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ABSTRACT

Roxarsone (ROX) as a feed additive in livestock industry could be transported and migrated with
manure in soil and aquatic environments, which pose a serious environmental problem due to the
long-term accumulation and exposure of arsenic (As). In this study, sodium alginate (SA) loaded
micro-scale zerovalent iron (ZVI) was chosen as one macromolecular polymer adsorbent in order to
remove residual ROX from synthetic livestock wastewater. The results showed that the maximum
adsorption capacity of SA-ZVIfor ROX were about 156.4mg ROX g™.The possible adsorptive mechanism
is mainly due to the reaction of hydrogen bonding and electrostatic interactions. Furthermore, the
results documented that about 93% of total As sequestrated by SA-ZVI could be recovered and the
content of As in the recovered product was 105.64+1.58 mg As g™.
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1. Introduction

Roxarsone (ROX) (3-nitro-4-hydroxyphenylarsonic
acid) as one of arsenic (As)-containing feed additives is
widely used in livestock and poultry breeding to improve
feed efficiency and promote animal growth [1,2]. Up to now,
ROX was fed to about 88% of the 9 billion broiler chickens
each year in USA. It reported that more than 90% of ROX
in feeding was released with manure to environment after
the animal digestion [3,4]. During the livestock wastewater
treatment process, ROX as a typical organoarsenic com-
pound could be biologically degraded into inorganic As
(i.e., As™ and AsY) [1]. Hence, a large amount of residual
ROX could be discharged and accumulated in the waste-
water treatment process and thus would lead to a high eco-
logical risk in the aquatic environment [5]. Additionally,
the long-term exposure of ROX and its metabolic products
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would influence the biological removal of chemical oxygen
demand, nitrogen, and phosphorus [6-8].

Adsorption as one of efficient techniques could be utilized
to remove heavy metals from wastewater [9]. Previous studies
reported that natural adsorbents such as activated carbons,
zeolite, and metal oxides could be used to adsorb ROX
[10,11]. However, the corresponding adsorptive capacity of
abovementioned adsorbentsis limited. Recently, many natural
adsorbents were modified in order to increase the adsorptive
capacity via loading polymers such as chitosan-based copo-
lymers and modified multi-walled carbon nanotubes [12,13].
Sodium alginate (SA) is a kind of natural hydrophilic organic
macromolecule polymer which has a high activity with car-
bonyl and hydrogen groups. In fact, SA is used as an effi-
cient adsorbent to remove heavy metal ions from wastewater
treatment in many fields [14]. However, the organic polymers
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such as alginate have a relatively poor mechanical strength
in aqueous solution, which limited its application for the
removal of heavy metals in the real engineering. As a result,
the modification of the polymers is recently carried out in
order to enhance their adsorption capacity and the stability
[15]. Nowadays, zerovalent iron (ZVI) is used widely as an
effective reactant to remove many pollutants such as heavy
metals (e.g., As) and chlorinated organic compounds from
polluted groundwater [16]. However, the agglomeration,
deactivation, and high mobility in the aqueous solution are
the major challenges for single use of nano and micro-scale
ZVIin environmental remediation. Besides, how to recovery
the pollutants (As, Cu, etc.) adsorbed by ZVI should be con-
sidered [17]. In order to resolve abovementioned problems,
the research on the preparation and application of novel com-
posite adsorbent is becoming a hot issue in the remediation of
metal-polluted environment [18].

In this study, the micro-scale ZVI loaded on SA was pre-
pared as a novel composite adsorbent in order to remove
ROX from livestock wastewater. The main factors includ-
ing reaction time, pH, and initial concentration of ROX on
the adsorption were also investigated. Furthermore, the
adsorbed SA-ZVI was treated by a series of thermal and
chemical processes in order to recover As.

2. Materials and methods
2.1. Chemicals

The physicochemical properties of ROX (purity: 98%,
Rongyao Biotech. Co., Ltd., China) are shown in Table 1. All
other chemicals are of analytical grade and purchased from
Beijing Chemical Reagent Factory, Beijing, China.

2.2. Synthesis of SA-ZVI

The 2.0 g SA was added into 100 mL of deionized water
until SA dissolved completely. 2.0 g micro-scale ZVI powder
(@ = 0.15 mm) was gently added into the SA solution and
stirred for 5 min. The mixed SA-ZVI solution was slowly
dripped by peristaltic pump into 200 mL solution (3%
CaCl, and 10% ethanol) under 30°C. After 1 h of reaction,
the SA-ZVI beads were obtained through the filtration and
vacuum freeze-drying.

2.3. Adsorption experiment

The concentration of ROX was evaluated by simulated
solutions instead of the typical livestock wastewater.

