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ABSTRACT

Four-hydroxy-3-aminophenylarsonic acid (HAPA) is the degradation product of 3-nitro-4-
hydroxyphenylarsonic acid (roxarsone, a widely used organoarsenic additive in animal
feed) under anaerobic conditions. HAPA is highly water soluble and resistant to degrada-
tion by anaerobic micro-organisms. In this study, the effect of initial concentration, tempera-
ture, pH, ionic strength, and interferential ions on the adsorption of HAPA onto anaerobic
granular sludge (AGS) was investigated using batch adsorption experiments. The results
showed that equilibrium state of the adsorption was reached at about 10 h. The kinetics
analysis indicated that the adsorption process followed a pseudo-second-order model and
intra-particle diffusion was the rate-limiting step. The adsorption mechanisms could be
explained by the Freundlich and D–R isotherm models. The maximum adsorption capacity
of HAPA onto AGS was 12.57, 25.05, and 26.31 mg/g at 15, 25, and 35˚C, respectively. pH,
ionic strength, and phosphate ions had obvious negative effect on the HAPA adsorption
onto AGS. Thermodynamics analysis confirmed that the adsorption of HAPA onto AGS
was an endothermic and spontaneous process. The results obtained from this study will
improve the understanding to the adsorption characteristics of HAPA onto AGS and the
fate of roxarsone in anaerobic sludge reactor.

Keywords: 4-hydroxy-3-aminophenylarsonic acid (HAPA); Anaerobic granular sludge (AGS);
Adsorption; Kinetics analysis; Roxarsone

1. Introduction

Antibiotics have been widely used in animal hus-
bandry for animal therapy and health protection since
last century [1]. Roxarsone (3-nitro-4-hydroxyphenyl-

arsonic acid) is an organoarsenic antibiotic and has
been widely used to prevent coccidiosis and to stimu-
late growth as a feed additive in broiler and swine
industries [2,3]. The permitted dose of roxarsone in
the feed is in the range of 25–50 mg/kg, and high con-
centrations of arsenic from 0.4 to 119 mg/kg have
been reported in the animal litters, supplementing*Corresponding author.
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organoarsenic additives [4]. Roxarsone has been
banned to use in the Europe and USA in recent years
but still can be used in many developing countries [4].
Most of the added roxarsone was excreted into man-
ure and wastewaters with feces and was rapidly trans-
formed into 4-hydroxy-3-aminophenylarsonic acid
(HAPA) under anaerobic or anoxic conditions [5–8].
HAPA has been detected in fresh poultry litter [7],
accounting for 12–25% of the identified arsenic species
[9]. The molecular structures of roxarsone and HAPA
are shown in Fig. 1.

HAPA is water soluble and resistant to be
degraded by anaerobic micro-organisms [10]. It has
been reported that HAPA was completely degraded
over a 229-d incubation under anaerobic conditions
[5], and even under electrical stimulation conditions,
the complete degradation still needed one week [10].
In an anaerobic system, HAPA inhibited the activities
of both acetoclastic and hydrogenotrophic methano-
gens at a concentration of 1 mmol/L and the inhibi-
tion increased sharply with the prolonging of the
incubation time [8]. The structure of anaerobic granu-
lar sludge (AGS) was also affected by HAPA in the
solution under anaerobic conditions, although only a
small part of HAPA was fixed in the AGS [11].

Previous studies have investigated the influence of
management methods on the fate and transformation
of residual antibiotics in animal manures [12]. Anaero-
bic digestion was often applied to treat wastewaters
from animal husbandry containing high concentration
of organic matter using upflow anaerobic sludge blan-
ket (UASB) bioreactor for recovering biogas as energy
[13–15]. AGS is an aggregate of millions of micro-or-
ganisms with various species in the UASB reactor [16].
It has many characteristics, such as good microbial
activities, excellent settling ability, and strong, com-
pact and porous structure [17]. The adsorption of
micro-contaminants such as tetracyclines [18], heavy

metals onto AGS has been investigated in recent years
[19].

However, there is little information regarding the
adsorption process of HAPA onto AGS, which limits
the understanding of HAPA behavior in the UASB
reactor. Therefore, the objective of this study was to
evaluate the sorption capacity of AGS onto HAPA and
the kinetics of the sorption process, which will pro-
vide useful information for the management and oper-
ation of UASB reactor treating HAPA contaminated
animal wastewater.

