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Abstract In this study, electrocoagulation (EC) with
hybrid Fe–Al electrodes was used to remove antimony
from contaminated surface water. Response surface
methodology was applied to investigate the interactive
effects of the operating parameters on antimony removal
and optimize these variables. Results showed that the
relationship between operating parameters and the re-
sponse was well described by a second-order polynomi-
al equation. Under the optimal conditions of current
density 2.58 mA/cm2, pH 5.24, initial concentration
521.3 μg/L, and time 89.17 min, more than 99 % anti-
mony were removed. Besides, the antimony adsorption
behavior in EC process was also investigated.
Adsorption kinetics and isotherms studies suggested
that the adsorption process followed well the pseudo-
second-order kinetic model and the Langmuir adsorp-
tion model, respectively. Adsorption thermodynamics
study revealed that the reaction was spontaneous, endo-
thermic, and thermodynamically favorable. These

results further proved that the main mechanism involved
in antimony removal in EC process could be
chemisorption.

Keywords Antimony. Electrocoagulation . Response
surface methodology. Kinetics . Isotherms .

Thermodynamics

1 Introduction

Nowadays, antimony (Sb) and its compounds are wide-
ly consumed as alloys, flame retardants, catalyst in
plastics, pigment in paints, addictive in glassware and
ceramics, and so on (Filella et al. 2002; Guo et al. 2009).
Owing to natural processes and human activities, large
quantities of antimony and its compounds are released
into the environment. Specifically in the BWorld
Antimony Capital^ Xikuangshan, located in Hunan
province, China, the contaminated surface water con-
tains antimony ranging from 385 to 934 μg/L, which is
higher than the corresponding rules (Song et al. 2014).

Antimony and its compounds have been listed as
pollutants of priority interest by the Environmental
[Protection Agency of the United States (USEPA) and
the European Union åCouncil of the European
Communities) (USEPA 1979; CEC (Council of the
European Communities 1976)]. They can irritate the
nose, throat, eyes, and the skin of people. Long-term
exposures often result in nausea and vomiting, heart and
liver damage (Winship 1986). USEPA and EU have
established the maximum permissible antimony
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concentration in drinking water of 6 and 10 μg/L, re-
spectively [USEPA 1984; CEC (Council of the
European Communities) 1980]. In China, the maximum
admissible value for antimony concentration in drinking
water is set as 5 μg/L [SAC (Standardization
Administration of the People’s Republic of China
2006)], which is identical to the guideline of the World
Health Organizations (WHO 2006; Yousuf et al. 2001).

Recently, owing to high removal efficiency, no addi-
tion of chemicals, sludge reduction as well as ease of
operation (Holt et al. 2005; Lai and Lin 2003),
electrocoagulation (EC) as an efficient treatment tech-
nology has been applied successfully to treat various
wastewaters (Lai and Lin 2003; Kobya et al. 2003; Chen
et al. 2000; Bhatti et al. 2011). In EC process, when a
direct current is applied, the sacrificial anodes usually
aluminum or iron plates dissolve and the metallic cat-
ions such as Al3+, Fe2+, or Fe3+ generate, forming a
range of coagulant species or metal hydroxide which
would absorb or coprecipitate with dissolved pollutants
(Qu and Liu 2007; Ville et al. 2013; Vasudevan and
Oturan 2014). However, antimony removal from waste-
waters by EC has been reported by only a few studies
(Song et al. 2014; Zhu et al. 2011). In our previous study
(Song et al. 2014), high antimony removal efficiency
was obtained by EC using Fe–Al electrodes. We carried
out single factor experiments and evaluated the influ-
ence of many factors such as current density, pH, aera-
tion intensity, initial concentration and treatment time on
antimony removal. However, the interactive effects of
influencing factors on antimony removal were not in-
vestigated and the optimization of EC process is still
needed a subject of further investigation. Of late,
Response Surface Methodology (RSM), a collection of
mathematical and statistical methodology, has been
employed to understand and optimize the performance
of complex systems (Myers and Montgomery 2002;
Ahmadi et al. 2005; Ölmez 2009). With a limited num-
ber of planned experiments, RSM makes it possible to
evaluate the interactive effects of operating parameters
on antimony removal, reveal the optimum conditions of
the EC process, and further build appropriate models.
Additionally, the previous study also found out that
adsorption onto iron and aluminum hydroxides/
oxyhydroxides was the main mechanism of antimony
removal. However, the type of adsorption in EC process
is still unclear and barely touched by the environmental
researchers. Therefore, further studies in adsorption be-
havior of antimony in EC process are expected. The

