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ABSTRACT

Alkaline residue, a common solid waste from the Lianyungang Soda Plant, China, was,
respectively, modified by FeCl;-6H,O (FeCAR) and MnSO4H,O (MnCAR) for arsenate
adsorption. The specific surface areas and morphologies of FeCAR and MnCAR were deter-
mined by BET and SEM methods. The adsorption properties including adsorption kinetics,
isotherms, and thermodynamics were investigated in depth. The experimental data were ana-
lyzed by different kinetic and isotherm models, and the results showed that for both FeCAR
and MnCAR, the pseudo-second-order kinetic model was the best-fit model for describing
the adsorption process while the Langmuir isotherm model provided the best fit to the equi-
librium data. The maximum adsorption capacity calculated from the Langmuir equation was
44.4 mg/g for FeCAR and 22.6 mg/g for MnCAR, which were greater than other low-cost
materials. The positive value of AH® indicated that the arsenate adsorption on adsorbents was
endothermic, which was supported by the increasing adsorbed amount of arsenate with
temperature. The positive value of AS” reflected good affinity of arsenate toward the modified
alkaline residue. Overall, alkaline residue modified by iron or manganese was a very

promising alternative adsorbent for removing arsenate from groundwater.
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1. Introduction

In recent years, environmental (particularly
groundwater and soil) pollution by arsenic (As) has
attracted global attention because of its ubiquitous nat-
ure and high toxicity. Naturally, the existence of
arsenic in the environment is mostly due to weather-
ing and erosion of rocks and soils and volcanic emis-
sions [1]. Anthropogenic sources such as biological
and mining activities, combustion of fossil fuels, waste
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disposal, and indiscriminate use of arsenic pesticides,
herbicides, and wood preservatives make the problem
more serious for animals and human beings [2]. It was
reported that around 150 million people from over 70
countries and regions were suffering from arsenic pol-
lution, with more than 70% of the population living in
Asia, especially in China, Bangladesh, Vietnam, and
India [3]. Long-term exposure to drinking water with
even a very low arsenic concentration (0.01-0.05 mg/
L) can result in severe health problems including
hypertension, high risk of cancers (e.g. skin, lung, or
bladder), and cardiovascular or peripheral vascular
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diseases [4,5]. In view of the negative effects of arsenic
on humans and based on the epidemiological data
from Taiwan, in 1993, the World Health Organization
recommended that the maximum permitted concentra-
tion of arsenic in drinking water be reduced to 10 pg/
L [6]. Therefore, developing technologies to efficiently
remove arsenic from drinking water sources are
urgently and universally required.

The conventional technologies for the removal of
arsenic from aqueous solution include oxidation/pre-
cipitation, coagulation/coprecipitation, nanofiltration,
reverse osmosis, solvent extraction, ion exchange,
adsorption, foam flotation, biological process, and
electrocoagulation [7]. Comparing with these technolo-
gies, adsorption by various low-cost adsorbents is con-
sidered to be very promising due to its high-removal
efficiency, economics, and ease of operation. For exam-
ple, Tu et al. [8] have successfully recycled the copper
ferrite, printed circuit board sludge for the removal of
arsenate from wastewater. Chen et al. [3] developed
the ferric-impregnated volcanic ash for arsenate(V)
removal from an aqueous medium. Markovski et al.
[6] found that the eggshell modified by goethite and
a-MnO, possessed greater adsorption capacity for
arsenate than that modified by goethite or o-MnOs.

Alkaline residue, a common waste solid, is the by-
product of the ammonia-soda process for the produc-
tion of soda ash. Every year in China, a large portion
of alkaline residue is used in cement production and
road construction, but still a considerable portion of
alkaline residue is disposed directly into open dumps
or landfills [9]. Thus, finding a potential market to
reuse alkaline residue may be an economically valu-
able solution to this problem. During the past decade,
many researchers focused on applying alkaline residue
for removing anionic dyes [10,11], heavy metals [12],
and ammonium [13] from wastewater.