2. Materials and methods

2.1. Chemicals and anaerobic granule sludge

HAPA (purity > 97%) was purchased from Sigma
Co. Ltd, China. All chemicals were reagent grade and
used without further purification. Stock solution of
HAPA was prepared with deionized water.

AGS used in this study was collected from a 10-L
UASB reactor treating synthetic wastewater at 35
± 2˚C in the laboratory, then stored in a refrigerator at
4˚C to avoid undesired metabolism. The moisture con-
tent of the AGS was 86.9% and volatile organic solid
took up a proportion of 51.0% among the solid. The
characteristics of the AGS are listed in Table 1.

2.2. Batch adsorption experiments

Batch adsorption tests were carried out in 150-mL
flasks with a working volume of 100 mL. AGS and
deionized water were firstly loaded into flasks, and
then the flasks were flushed with nitrogen gas for
3 min to create anaerobic conditions and sealed with
rubber stopper. At the beginning of the adsorption
experiment, the determined volume of HAPA stock

Fig. 1. Chemical structures of HAPA and roxarsone.

Table 1
Characteristics of the anaerobic granule sludge

Items Contents (%)

Moisture 86.94
VS 6.67
Ca 11.1427
P 6.4050
Zn 0.0812
Cu 0.0098
Ni 0.0413
Cr 0.0318
Mg 0.2755

Notes: The content of metals is based on the dry matter of the

anaerobic granule sludge; VS, volatile solid.
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solution was injected into the flasks based on the
designed initial HAPA concentration. All flasks were
placed in an air-bath shaker and operated at 150 rpm.
The supernatant was regularly collected with syringes
and filtered through a 0.22-μm cellulose acetate mem-
brane for the determination of HAPA. All tests were
performed in triplicate.

The AGS used per flask was 4.8 g (about 0.6 g of
dry matter) for all tests, and the pH was adjusted
around 7.0 ± 0.2 with 1.0 mol/L NaOH or HCl. In the
test of contact time and initial concentration, the initial
HAPA concentration was set at 2.0, 5.0, 10.0, and
20.0 mg/L, and the temperature was controlled at
25˚C. In the investigation of temperature, 15, 25, and
35˚C were selected and the initial HAPA concentration
was 5.0 mg/L. In the analysis of adsorption equilib-
rium isotherm, the initial HAPA concentrations were
set at 5.0, 10.0, 20.0, 50.0, and 100.0 mg/L with tem-
peratures of 15, 25, and 35˚C, respectively. In the test
of pH, the pHs of 5.0, 6.0, 7.0, 8.0, and 9.0 were inves-
tigated at 10.0 mg/L HAPA and 25˚C. For investigat-
ing the effect of ionic strength, NaCl concentrations of
10.0, 20.0, 30.0, 40.0, and 50.0 mg/L were used at
5.0 mg/L HAPA and 25˚C. In addition to investigate
the effect of phosphorus ions on the adsorption,
different concentrations of KH2PO4 (0.14, 0.68, and
1.36 g/L) were added into the system at 5.0 mg/L
HAPA and 25˚C. The kinetics study for HAPA
adsorption onto AGS was carried out at four different
initial HAPA concentrations (2.0, 5.0, 10.0, and
20.0 mg/L) and 25˚C.

The amount of HAPA adsorbed by AGS was calcu-
lated as follows:

qt ¼ ðC0 � CtÞV
W

(1)

in which qt is the amount of adsorbed HAPA per
gram AGS at time t (mg/g), C0 and Ct are the initial
and residual concentrations of HAPA solution at time
t (mg/L), respectively, V is the solution volume (L), W
is the dry weight of AGS in the tests.

2.3. Desorption experiment

Batch desorption tests were conducted in duplicate
to identify the reversibility of HAPA adsorption onto
AGS. Adsorption experiment with initial 5.0 mg/L
HAPA solution at 25˚C was operated at equilibrium
state, and then the liquids were removed. The left sat-
urated granules (about 4.8 g) in the flask were trans-
ferred to a column system for desorption test. The
column system was composed of a plastic column

which was 110 mm in height and 30 mm in inner
diameter and a peristaltic pump was used to feed
deionized water from the bottom of the column. The
flow rate was controlled at 4.8 mL/min with liquid
retention time of approximately 15 min. The effluent
was collected and filtered for the determination of
HAPA.