mechanism of adsorption and its potential rate-
controlling steps could be analyzed by adsorption kinet-
ic models. The equilibrium adsorption behavior could
be investigated by fitting the isotherm models of
Langmuir and Freundlich, and the nature of adsorption
could be evaluated by the thermodynamic analysis
(Ganesan et al. 2013).

Thus, the main objectives of this study are: (1) to
evaluate the interactive effects of influencing factors
(current density, pH, initial concentration, and treatment
time) on antimony removal and obtain the most suitable
combination of variables resulting in the maximum
antimony removal efficiency; (2) to further explore the
antimony adsorption behavior in EC process based on
adsorption kinetics, adsorption isotherm, and thermody-
namics studies.

2 Experiment

2.1 Materials

All the chemicals used in this study were of guarantee
reagent (GR). 1 g/L of Sb stock solution were prepared
from antimony potassium tartrate (KSbC4H4O7·1/
2H2O) dissolved in 20 % (v/v) HCl, and Sb presents as
Sb(III). The stock solution was stored at 4 °C in the
refrigerator. In laboratory experiments, antimony con-
centration was varied in the range of 300~600 μg/L. The
pH of the solution was adjusted with 0.1 mol/L HCl and
0.1 mol/L NaOH. All solutions were prepared with
ultrapure water and desired volumes of stock solutions.
All glassware, polyethylene bottles, and sample vessels
were immersed in 5 % (v/v) HNO3 solution, and rinsed
three times with distilled water.

2.2 Experimental setup and procedure

Each experiment was carried out in air environment
using a 4-L plexiglas reactor (200 mm×160 mm×
125 mm). Electrodes (Fe, 99.5 % purity; Al, 99.3 %
purity; 150 mm×150 mm×1 mm) were vertically posi-
tioned in the aqueous solution with 2 cm apart. Two Fe
plates and two Al plates were in monopolar serial con-
nection mode. The total submerged surface area of each
electrode was 120 cm2. Current density was adjusted to
the desired value by a DC power supply.

Prior to each trial, the electrodes were abraded with
sand paper to remove rust and then cleaned with 1 mol/L
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HNO3 and deionized water. For each experiment, 2.5 L
Sb solution were added. 10 mL of samples were col-
lected at 10, 30, 50, 70, and 90 min, and then filtered by
0.45-mm filter membrane for analysis. Concentrations
of antimony were measured by the atomic fluorescence
spectrophotometer (AFS) (AFS-9760, Beijing) (CEPA
2002). Fe and Al analysis were performed using the
flame atomic absorption spectrometer (FAAS)
(PerkinElmer AA700, USA) (CEPA 2002). Triplicate
runs were carried out for each set of experimental
conditions.