Table 1
Physicochemical properties of ROX
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The synthetic livestock wastewater was prepared consist-
ing of sodium propionate (1,540), NH,Cl (300), K, HPO, (56),
KH,PO, (28), KHCO, (100), FeSO,7H,0 (50), MgSO, 7H,0
(100), CaCl, (20), CoCl, (0.2), ZnSO,7H,O (2), H,BO, (1),
MnSQO, (1), CuSO,-5H,0 (2), NiCL,-6H,0 (0.4), all expressed
in mg L7 [19]. The adsorbent dosage was 1.0 g L. Firstly,
the adsorption of ROX by SA-ZVI was evaluated at various
initial value of pH (3.0, 6.0, 7.0, 8.0, 9.0, 12.0). Secondly, the
initial concentrations of ROX were changed at 10, 20, 50,
100, 200, and 500 mg L. The water samples were extracted
and analyzed at the time of 1, 5, 10, 30, 60, 120, 200, 300, and
600 min.

2.4. As recovery

After adsorption by SA-ZVI, the adsorbed SA-ZVI
samples were burned under 600°C in muffle furnace for 4 h.
The obtained powder was dissolved with nitric acid solution
(1.0 mol L") and the dissolved supernatant was collected
and adjusted pH to 12.0 with the addition of NaOH solution
(1.0 mol L™). The supernatant and precipitate were separated
by centrifugation at 4,500 rpm for 15 min. The excess amount
of Ca(NQ,), (the molar ratio of added Ca to the adsorbed
As was controlled between 1.5 and 2.0) was added into the
supernatant and the pH of the supernatant was adjusted to
7.5 with addition of nitric acid solution (0.1mol L7). After
15 min of reaction, the formed precipitates were centrifuged
at 8,000 rpm and dried at 105°C.

2.5. Analytical methods

The content of total As was determined by hydride
generation atomic fluorescence spectrometry. ROX was
determined by the high-performance liquid chromatography
with UV detector at 266 nm. The scanning electron microscopy
(SEM) images were obtained at 15.0 kV on a cold field SEM
after gold plating. Infrared spectra (4,000-400 cm™) were
recorded on an FT-IR spectrometer. The crystal morphology
was determined by X-ray diffraction spectrum (XRD).

3. Results and discussion
3.1. Characterization of adsorbents

As shown in Fig. 1(a), SA-ZVI had a rough surface and a
loose internal structure. The EDX analysis (Fig. 1(c)) proved
that the content of iron on the surface of the particle reached
18.08%. Moreover, XRD analysis (Fig. 1(b)) documented that
a diffraction peak at 20 = 44° appeared for SA-ZVI, which is

Name  Chemical Molecular weight pKa Melting point Solubility Molecular structure
formula (g mol™) (°Q) (gL™
ROX CH,AsNO, 263.04 4.49/5.74/9.13 =300 1.0 NO2 OH
HO As—Q
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Fig. 1. The characteristic of SA-ZVI before adsorption: the analysis by (a) SEM, (b) XRD, and (c) EDX.

consistent with the characteristic peaks of the a-Fe,O, (110) of
the body-centered cubic structure [20]. The abovementioned
results demonstrated that the part of ZVI was oxidized and
some iron oxides crystals were formed during the preparation
of SA-ZVI.

3.2. Effect of initial pH

The pH of real livestock wastewater is usually ranged
from 6.0 to 9.0 [21-23]. Hence, the initial pH of this experiment
was ranged from 3.0 to 12.0. The effect of the initial pH value
on the ROX adsorption by SA-ZVI was studied as shown in
Fig. 2, where g, is the maximum amount of ROX adsorbed
by SA-ZVI (mg g™) at equilibrium time. The equilibrium
maximum uptake of ROX (g,) was arrived when the initial
pH was 6.0. With the increase of the initial pH, the maximum
adsorption capacity of ROX was dropped obviously. When
pH < 6, it is expected that there could be some release of Fe,
so it could influence the combination of As and Fe to reduce
the adsorption efficiency. Therefore, the pH of the livestock
wastewater should be controlled between 6.0 and 7.0 in order
to adequately adsorb ROX by SA-ZVI. On the other hand, the
results showed that the adsorption mechanism was closely
related with the pH.