2.4. Analytical methods

HAPA concentration was determined by a high-
performance liquid chromatography (HPLC,
Shimadzu LC-20AD, Japan) equipped with a UV
detector (SPD-20A). The wavelength of the UV detec-
tor was set at 264 nm. A Wondasil C18 column
(4.6 mm × 150 mm, 5 μm, GL Sciences Inc.) was used
for the separation of HAPA. The mobile phase was
composed of 0.05 M KH2PO4, methanol, and formic
acid (90:10:0.1, V/V/V) at a flow rate of 1.0 mL/min
and the column temperature was controlled at 30
± 1˚C.

The concentration of inorganic arsenic was mea-
sured using atomic fluorescence spectrometry (AFS-
8220, Titan Beijing, China). Argon gas was used as
carrier gas. Deionized water mixed with 2% potassium
borohydride (KBH4, W/V) and 0.5% potassium
hydroxide (KOH, W/V) was provided as a reducing
agent. Solution of 7% HCl (V/V) was used as current-
carrying liquid. Surface morphology of AGS was
investigated using scanning electron microscopy
(SEM). The functional groups on AGS surface before
and after adsorption were characterized by Fourier
transform infrared spectrum (FTIR, Nicolete 10,
Thermo Fisher, USA). Surface area was calculated
based on N2 Brunauer–Emmett–Teller (BET) analysis
(Tristar II 3020, USA).

3. Results and discussion

3.1. Characterization of AGS

Surface area of AGS was determined by BET analy-
sis with 7.139 m2/g. The SEM micrograph of AGS is
shown in Fig. 2. No apparent cracks were found on the
surface of AGS, indicating the steady structure and
good stability. The FTIR analysis is shown in Fig. 3
with a number of peaks. The broad and strong bands
around 3,435 cm−1 were due to the overlapping of OH
and NH stretching [20]. The band around 2,925 cm−1

showed the C–H stretching vibrations of –CH3 and
>CH2 functional groups [21]. The band around
1,652 cm−1 corresponded to the C=O stretch. The peak
around 1,056 cm−1 was related to the −OH stretching
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vibrations [22]. The peaks between 1,056 and
1,652 cm−1 were probably related to S=O stretching
[23]. According to the comparison of the peaks before
and after adsorption, there were no significant changes
in the functional groups mentioned above in the
adsorption process.

3.2. Effect of environmental factors

3.2.1. Effect of contact time and initial concentration

In the control test without AGS addition, the result
showed that the adsorption of HAPA onto container
walls could be neglected. Fig. 4 shows the effect of
contact time and initial concentration on the adsorp-
tion of HAPA onto AGS at 25˚C. It was found that the
amount of HAPA absorbed increased with the

increase in contact time. Similar trend was also found
in the adsorption of arsenate onto the anaerobic bio-
mass [24]. A rapid adsorption process occurred in the
first 3 h, and more than 60% HAPA was absorbed
during this stage. After then, the adsorption rate grad-
ually decreased until reaching equilibrium state at
about 10 h. The fast adsorption of HAPA onto AGS in
the initial stage was contributed to the availability of
uncovered surface and activated sites on the surface
of AGS [25]. The adsorption of HAPA was also
dependent on the initial HAPA concentration. When
the initial HAPA concentration increased from 2.0 to
20.0 mg/L, the amount of absorbed HAPA increased
from 0.31 to 3.29 mg/g at equilibrium time. This could

Fig. 2. SEM micrograph of AGS (magnification: (a) 500 and
(b) 10,000).
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Fig. 3. FTIR spectra of AGS: (a) before adsorption and (b)
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be explained that, with the increase in the initial
concentration, driving force was increased to over-
come the resistance of mass transfer between the
aqueous and solid phases [22,26], which leads to more
active sites being occupied by HAPA on the surface of
AGS.