2.3 Experimental design

2.3.1 RSM experimental design

Experimental design of the EC process for antimony
removal was performed by response surface methodol-
ogy (RSM). RSM was applied to evaluate the relative
significance of several affecting factors in the presence
of complex interactions (Myers and Montgomery 2002;
Ahmadi et al. 2005; Ölmez 2009). In this study, Central
Composite Design (CCD), a widely used form of RSM,
was selected for the optimization of the operating pa-
rameters which had great influence on antimony remov-
al efficiency. It usually contains three steps: (1) design
and experiments, (2) response surface modeling through
regression, and (3) optimization (Myers and
Montgomery 2002; Ahmadi et al. 2005; Ölmez 2009;
Kobya et al. 2013). Aydin and Aksoy 2009. To ensure
the adequacy of the employed model, analysis of vari-
ance (ANOVA) was used for graphical analysis of the
data to obtain the interaction between the process vari-
ables and the response. The quality of the fit polynomial
model was assessed by the determination of coefficient
(R2), and its statistical significance was checked by the
Fisher F test in the same program. Model terms were
evaluated by the P value (probability) with 95 % confi-
dence level. The response variable was fitted by a
second-order model in the form of quadratic polynomial
equation (Myers and Montgomery 2002):

y ¼ β0 þ
Xm

i¼1

βiχi þ
Xm

i< j

βi jχiχ j þ
Xm

i¼1

βiiχ
2
i ð1Þ

where y is the response variable to be modeled,χi and χj

are independent variables which determine y, β0, βi and
βii are the offset terms, i and j are linear coefficient and

the quadratic coefficient, respectively. βij is the term that
reflects the interaction between χi and χj.

In this study, the important operating parameters
were current density, pH, initial concentration and treat-
ment time, and the response was antimony removal
efficiency. Experimental runs were carried out in tripli-
cates. The actual design ran by the statistic software,
Design-expert V8.0.6 (Stat-Ease Inc., USA), was pre-
sented in Electronic supplementary material (ESM)
Table S1.

2.3.2 Adsorption behavior studied

The amount of antimony adsorbed at equilibrium (qe)
was calculated using the following equations:

qe ¼ C0−Ceð ÞV=W ð2Þ

W ¼ I tM= zFð Þ ð3Þ

where C0 is initial concentration (in microgram per
liter), Ce is equilibrium concentration (in microgram
per liter), V is the volume of solutions (in liter), W is
the mass of adsorbent (in gram), I is current (in ampere),
t is time (in second), M is molar mass of electrode, Z is
number of electrons involved in the redox reaction, and
F is Faraday’s constant (in coulomb per mole) (Isa et al
2014). The suitability of both pseudo-first-order and
pseudo-second-order kinetic models were further eval-
uated using the chi-square (χ2) represented as follows
(Isa et al. 2014; Sundaram et al. 2008):

χ2 ¼ qexpe −qcale

� �2
=qcale ð4Þ

where qe
exp is experimental equilibrium adsorption ca-

pacity (in microgram per gram), and qe
cal is the calculated

equilibrium adsorption capacity (in microgram per
gram). χ2 measures the goodness of fit between the
experimental and calculated equilibrium adsorption ca-
pacity. The value of χ2 for the suitable model should be
lowest. A good correlation coefficient and a low χ2

indicate that the model is applicable.
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3 Results and discussion

3.1 Response surface methodology

3.1.1 Data analysis of antimony removal efficiency

In order to determine the optimum conditions of anti-
mony removal, the parameters that had greatest influ-
ence on the response were identified. A full factorial
design for four independent variables along with re-
sponses was given in ESM Table S2.

Figure 1a, b, c displayed that antimony removal
efficiency were enhanced with the increase of current
density. From Faraday’s law, at higher current density,
the increased anodic metals dissolution caused an accu-
mulation of hydroxide cationic complexes, leading to
higher antimony removal efficiency (Kobya et al. 2011;
Wan et al. 2011). From Fig. 1a, d, e, antimony removal
efficiency decreased with the increase of initial pH from
5 to 9. The pH may affect antimony species distribution
and the surface charge of the metal oxides formed in EC
process (ESM Fig. S1). When pH was 5, the dominate
ion for Sb was Sb(OH)6

− and the zeta potential of metal
oxides was positive. The negatively charged Sb species
were more likely to be adsorbed and were generally

more easily removed, hence higher antimony removal
efficiency was obtained (Song et al. 2014; Gomes et al.
2007). With the increase of pH, the surface charge of the
metal oxides changed from positive to negative, and Sb
species were negatively or neutrally charged. So the
adsorption was less favorable. As a result, the removal
efficiencies of Sb decreased (Song et al. 2014; Gomes
et al. 2007).