3.3. Adsorption kinetics

Kinetic tests were performed at different concentrations
of ROX at pH = 6.0 under 298 K. As shown in Fig. 3, the
adsorption rate of ROX was fast during the first 120 min,
and the dynamic equilibrium of the adsorption reached after
300 min of reaction. At the beginning of the adsorption, a
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Fig. 2. Effect of the initial pH value on the adsorption of ROX by
SA-ZVL

rapid adsorption process occurred on the surface of SA-ZVI.
The pseudo-first-order and pseudo-second-order kinetic
models were applied for the adsorption of SA-ZVI. The
results showed that the adsorption process is better fitted
with the pseudo-second order model (R? = 0.99), compared
with the pseudo-first-order model (R* = 0.97). Hence, the
chemical adsorption probably occurred during the process of
the adsorption of ROX by SA-ZVI [24].

3.4. Isotherm adsorption

Four isotherm adsorption models were utilized to
simulate the isotherm adsorption of ROX by SA-ZVI in
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Fig. 3. Kinetics of ROX adsorption by SA-ZVL

this work, and isothermal parameters were shown in
Table 2. Firstly, the Langmuir isotherm is given as Eq. (1).
The Langmuir isotherm model is based on an ideal adsorp-
tion process that is homogeneous monolayer adsorption, and
the energy of each adsorption site remains unchanged [25].

_ quLCe
1K, M)

where g, is the maximum adsorption capacity, K; is the
Langmuir constant, ¢, is equilibrium concentration of ROX in
the solution (mg L™), and g, is the amount of ROX adsorbed
by adsorbents (mg g™') at equilibrium time.

Freundlich isotherm model is usually applicable to the
adsorption process of heterogeneous surfaces [26]. As an
empirical model, Freundlich isotherm could be given as

Eq. ().

1

9. =Kc; 2)

where K, and n are the Freundlich constants related to the
adsorption capacity and adsorption intensity of the sorbent,
respectively. It is generally believed that adsorption becomes
easy when I/n = 0.1-0.5, while adsorption is difficult to be
occurred if 1/n > 2.

Koble-Corrigan (K-C) model is three-parameter equa-
tion for the representing equilibrium adsorption data [27]. It
is a combination of the Langmuir and Freundlich isotherm
type models and is given as Eq. (3).

Acn

e
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9.

where A, B, and n are the K-C parameters.

The derivation of the Temkin isotherm assumes that the
fall in the heat of adsorption is linear rather than logarithmic
[28]. The Temkin isotherm is given as Eq. (4).

Table 2

Isothermal parameters for ROX adsorption on SA-ZVI
Langmuir model Freundlich model
K, 0.07768 K, 26.16752
q, (mgg™) 156.41 1/n 0.3166
R? 0.94 R? 0.80
Koble—Corrigan model Temkin model
A 6.57279 A -3.27394
B 0.04555 B 28.78818
n 1.41352 R? 0.93
R? 0.95

q,=A+Blnc, 4)

where A and B are the Temkin parameters, and c, is
equilibrium concentration of ROX in the solution (mg L7).

The isothermal adsorption process of SA-ZVI to ROX was
studied at pH = 6.0 under 298 K. The experimental data were
fitted by the four isothermal adsorption models as shown in
Fig. 4. Based on the values of R? the best isothermal adsorption
model was K-C (R? = 0.95), which was followed by Langmuir
(R*>=0.94), Temkin (R?= 0.93), and Freundlich (R*>= 0.80) mod-
els. Additionally, the maximum adsorption capacity to ROX
calculated through the Langmuir model was 156.4 mg g™.
Besides, the parameter 1/n obtained from Freundlich isother-
mal are between 0.32 and 0.33 (<0.5) which revealed that the
adsorption process may be occurred easily [29].