3.2.2. Effect of pH and ionic strength

pH is one of the main factors that affect the
adsorption process [17,27]. The effect of initial pH on
the adsorption was shown in Fig. 5(a). When the ini-
tial pH increased from 5.0 to 9.0, the equilibrium
uptake decreased from 1.70 to 1.45 mg/g. Similar
trend was reported in the biosorption of Direct Black
38 [28] and chlorophenols [29] by AGS. It has been
reported that when pH is above 3, the overall surface
charge on the cells become negative [29,30]. The pKa1

value of HAPA is under 5.0 [4]. When pH is higher

than 5, negatively charged ionized form of HAPA
dominates in the solution. As the solution pH
increased from 5.0 to 9.0, the adsorption between neg-
atively charged HAPA and binding sites of the bio-
mass surface decreased. Meanwhile, the presence of
OH− ions under alkaline conditions also affects the
adsorption of HAPA [28], because of OH− ions com-
peting with adsorption sites with negatively charged
HAPA, which also resulted in the decrease in equilib-
rium uptake.

The influence of ionic strength on the adsorption
of HAPA onto AGS is shown in Fig. 5(b). The equilib-
rium uptake decreased from 0.79 to 0.65 mg/L with
the increase in ionic strength from 0 to 50 mg/L NaCl,
indicating that ionic strength has negative effects on
the adsorption. Similar result has been reported in the
adsorption of roxarsone by multi-walled carbon
nanotubes [31].

3.2.3. Effect of phosphate

Phosphate is one of the most ubiquitous aqueous
anions in aquatic environment. On account of the chem-
ical similarities between phosphorus and arsenic, the
competitive adsorption to active sites always occurs on
surfaces [32–34]. Thus, it is of considerable interest to
study the influence of phosphate on the adsorption of
inorganic arsenic compounds [34,35], but the effect of
phosphate on organic arsenic compounds is still
unknown. Fig. 6 shows that the presence of phosphate
had an obvious adverse effect on the process of adsorp-
tion. The adsorption capacity of AGS toward HAPA
decreased with the increase in phosphate concentration
in the bulk solution. According to the experimental5 6 7 8 9
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data, 50, 77, and 78% of HAPA was inhibited by
KH2PO4 solution at 0.14, 0.68, and 1.36 g/L in the initial
3 h, indicating that phosphate competes with HAPA for
the active sites. Therefore, phosphate in the solution has
negative influence on the adsorption of HAPA onto
AGS in UASB system.

3.3. Adsorption kinetics

Adsorption kinetics describes the solute uptake
rate at the solid–aqueous interface, which provides
evident information about the rate-controlling step
and the possible mechanisms of the adsorption [36].
The pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models were applied to analyze
the adsorption kinetics in this study. Correlation coef-
ficient (R2) was calculated to evaluate the conformity
between experimental data and the model predicted
values. Generally, high R2 values indicate that the
adsorption processes are well described by the kinetics
models.

The pseudo-first-order equation is expressed as the
following:

logðqe � qtÞ ¼ log qe � K1t

2:303
(2)

in which qe and qt are the amounts of adsorbed HAPA
per gram AGS at equilibrium time and time t (mg/g),
respectively, and K1 (min−1) is rate constant of the
first-order adsorption.

The linear fitting form of pseudo-first-order kinetic
model for the adsorption of HAPA onto AGS is exhib-
ited in Fig. 7. The curves were linear in the first 6 h,

with correlation coefficient (R2) over 0.990. However,
the pseudo-first-order kinetic model had a low correla-
tion coefficient to fit the whole adsorption process,
showing the bad quality of linearization. Thus, the
whole adsorption process couldn’t be described by
pseudo-first-order kinetic model, indicating that
pseudo-first-order kinetic model cannot explain the
adsorption mechanism of HAPA onto AGS. Therefore,
pseudo-second-order equation was tried to fit the
experimental data.

The pseudo-second-order equation is described as:

t

qt
¼ 1

K2q2e
þ t

qe
(3)

in which qe and qt have the same meaning as in Eq.
(2), K2 is the rate constant (g/(mg min)). The value of
K2 was calculated from the intercept and the slope of
the linear plot of t/qt vs. t in Eq. (3).