At this current time, there are no reports published
regarding modifying alkaline residue with iron or
manganese for arsenate removal from groundwater.
The significance of this work is to develop special
interest composite adsorbent materials based on alka-
line residue, calcined and modified in order to gain
novel naturally based adsorbents of the optimal mor-
phological properties, enhanced affinity and reactivity
toward arsenate, and expecting to be economically
viable and reliable for the treatment of polluted
groundwater. Therefore, the objectives of this work
were (a) to explore the feasibility of using iron- or
manganese-modified calcined alkaline residue to
remove arsenate from groundwater, (b) to thoroughly
investigate the adsorbents’ adsorption performance,
including pH impact, adsorption kinetics, isotherm,
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and thermodynamics, and (c) to evaluate the effect of
common coexisting ions on the removal of arsenate.

2. Materials and methods
2.1. Materials

Alkaline residue was collected from Lianyungang
Soda Ash Plant, China. Prior to use, the raw sample
was subjected to some conventional pretreatment
processes. Briefly, the sample was washed thoroughly
in deionized water to remove soluble salts, dried at
105°C for 24 h to a constant weight, sieved to obtain
fine powder (particle size <0.15mm). The dried
powder sample was then calcined at 800°C in an elec-
tric furnace under air atmosphere. Finally, the cooled
sample was stored in a desiccator for the preparation
of adsorbents. The major composition of obtained
sample was identified by X-ray fluorescence spectrom-
eter (XRF) (XRF-1800, Shimadzu, Japan) and the
results were CaO (58.73 wt.%), MgO (14.25 wt.%), SiO,
(11.16 wt.%), Fe;O5 (4.32 wt.%), and Al,O3 (3.97 wt.%).
An arsenate working stock solution (1,000 mg/L As,
pH 7.0 = 0.05) was prepared by dissolving appropriate
amounts of Na,HAsO,-7H,O in Milli-Q water. The
desired concentrations in experimental processes were
obtained by diluting the stock solution. All chemicals
and reagents used were purchased from Nanjing
Chemical Reagent Company and were of analytical
grade.

2.2. Adsorbent preparation and characterization

For the preparation of iron-modified alkaline resi-
due, 50 g of calcined alkaline residue was treated with
500 mL of 1 M FeCl;3-6H,0 solution. The mixture was
then cured at 100°C for 2 h. After treatment, the solid
phase was separated by centrifugation, washed with
Milli-Q water, dried at 100°C, and screened through a
100 mesh sieve. The obtained powder was stored in a
desiccator and designated as FeCAR. The procedure
of manganese-modified alkaline residue followed the
same procedure, except 500 mL of 1M MnSO4H,O
solution was used instead of FeCl;-6H,O, the obtained
powder was named MnCAR.

The specific surface area, pore volume, and pore
size distribution of adsorbents were measured by
nitrogen adsorption at 77 K (ASAP 2020, Micromeritics
Instrument, USA). The morphology of each adsorbent
was determined using a scanning electronic micro-
scope coupled with energy dispersive spectroscopy
(SEM-EDS) (Quanta 250FEG, FEI, USA).
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2.3. Sorption studies

The adsorption experiments of As(V) were carried
out according to batch method. The conical flasks con-
taining 0.02 g adsorbent and 50 mL solution at desired
As(V) concentration, pH, and temperature were placed
in an air bath oscillator with a constant speed of
200 rpm. After adsorption, the mixtures were filtered
through a 0.45-uym membrane filter and the filtrates
were analyzed for residual As(V) concentration via an
inductively coupled plasma optical emission spec-
trometry (ICP-OES) (Optima 7000DV, Perkin-Elmer,
USA). The amount of As(V) adsorption at time ¢, g;
(mg/g), is calculated based on:

g = (G -GV a)

m

where Cy and C; (mg/L) are the As(V) concentration
in the initial solution and at time ¢, respectively, V (L)
is the volume of solution, and m (g) is the weight of
the adsorbent added to the solution.

For determination of pH impact on adsorption, the
pH of 15 mg/L As(V)-simulated polluted groundwater
was adjusted using 0.1 M NaOH or 0.1M HNO:;.
Adsorption kinetics of As(V) was studied in the range
of 10-600 min at pH 7.2 + 0.1. Adsorption isotherm was
investigated in the range of 0.5-20 mg/L. Adsorption
thermodynamics study was carried out with 10 mg/L
As(V) solution at 25, 35, and 45 °C, respectively.