4. Discussion
4.1. Adsorption mechanism of ROX

Normally, the mechanisms of adsorption are complex
including electrostatic, hydrogen bonding, acid-base interac-
tions, etc. [30]. The results documented that the adsorption
capacity of ROX by SA-ZVI can be influenced effectively by
the pH value. The optimal range of the pH value is between
6.0and 7.0. In fact, the acidity values (pK ) of ROX (pK ,=3.49,
pK, = 5.74, pK , = 9.13) determine the existence form of
ROX under various pH (Fig. 5(a)) [31]. The corresponding
ROX exists in HAsO,R* (where R is the aromatic group)
at pH = 6.0 [10]. On the other hand, the adsorbent surface
charge is decided by the electric charge presented at inter-
face and on dispersion into polar media such as water, while
the charge on adsorbents could also be modified by graft-
ing of particular species onto the materials by protonation
or deprotonation. Accordingly, SA-ZVI containing a large
amount of -COO" exhibited polyanionic behavior in aqueous
solution. Under acidic conditions, the —-COO- could be con-
verted into -COOH, and the surface existed a large amount
of positive charge. Hence, SA-ZVI adsorbed H,AsO,R" and
HAsO,R*mainly by electrostatic interactions. Furthermore,
under alkaline conditions, the adsorption capacity of ROX
decreased because the surface charge of SA-ZVIwas changed.
Besides, the interaction of Fe-O-As bonds was probably the
main mechanism instead of electrostatic interaction for the
ROX removal, which was demonstrated by FT-IR analysis.
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In Fig. 5(b), these samples were analyzed by FT-IR
before and after adsorption. After adsorption of SA-ZVI, the
characteristic absorption peaks of benzene vibration were
detected at 1,605 and 1,448 cm™, which indicated that ROX
was adsorbed on the surface. Meanwhile, the free hydroxyl
was detected at 3,496 and 3,512 cm™ before adsorption, while
the intermolecular hydrogen bonds were detected at 3,268
and 3,273 cm™ after adsorption [32,33]. The results indicated
that intermolecular hydrogen bonds may be involved in the
adsorption process of ROX [34]. In addition, the introduction
of ZVI into SA not only increased the mechanical strength
of the adsorbent, but also increased the adsorption of As
due to the high affinity of iron to As [35,36]. It was reported
that ZVI could reduce the mobility of As by the formation of
amorphous FeAsO,-H,O or soluble secondary oxidation min-
erals such as FeAsO,-2H,O [37]. Bonds such as FeOOH-As
and As-O-Fe were contributed to the adsorption of arsenic
by iron [10]. In many cases, iron oxides and their hydrated
compounds could form stable coordination bonds with As.
Moreover, it also demonstrated that Fe-OH, may interact
with ROX anion species. The positively charged surface

200

®  Experimental point
= = Langmuir fit
= = Frendlich fit R
-
Koble-Corrigan fit e - N
150 = = = Temkin fi e 2 AT = = — =
»
0 T T T
0 100 200 300 400

ce (mg LT

Fig. 4. Isothermal adsorption of ROX by SA-ZVI under 298 K.
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Fig. 5. ROX forms at various (a) pH; (b) FT-IR of SA-ZVI before
(black) and after adsorption (red).

Fe—OH, groups can bind with ROX via the O- and N-hetero-
atom sites of ROX as complexes (Fe-O-As and Fe-O-N) [38].

Some reported adsorbents were modified in order to
remove ROX as shown in Table 3. The maximum removal
capacity (g,) of SA-ZVI (156.4 mg g™') was much higher than
the modified multi-walled carbon nanotubes and goethite
nanoparticles. Compared with Materials Institute Lavoisier-
100-Fe and chitosan-based copolymers SA-ZVI was cheap
and easy to synthesize. Regarding the mechanisms of ROX
removal, it should be noted that ROX could be interacted
with various functional groups (e.g., hydrogen bonding) pre-
sented in different materials.

4.2. Evaluation of recovered product

The As recovery experiment was carried out through a
series of physicochemical process. The total As content of
recovered solid mixture was 105.64 + 1.58 mg As g™, which
means that 92.8% of adsorbed arsenic was recovered. It can
be seen from Fig. 6 that the characteristic peaks of XRD of

Table 3
Adsorption capacity of ROX onto various adsorbents

Adsorbents q, Dominant  References
(mgg™) mechanisms

Iron modified 25.8 Electrostatic [39]

multi-walled carbon interactions

nanotubes

Goethite 19.2 Electrostatic  [38]

nanoparticles interactions

Ammonium 157.0 Acid-base [40]

persulfate-SiO, interactions

Molecularly 100.0 Acid-base [40]

imprinted polymers interactions

Materials Institute 387 Hydrogen  [41]

Lavoisier-100-Fe bonding

Chitosan-based 473 Hydrogen  [42]

copolymers bonding

SA-ZVI 156.4 Hydrogen  This study

bonding
ey
=
0 10 20 30 40 50 60
20 /degree

Fig. 6. XRD patterns of final recovered products.
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the solid mixture have the high similarity to the characteristic
peaks of CaAs,O,, CaAs,(OH)2H,0, and Ca,(AsO,),-8H,0,
revealed that the main component of the products could be
possible a mixture of these three calcium and arsenic com-
pounds [43].

5. Conclusions

The equilibrium adsorption of ROX onto SA-ZVI was simu-
lated by the fourisotherms models (Langmuir, Freundlich, K-C,
and Temkin models), in which the K-C equation was the best
ideal model to fit the equilibrium data. The dynamic adsorption
process could be predicted by pseudo-second-order model.
The adsorption of ROX by SA-ZVI was significantly affected
by the pH value. The optimum range of pH was between 6.0
and 7.0. The results documented that SA-ZVI could not only
efficiently remove ROX from synthetic livestock wastewater,
but also recovery over 90% of As.
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