The plot of t/qt vs. t is shown in Fig. 8. The qe and
K2 were calculated by the slopes and intercepts of the
lines and are listed in Table 2. The values of R2 for
pseudo-second-order equation were greater than 0.989
at all concentrations, and the values of qe were very
close to the experimental data, indicating that pseudo-
second-order kinetics fitted the adsorption process
very well. A similar result was found on the hemicel-
lulose-based absorbent toward dye [37]. A phe-
nomenon should be pointed out that a little
simulation deviation from the experimental data was
found in the initial 1 h of the adsorption process (as
shown in Fig. 4). It might be mainly caused by the
complex components of AGS’s surface, especially the
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extracellular polymeric substances (EPS) [38]. It has
been reported that the equilibrium time of toluidine
blue adsorption onto EPS was about 90 min [39], and
the EPS was considered as the main influence factor at
the beginning of the adsorption process [40].

A multistep process always takes place during the
adsorption, including surface diffusion, intra-particle
or pore diffusion, and adsorption on the interior active
sites [41], which can be analyzed through intra-particle
diffusion model. The equation is expressed as:

qt ¼ kit
1
2 þ C (4)

where ki is the rate constant of the intra-particle diffu-
sion (mg/g min1/2), C is intercept (mg/g).

Fig. 9 shows the plot of qt vs. t
1/2 for the adsorp-

tion of HAPA onto AGS. Based on the multilinearity
simulation, the adsorption process could be divided
into three portions, 0–3 h, 3–5 h, and 5–10 h. Based on
the theory of adsorption multistep process, the first
portion was attributed to the diffusion of HAPA mole-
cules through the solution to the surface of AGS, the
second portion was the gradual adsorption stage, in

which intra-particle diffusion occurred, and the third
portion approached equilibrium state, in which intra-
particle diffusion started to slow down [42]. The slope
of the second linear portion was obviously smaller
than the first one, indicating that intra-particle diffu-
sion portion was the rate-controlling step. The calcu-
lated values of ki were given as 0.179, 0.393, 0.487, and
0.543 mg/g min0.5, respectively. The corresponding
values of C in the second portion, which was propor-
tional to the boundary layer thickness [43], were 0.018,
0.020, 0.485, and 1.923 mg/g min0.5 for the correspond-
ing HAPA concentrations of 2.0, 5.0, 10.0, and
20.0 mg/L. These results indicated that high concen-
tration of HAPA solution would lead to an increase in
rate of intra-particle diffusion and more HAPA mole-
cules into deeper interior for active adsorption sites.

3.4. Equilibrium isotherms

Adsorption equilibrium isotherms provide funda-
mental physicochemical data for evaluating the appli-
cability of adsorption process [44]. Three typical
adsorption models, the Langmuir, the Freundlich, and
the Dubinin–Radushkevich (D–R) [45] isotherms, were
employed to describe the HAPA adsorption onto AGS
in this study.

The Langmuir isotherm assumes that the solid has
limited adsorption ability. All the adsorption sites are
assumed to be identically, energetically, and sterically
independent of the adsorbed quantity [46]. The surface
reaches the saturation point when adsorption sites are
completely occupied by the adsorbate molecules, and
the maximum adsorption capacity will be achieved.
The linear form of the Langmuir isotherm model is
given as:

1

qe
¼ 1

kLQmaxCe
þ 1

Qmax
(5)

where Qmax (mg/g) is the theoretical maximum
adsorption capacity of HAPA adsorbed by AGS, kL
(L/mg) is the constant of Langmuir isotherm related

Table 2
Kinetic parameters for the adsorption data at different initial concentrations

C0 (mg/L)

Pseudo-first-order Pseudo-second-order

K1 (10
−3) min−1 qe (mg/g) R2 K2 (g/(mg min)) qe (mg/g) K2q

2
e (mg/g min) R2

2.0 8.636 0.169 0.929 0.140 0.325 0.015 0.999
5.0 10.17 0.783 0.975 0.018 0.899 0.014 0.995
10.0 13.01 2.265 0.967 0.006 1.921 0.022 0.989
20.0 9.788 3.097 0.996 0.004 3.693 0.059 0.998

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0

1

2

3

q t (
m

g/
g)

t1/2 (h1/2)

 2mg/L
 5mg/L
 10mg/L
 20mg/L

Fig. 9. Intra-particle diffusion plot for HAPA adsorption
onto AGS at 25˚C.
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to the energy or net enthalpy of adsorption, Ce

(mg/L), the concentration of HAPA in the solution at
equilibrium time.