From Fig. 1b, d, f, increase in initial concentration
was found to cause a decline in removal efficiency. This
can be attributed to the fact that at higher initial concen-
tration, more metallic hydroxide were needed to de-
crease the dissolved antimony. As a result, antimony
removal efficiency was limited by the production rate
of metallic hydroxide. Due to prolonged interaction
between metallic hydroxides and antimony, increase in
treatment time resulted in increase in antimony removal
efficiency as shown in Fig. 1c, e, f.

RSM was aimed to investigate the combined
effects of four variables on removal efficiency
and determine regress model of antimony removal
in EC process. According to experimental data, the
combined effects and final regression model was
expressed by the second-order polynomial equation
as follows:

Y ¼ 63:35þ 7:66A−5:83Bþ 1:04C þ 18:39D‐0:89ABþ 0:39AC‐1:27AD
‐0:93BC þ 1:05BD‐0:73CD‐1:58A2 þ 3:32B2‐2:25C2‐2:70D2 ð5Þ

where Y is the predicted response, and A, B, C,D are the
coded values of current density, pH, initial concentra-
tion, and treatment time, respectively.

In order to ensure the adequacy of employed model,
an adequate fit of the model should be given to avoid
poor or ambiguous results. The significance of quadratic
regression model was tested by the value of F and P,
correlation coefficient, and so on. ESM Table S3
displayed the ANOVA results for the response surface
quadratic model. The Model F value of 38.29 and p
value<0.0001 implied that the model was significant.
Values of BProb > F^ less than 0.05 indicated that model
terms were significant. Figure 2 indicated that the terms
ofD, A, B, and B2 extended behind the reference line. In
this case, the variables of treatment time, current density,
and pH were significant and remarkably affected the
antimony removal efficiency (y) (Yang et al. 2015).
The value of lack of fit was not significant, indicating

that the model for antimony removal in EC process was
valid. Adequate Precision ratio was 23.613, which was
an adequate signal for the model. Additionally, a high
coefficient of determination value (R2=0.9728) demon-
strated a satisfactory adjustment of the quardratic regres-
sion with experimental data (Myers and Montgomery
2002; Ahmadi et al. 2005; Ölmez 2009).

3.1.2 Optimization of the EC process for antimony
removal

Themain objective of the optimization was to determine
the optimum values of variables for antimony removal
from the model obtained using experimental data. The
desired goal for each operational condition (current
density, pH, initial concentration, and treatment time)
was chosen within the range while the response
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(antimony removal efficiency) was defined as the max-
imum value.

The optimum predicted value of the maximum
antimony removal efficiency was 99.62 %. The cor-
responding optimal parameters were current density
2.58 mA/cm2, pH 5.24, initial concentration

521.3 μg/L and time 89.17 min. To confirm the
validity of the optimization procedure, actual exper-
iments were performed under the predicted optimal
conditions. Results showed that 99.36 % antimony
removal efficiency was achieved. Therefore, it can
be concluded that RSM developed in this study was

Fig. 1 3D response surface graphs of combined effects on antimony removal efficiency
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a powerful tool for optimization and prediction of
antimony removal in EC process.

3.2 Adsorption kinetics studies

To investigate the adsorption kinetics and its potential
rate-controlling steps including mass transport and
chemical reaction processes, kinetic models were used
to analyze the experimental data. In this study, pseudo-
first-order model, pseudo-second-order model, intra-
particle diffusion model, and Elovich model were
applied.

