters, enthalpy (AH",
kJ/mol), entropy (AS°, kJ/Kmol), and Gibbs free

Table 5

energy (AG®, kJ/mol) can be used to deduce the
nature of adsorption [8].

Thermodynamic parameters can be determined
using the equilibrium constant, K4 (ge/Ce), which
depends on temperature. These parameters were cal-
culated using the following equations:

AG® = —RT In K4 3
AH® AS°

In Kd = — ﬁ + T (4)

AG®° = AH®° — TAS°® (5)

where R is the universal gas constant (8.314 x 107> kJ/
Kmol), T is temperature (K), and Ky is the distribu-
tion coefficient (L/g).

Plot of In K4 vs. 1/T is used to find the values of
AH® and AS® from the slope and the intercept. The val-
ues of thermodynamic parameters are given in Table 5.
The negative value for AH’ in case of zinc sorption on
Purolite A103S, suggested an exothermic interaction at
temperatures between 298 and 358 K. The slight nega-
tive AS® value indicates that randomness decreases at
the solid-solution interface during sorption. The small
positive AG® values show the existence of an energy
barrier and that the reaction is a non-spontaneous pro-
cess at all studied temperatures [6,8,17].

Thermodynamic parameters for zinc sorption on Purolite A1035

AG* (k] /mol)
298 K

AS° (k] /K mol)
—0.030

AH* (K] /mol)
-9.36

313K 328 K 343 K 358 K

1.68 2.24 2.80 3.35 3.91
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3.6. Activation energy

Arrhenius equation is fitted to be used with
pseudo-second-order rate constant to determine acti-
vation energy (E,) using the following equation [8]:

E.
an:InA—ﬁ (6)

where k is the rate constant for pollutant removal
(pseudo-second-order) (g/min), A is Arrhenius con-
stant (g/min), R is the universal gas constant
(8.314 x 10° kJ /K mol), and T is temperature (K).

Activation energy (E,) can be calculated from lin-
ear plots In k vs. 1/T. The E, value gives information
about the type of sorption, either physical or chemical:
physisorption process normally has activation energy
of 5-40 k] /mol, while chemisorption has higher activa-
tion energy (40-800 kJ/mol) [8]. In the case of zinc
sorption on Purolite A103S, the calculated value for E,
was 32.57 k]/mol, which indicates a physisorption
process.

4. Conclusions

The zinc sorption process on the Purolite A103S
resin has shown an increase in removal efficiency with
an increase in resin quantity, and a slowly decrease
with the increase in temperature.

By comparing the results of the values of the error
functions, it was found that Type 4 pseudo-second-
order model was the most suitable model to reason-
ably describe the studied sorption phenomenon, while
Elovich model is the most inappropriate model to pre-
dict the fitting.

The thermodynamic parameters indicated an
exothermic interaction, a decreased randomness at the
solid-solution interface during sorption and a non-
spontaneous process at the investigated temperatures.
Also, the activation energy values suggested that the
process which rules over the zinc sorption on Purolite
A103S resin is physical.

List of symbols

e — ionic exchange capacity (mg/g)

E — removal efficiency (%)

Co — initial zinc ion concentrations (mg/L)

Ce — equilibrium zinc ion concentrations (mg/L)
Vv — volume of zinc solution (mL)

m — mass of resin (g)

kq — Pseudo-first-order rate constant (1/min)

qr — ionic exchange capacity at any time (mg/g)
Jecale — calculated ionic exchange capacity (mg/g)

Jeexp — experimental ionic exchange capacity (mg/g)
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ka — pseudo-second-order rate constant (g/mg min)
R? — correlation coefficient

a — Elovich initial sorption rate (mg/g min)

B — Elovich sorption constant

kip — intra-particle diffusion rates (mg/g min®”)

n — number of data points

[4 — number of isotherm parameters
AH® — enthalpy (kJ/mol)

AS° — entropy (kJ/K mol)

AG® — Gibbs free energy (kJ/mol)

R — universal gas constant (8.314 x 10~ kJ /K mol)
T — temperature (K)

Kq — distribution coefficient (L/g)

E. — activation energy

A — Arrhenius constant (g/min)
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