3. Results and discussion
3.1. Characterization of FeCAR and MnCAR
3.1.1. Before adsorption

Fig. 1 exhibits the textural properties of FeCAR
and MnCAR. According to the pore size, the Interna-
tional Union of Pure and Applied Chemistry (IUPAC)
classifies the pores into three groups: micropore
(<2nm), mesopore (2-50nm), and macropore
(>50 nm). From Fig. 1(a) and (b), it was found that
FeCAR and MnCAR both contained the mesoporous
structure. Furthermore, the BET surface areas were
216.7 and 117.0 m?/g for FeCAR and MnCAR, respec-
tively, which were much higher than other reported
adsorption materials, such as fabricated copper ferrite
[8] or calcium alginate beads [14]. Overall, the struc-
tures of modified alkaline residue were successful for
arsenate adsorption. Fig. 2 shows the morphology of
FeCAR and MnCAR. The surface of FeCAR was den-
sely covered with regular spherical-shaped nanoparti-
cles (Fig. 2(a)), while irregular rod-shaped particles
sporadically dispersed on the surface of MnCAR
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(Fig. 2(b)). On the other hand, the FeCAR’s surface
was rougher than MnCAR’s. This finding could also
be used to explain the differences in specific surface
area between FeCAR and MnCAR.

3.1.2. After adsorption

Fig. 3(a) (5,000%) and (b) (20,000x) show the mor-
phology of FeCAR after As(V) adsorption. It can be
found that irregular particles dispersed heteroge-
neously on the surface of the final solid. From
Fig. 3(c), the trace of As is observed in related EDS
spectrum, confirming that the As was adsorbed on the
surface of FeCAR. For MnCAR, the rod-shaped parti-
cles disappeared and instead, the agglomerated parti-
cle shapes were presented after As(V) adsorption
(Fig. 3(d) and (e)). Similarly, the strong peaks of As
were observed in related EDS spectrum (Fig. 3(f)),
suggesting that the As was also adsorbed on the
surface of MnCAR.

3.2. Effect of pH

Considering that the pH value of the natural
groundwater commonly ranges from 5.0 to 9.0 [15],
5.0, 7.0, and 9.0 were selected to assess the effect of pH
on As(V) adsorption. As indicated in Fig. 4, the uptake
of As(V) by FeCAR and MnCAR both show a decrease
tendency in As(V) adsorbed amount with the increase
in initial solution pH from 5.0 to 9.0, and the amount
of As(V) adsorption on FeCAR was higher than that of
MnCAR all the time. It can be interpreted by electro-
static attraction between adsorbents and arsenate. The
curve of Fig. 4 shows that the surfaces of adsorbents
were positively charged at pH <7.0, which provided
more active sites for arsenate. In comparison with
MnCAR, FeCAR had a more positive surface at
pH < 7.0 and a less negative surface at pH > 7.0, which
was benefit for FeCAR to adsorb arsenate.

3.3. Adsorption kinetics

The kinetics of arsenate adsorption on FeCAR and
MnCAR are shown in Fig. 5 with an initial As(V) con-
centration of 10 mg/L. It could be observed that the
adsorption of arsenate on FeCAR and MnCAR both
consisted of a fast and a slow reaction process. The
fast process was completed in approximately 60 min,
in which arsenate adsorption increased rapidly with
increasing contact time, whereas the slow process
could extend to 10 h, in which the increase in arsenate
adsorption diminished. This result is in accordance
with experiments of other authors [16,17] who also
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Fig. 1. Textural properties of FeCAR (a) and MnCAR (b).
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Fig. 2. Scanning electron microscopy (SEM) images of FeCAR (a) and MnCAR (b).

found a two-phase reaction with a rapid first step and
a slower second phase. Additionally, the amount of
arsenate adsorbed on FeCAR was significantly higher
than that of MnCAR, indicating that the affinity
between FeCAR and arsenate was greater than
MnCAR.