3.2.1 Pseudo-first-order model

The linearized form of the pseudo first order rate equa-
tion was given as (Boparai et al. 2011; Mall et al. 2007):

log qe−qtð Þ ¼ logqe−k1t=2:303 ð6Þ
where qe and qt are the amount of antimony adsorbed on
EC products at equilibrium (inmilligram per gram) and at
any time (t), respectively, and k1 (in per minute) is the
calculated pseudo-first-order rate constant of adsorption.

Experimental data were analyzed with the pseudo
first order model as shown in Fig. 3a and Table 1.
From the plot of log (qe−qt) versus t, k1, and qe can be
determined by the slope and intercept, respectively. The
results showed that experimental data did not complete-
ly conform to a liner plot, and the correlation coefficient
was low. Hence, the reaction could not be classified as

the pseudo-first-order, further experimental data were
fitted with pseudo-second-order model.

3.2.2 Pseudo-second-order model

The linearized form of the pseudo-second-order equation
was represented below (Allen 1996; Ho andMcKay 1998):

t=qt ¼ 1= k2q
2
e

� �þ t=qe ð7Þ
where k2 is the second-order adsorption rate constant (in
gram per microgram·minute), and qe is the adsorption ca-
pacity calculated by the pseudo-second-order kinetic model
(in microgram per gram).

The linearized form of the pseudo-second-order
model for antimony removal by EC with different initial
concentrations was shown in Fig. 3b. The qe and k2 can
be calculated from the slope and intercept of plot of t/qt
versus t. From Fig. 2b and Table 1, the plots were found
to be linear with extremely high correlation coefficients.
Besides, the theoretical values qe

cal were in good agree-
ment with the experimental values qe

exp at all initial
concentrations studied. It suggested that the pseudo-
second-order model could be applied suitably to explain
the adsorption of antimony in EC process. These results
supported the assumption that the rate limiting step was
chemisorption involving valence forces through the
sharing or exchange of electrons between adsorbent
and metal ions (Aydin et al.), which was consistent with
some previous studies (Dou et al. 2015; Guo et al. 2014;
Vithanage et al. 2013).

Fig. 2 Pareto chart of
standardized effects for the
model. The line indicates the
95 % confidence level, and
factors with standardized effect
values to the right of this line are
statistically significant
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3.2.3 Intra-particle diffusion model

The linearized form of intra-particle diffusion equation
was represented below (Isa et al. 2014; Weber and
Morris 1963):

qt ¼ Kidt
0:5 þ Ci ð8Þ

where Kid (in milligram per gram·minute0.5) is a mea-
sure of the diffusion coefficient and Ci is the intra-
particle diffusion constant (in milligram per gram).

Experimental data were fitted to the intra-particle
diffusion model using Eq. (8) as shown in Fig. 3c. Kid

and Ci in Table 2 were obtained from the slope and
intercept of the plot of qt versus t

0.5, respectively. The

Fig. 3 Adsorption kinetic models of antimony removal by electrocoagulation at different concentrations: a pseudo-first-order model; b
pseudo-second-order model; c intra-particle diffusion model and d Elovich model

Table 1 Adsorption constants for first and second order kinetic model

C0 (μg/L) qe
exp (mg/g) Pseudo-first order Pseudo-second order

k1 (min−1) qe
cal (mg/g) R2 χ2 k2 (g/mg min) qe

cal (mg/g) R2 χ2

400 1.984 0.0037 1.760 0.9802 0.029 0.0078 1.806 0.9996 0.018

500 2.794 0.1059 2.336 0.9837 0.090 0.0177 2.499 0.9995 0.035

600 3.482 0.2256 2.986 0.9716 0.082 0.0086 3.058 0.9992 0.059
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plots of qt versus t
0.5 seemed to be linear but did not pass

through the origin, which may be due to the boundary
layer effect. Besides, with the increase of initial concen-
tration, Kid, and Ci were also found to increase. These
results implied that intra particle diffusion may not be
the only transport mechanism involved in adsorption of
antimony in EC process.