The experimental data of 5.0 mg/L HAPA soluion
at 15, 25, and 35˚C were plotted as 1/qe against 1/Ce

with the Langmuir isotherm in Fig. 10(a). The values
of R2 were 0.895, 0.905, and 0.980 at 15, 25, and 35˚C,
respectively, indicating poor correlation between the

model and data, showing that the surface of AGS was
not homogenous.

The Freundlich model is commonly used to
describe the adsorption process onto heterogeneous
surface of the adsorbent. The isotherm doesn’t imply a
saturation of the adsorptive surface. The Freundlich
isotherm equation is given as:

log qe ¼ 1

n
log Ce þ log KF (6)

in which KF and n are the Freundlich constants
accounting for the adsorption capacity and intensity,
respectively.

From Eq. (6), the value of KF and n can be calcu-
lated from the intercepts and slopes of the fitting lines.
If n value is close to one, it indicated that the adsorp-
tion is independent of the adsorbate concentration.
Additionally, n value less than one indicated the
adsorption is favored at a higher concentration [47].
As depicted in Fig. 10(b), the experimental data were
plotted as log qe against log Ce with the Freundlich
model. The relative parameters are listed in Table 3,
indicating that the Freundlich isotherm equation fitted
the data well, which is similar to the result of 2,4-DCP
adsorption onto AGS [29]. The values of KF increased
with the increasing temperature, showing that the
adsorption capacity of AGS toward HAPA increased
with the increasing temperature and the adsorption
process was considered to be endothermic. All the val-
ues of n were under one, indicating the low adsorp-
tion intensity at a lower concentration. Therefore, the
adsorption was favored at a higher concentration
because of the increasing electrostatic attraction and
driving force.

The D–R model was used to distinguish the type
of physic-sorption or chemisorption and to assess the
adsorption mechanism as well [48]. The Dubinin–
Radushkevich (D–R) isotherm is given as:

ln qe ¼ lnQmax � be2 (7)

e ¼ RT lnð1þ 1=CeÞ (8)

E ¼ 1

ð2bÞ12
(9)

in which β is a constant related to the mean free
energy (mol2/kJ2), ε is the Polanyi potential, R is the
ideal gas constant (8.314 J/(mol K)), and E is mean
free energy (kJ/mol).

The experimental data were plotted as ln qe against
ε2 with the D–R model, as shown in Fig. 10(c). The
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values of Qmax and β were calculated by the intercepts
and slopes of the fitting lines and are listed in Table 3.
The values of R2 showed a good conformity between
the predicted values and data. The values of Qmax

increased with the increasing temperature also indicat-
ing that the adsorption was an endothermic process.
According to Eq. (9), E values were calculated, which
were 1.29, 1.43, and 1.71 kJ/mol at 15, 25, and 35˚C,
respectively. As reported previously, when
E < 8 kJ/mol, the adsorption process was considered
to be a physical process [20,43]. Therefore, based on
the results of the D–R model, the adsorption was con-
sidered to be mainly a physical process.

3.5. Thermodynamics analysis

Thermodynamics analysis is helpful to estimate the
thermodynamic characteristics. The adsorption ther-
modynamics of HAPA onto AGS was analyzed at 288,
298, and 308 K with HAPA concentration of 5.0 mg/L.
The thermodynamic parameters, such as the free
energy change (ΔG˚), standard molar enthalpy (ΔH˚),
and standard entropy change (ΔS˚) were calculated by
the following equations [49]:

DG� ¼ �RT ln Kc (10)

Kc ¼ Cs

Ce
(11)

ln Kc ¼ DS�

R
� DH�

RT
(12)

in which Kc is equilibrium constant, Cs is the adsorbed
amount of HAPA onto AGS at equilibrium state (mg/
g), and Ce is the equilibrium concentration of HAPA
in the solution.

The values of ΔH˚ and ΔS˚ were calculated from
the slopes and intercepts of the plots as ln Kc vs. 1/T,
as shown in Fig. 11. According to Eq. (10), ΔG˚ was
obtained and listed in Table 4. The negative value of
ΔG˚ demonstrated the spontaneous nature of the

adsorption, and the decrease with the increasing tem-
perature suggested that higher temperature made the
HAPA adsorption much easier onto AGS. The positive
value of ΔH˚ indicated that the adsorption of HAPA
onto AGS was endothermic. According to the positive
values of ΔS˚, the randomness increased at the solid–
solution interface with increasing temperature. Similar
results were found for the adsorption of acidic dye
onto poly grafted AGS [20].