3.2.4 Elovich model

The modified form of Elovich equation was represented
below (Chien and Clayton 1980; Mall et al. 2005):

qt ¼ 1=βln αβð Þ þ 1=βln tð Þ ð9Þ

where α is the initial adsorption rate (in milligram per
gram·minute) and β is the desorption constant (gram per
milligram) during the experiment.

The linearized form of the Elovich model for
antimony removal by EC at various initial concen-
trations was given in Fig. 3d. The adsorption rate α

and desorption constant β were calculated from the
slope and intercept of the plot of q vs ln(t) in
Table 2. Elovich model was helpful in explaining
predominantly, chemical adsorption on highly het-
erogeneous adsorbents (Gupta and Bhattacharyya
2006). Results suggested that experimental data
were fitted into the Elovich equation and the plots
of qt vs ln(t) seemed to be linear. Additionally, with
the increase of initial concentration, the initial ad-
sorption rate α increased and desorption constant β
decreased. These results further suggested that the
process of adsorption of antimony by EC was
chemisorption (Isa et al. 2014).

3.3 Adsorption isotherms studies

In order to identify the efficacy and mechanism of
antimony adsorption in EC process, it was important
to establish the most appropriate correlation for the
equilibrium curves. Langmuir and Freundlich models
were employed in this study.

Table 2 Adsorption constants for intra-particle diffusion and Elovich model

C0 (μg/L) Intra-particle diffusion Elovich model

Kid (mg/g min0.5) Ci (mg/g) R2 α (mg/g min) β (g/mg) R2

400 0.1446 0.0382 0.9903 0.1091 2.4546 0.9988

500 0.2844 0.0826 0.9965 0.2346 1.3238 0.9722

600 0.3382 0.1296 0.9935 0.2679 1.0551 0.9913

Fig. 4 Adsorption isotherm models of antimony removal by electrocoagulation at different temeprature: a Langmuir isotherm model and b
Freundlich isotherm model
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3.3.1 Langmuir isotherm model

The Langmuir isotherm model assumed monolayer de-
position of adsorbate on homogenous adsorbent surface.
The linearised form of Langmuir isotherm model was
given as (Balasubramanian et al. 2009; Feng et al. 2013):

Ce=qe ¼ 1= klqmaxð Þ þ Ce=qmax ð10Þ
where Ce (in milligram per liter) is the equilibrium con-
centration of antimony. qe (in milligram per gram) is the
amount of antimony adsorbed at equilibrium. kl (in liter
per milligram) is the equilibrium adsorption constant
which is related to the affinity of the binding sites and
qmax (in milligram per gram) is the Langmuir constant
representing maximum monolayer adsorption capacity.

The essential feature of the Langmuir isotherm could
be expressed by means of a separation factor or equilib-
rium parameter Rl, which was calculated by the follow-
ing equation:

Rl ¼ 1= 1þ klC0ð Þ ð11Þ
where kl (in liter per milligram) is the Langmuir constant

and Co (in milligram per liter) is the initial concentra-
tion. Rl values between 0 and 1 indicate that the adsorp-
tion process was favourable.

Experimental data were plotted as Ce/qe versus Ce

and shown in Fig. 4a. The values of qmax, Rl, kl, and R2

were listed in Table 3.

3.3.2 Freundlich isotherm model

Considering the surface heterogeneity and exponential
distribution of the active adsorption and thus the possi-
bility of multilayer formation, the mathematical expres-
sion of the Freundlich model was given by
(Balasubramanian et al. 2009; Feng et al. 2013):

logqe ¼ logk f þ 1=nlogCe ð12Þ
where kf (in milligram per gram) and n are the constants
that account for adsorption capacity of the adsorbent and
the adsorption intensity.

Experimental data were plotted as log qe versus log
Ce and shown in Fig. 4b. The Freundlich constants kf
and n values were listed in Table 3.

Table 3 Parameters for Langmuir and Freundlich isotherm model

T (K) Langmuir isotherm Freundlich isotherm

qmax(mg/g) kl (L/g) Rl R2 kf (mg/g) n R2

298 2.004 0.185 0.049 0.9997 1.573 4.697 0.9959

308 2.439 0.267 0.034 0.9996 2.110 5.949 0.9973

318 2.703 0.336 0.028 0.9994 2.623 6.752 0.9934

Fig. 5 Plot of lnKD and 1/T
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The applicability of the two isotherm equations was
compared by the correlation coefficient (R2). From
Table 3, the values of correlation coefficient (R2) of the
Langmuir model were higher than that of the Freundlich
model. Namely, the Langmuir model provided a better
fit than Freundlich model within the studied temperature
range. From Langmuir model, qmax and kl increased
with the increase of experimental temperature, indicat-
ing that adsorption of antimony would be stronger at
higher temperature and the adsorption process was en-
dothermic. All Rl values obtained were between 0 and 1
indicating that the adsorption of antimony on the adsor-
bent was favorable. Results showed that Langmuir mod-
el could well describe the equilibrium isotherms. It
could be concluded that the adsorption of antimony in
EC process followed monolayer adsorption (Ganesan
et al. 2013; Balasubramanian et al. 2009).

3.4 Adsorption thermodynamics studies

The thermodynamic parameters (ΔGo, ΔHo, ΔSo) were
calculated from the following equations (Ganesan et al.
2013; Isa et al. 2014; Feng et al. 2013):

ΔGo ¼ −RT lnKD ð13Þ
where ΔGo (in kilojoule per moler) is the free energy,
KD is the distribution coefficient, R is the universal gas
constant (8.314 J/(mol·k) and T is the temperature (in
kelvin).

The relationship between ΔGo, ΔHo, and ΔSo could
be expressed as:

ΔGo ¼ ΔHo−TΔSo ð14Þ
Combining Eq. (13) and (14),

lnKD ¼ ΔSo=R−ΔHo= RTð Þ ð15Þ
The enthalpy change (ΔHo) and entropy(ΔSo)

were calculated from the slope and intercept of the
plot of ln KD versus 1/T as shown in Fig. 5. The

thermodynamics constants obtained from the plot
were given in Table 4.

As shown in Table 4, the values of ΔGo were nega-
tive, indicating that the adsorption of antimony in EC
process was spontaneous and thermodynamically favor-
able. The degree of spontaneity of the reaction increased
with increasing temperature which may be attributed to
the enlargement of pore size or activation of the adsor-
bent surface. The positive values of ΔHo implied that
the adsorption process was endothermic at 298–328 K.
The positive values of ΔSo confirmed the increased
randomness of the solution interface during the adsorp-
tion of antimony (Ganesan et al. 2013; Feng et al. 2013).

4 Conclusions

In this study, response surface methodology was
verified to be a powerful tool for investigation of
the interactive effects of influencing factors on
antimony removal efficiency and optimization of
the EC process. Analysis of variance showed a
high coefficient of determination value, ensuring
a satisfactory adjustment of the second order poly-
nomial equation with experimental data. More than
99 % antimony were removed and the correspond-
ing optimum parameters were current density
2.58 mA/cm2, pH 5.24, initial concentration
521.3 μg/L, and time 89.17 min. Additionally,
the adsorption of antimony in EC process followed
well the pseudo-second-order model, and the
Langmuir isotherm model best fitted with experi-
mental data. The thermodynamics study revealed
that the adsorption of antimony in EC process was
spontaneous, endothermic, and thermodynamically
favorable. These results further proved that the
main mechanism involved in antimony removal
by EC with hybrid Fe–Al electrodes could be
chemisorption.

Table 4 Thermodynamics constants for antimony adsorption

Temperature (K) lnKD ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol.K)

298 8.833 −21.885 24.1264 154.516
308 9.199 −23.556
318 9.430 −24.932
328 9.745 −26.576
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