3.6. Generation of inorganic arsenic

AGS are formed by hundreds and thousands of
organisms, which might lead to the degradation of
HAPA. Therefore, the generation of inorganic arsenic
during the adsorption was measured at the tests with-
out AGS addition and with AGS addition with initial
HAPA concentration of 5.0 mg/L. As shown in
Fig. 12, 45 μg/L inorganic arsenic without AGS addi-
tion and 40 μg/L with AGS addition were detected in
the solution at the starting point, which was probably
caused by the impurity of the HAPA. In the test with
AGS addition, the concentration of inorganic arsenic

Table 3
Isotherm constants for adsorption of HAPA onto AGS

T (K)

Langmuir Freundlich D–R

Qmax (mg/g) kL (L/mg) R2 KF n R2 Qmax (mg/g) β (mol2/kJ2) R2

288 −7.576 −0.283 0.895 3.119 0.936 0.936 12.57 0.300 0.971
298 −2.457 −0.993 0.905 11.46 0.534 0.940 25.05 0.243 0.983
308 −2.421 −1.328 0.980 27.42 0.453 0.993 26.31 0.172 0.948

3.2 3.3 3.4 3.5
2.4

2.8

3.2

ln
 K

c

1/T (10-3K-1)

R2=0.99

Fig. 11. Plot of ln Kc vs. 1/T (10−3 K−1) for the adsorption
of HAPA onto AGS.
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decreased obviously with the adsorption processing,
meaning that inorganic arsenic could also be effec-
tively absorbed by the AGS. The results indicated that
the degradation of HAPA by AGS could be neglected
in the adsorption experiment.

3.7. Desorption

Fig. 13 shows the concentration of HAPA in the
effluent during desorption. The desorption of HAPA
from AGS occurred quickly in the first 0.5 h, and com-
pleted within 6 h. Only 12% of the absorbed HAPA
was washed away during the desorption process, indi-
cating that the adsorption binding between HAPA
and AGS was strong in aqueous solution. The results
showed that it should be careful to depose of the AGS
that was used to treat wastewater containing HAPA
for avoiding arsenic contamination.

3.8. Environmental significance

This study demonstrated the adsorption character-
istics of AGS toward HAPA, which may be helpful to
understand the behavior of HAPA in anaerobic

system treating wastewater containing HAPA. It has
been reported that HAPA can undergo further decom-
position to form arsenite and arsenate, which is highly
toxic and bring a risk to the lives in the aquatic envi-
ronment [50]. Due to the use of roxarsone in animal
husbandry, the wastewater containing HAPA would
be treated using anaerobic digestion system. The
understanding of the adsorption behavior in anaerobic
system will improve the management and removal of
HAPA and its degradation products from wastewater.

4. Conclusions

The adsorption characteristics of HAPA onto AGS
were investigated using batch adsorption experiments
in this study. The results showed that the equilibrium
state of the adsorption was reached at about 10 h. The
maximum adsorption capacity of HAPA onto AGS
was 12.57, 25.05, and 26.31 mg/g at 15, 25, and 35˚C,
respectively. Freundlich and D–R isotherm models fit-
ted the adsorption data very well, and the adsorption
was mainly a physical process. The adsorption process
followed a pseudo-second-order model and the
adsorption binding between HAPA and AGS was

Table 4
Thermodynamic parameters for adsorption of HAPA onto AGS

T (K) ln Kc ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (J/(K mol))

288 2.50 −5.98 25.08 107.92
298 2.86 −7.09
308 3.18 −8.14
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Fig. 12. Inorganic arsenic concentration in the adsorption
process.
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strong in aqueous solution. Intra-particle diffusion
was the rate-limiting step for the adsorption of HAPA
onto AGS. The increase in pH and phosphate ions had
a negative effect on the HAPA adsorption onto AGS.
Thermodynamics analysis showed that the adsorption
of HAPA onto AGS was an endothermic and sponta-
neous process. The results obtained from this study
will improve the understanding for the fate of roxar-
sone in anaerobic sludge reactor.
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