To investigate the mechanism of adsorption and
potential rate-controlling steps including mass trans-
port and chemical reaction processes, the pseudo-
first-order [18] and pseudo-second-order [19] kinetic
models were used to test experimental data. Their
linear forms can be expressed as:

. kit
Pseudo-first-order : log(ge — g:) = logge — 2303 2
t 1 t
Pseudo-second-order : —=-— +— (3)
q kaqe  ge

where g. and g; (mg/g) are the amount of arsenate
adsorbed at equilibrium and at time t (min), k

(min™") and k; (g/(mg min)) are the rate constants for
the pseudo-first order and pseudo-second order,
respectively. Furthermore, when t— 0, the initial
adsorption rate (h mg/(g min)) of arsenate on FeCAR
or MnCAR can also be defined by the following
equation:
h = kol 4@
As can be seen from Fig. 6 and Table 1, the correlation
coefficients (R?) of the pseudo-first-order kinetic model
(0.9397 for FeCAR and 0.9383 for MnCAR) are lower
than the results obtained from the pseudo-second-
order kinetic model (0.9999 for FeCAR and 0.9995 for
MnCAR). In addition, the theoretical g. values calcu-
lated from the pseudo-first-order equation (3.54 mg/g
for FeCAR and 4.85 mg/g for MnCAR) are evidently
less than the experimental values (24.9 mg/g for
FeCAR and 18.2 mg/g for MnCAR) while the results
from the pseudo-second-order equation (25.1 mg/g for
FeCAR and 18.4 mg/g for MnCAR) are very close to
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Fig. 3. Scanning electron microscopy (SEM) images and energy dispersive spectra (EDS) of the final solid after As(V)

adsorption onto FeCAR (a—c) and MnCAR (d-f).

the experimental values. Therefore, the pseudo-sec-
ond-order model is the preferred model choice to
describe the adsorption systems. This also suggests
that a chemisorption reaction occurs between arsenate
and the surface of adsorbents. Moreover, the adsorp-
tion rate of arsenate on FeCAR (6.91 mg/(g min)) was
faster than that of MnCAR (1.95 mg/(g min)), which is
consistent with the tendency observed from Fig. 5.

3.4. Adsorption isotherms

Adsorption equilibrium data, expressed by the
mass of adsorbate adsorbed per unit weight of

. FeCAR
s —<— I MnCAR 12

As adsorbed (mg/g)
b
(Aw) [enuaod vjaz

Fig. 4. Effect of pH on the adsorption of As(V) at 25°C.

adsorbent and liquid phase equilibrium concentration
of adsorbate, are usually represented by adsorption
isotherms, which are essential for the practical design
and critical for predicting the maximum adsorption
capacity of adsorbent. Here, Langmuir, Freundlich,
and Dubinin-Radushkevich (D-R) adsorption iso-
therm models were used to evaluate the obtained
experimental data from this study.

The Langmuir adsorption isotherm assumes that
adsorption takes place at specific homogeneous sites
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Fig. 5. Effect of contact time on the adsorption of As(V) at
25°C.
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Fig. 6. Pseudo-first-order (a) and pseudo-second-order (b) kinetic plots for the adsorption of As(V) onto adsorbents at

25°C.

Table 1

Kinetic parameters for the adsorption of arsenate on FeCAR and MnCAR

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Material Jeexp (ME/8) ky (min~") Gecal (Mg/) R? k; (g/mg min) Je.cal (ME/Q) R2
FeCAR 249 1.0x1072 3.54 0.9296 1.1%x1072 25.1 0.9999
MnCAR 18.2 7.4 %1073 4.85 0.9281 58 x 1072 18.4 0.9995

within the adsorbent and has found successful
application for many adsorption processes of mono-
layer adsorption [20]. The linear form of this model is
given by:

Ce 1
= + (5)
Je  Gmax  Dfmax

where g, (mg/g) is the equilibrium arsenate concentra-
tion on the adsorbent, C. (mg/L) is the equilibrium
arsenate concentration in the solution, gmax (mg/g) is
the monolayer adsorption capacity of the adsorbent,
and b (L/mg) is the Langmuir constant related to the
energy of adsorption.

The type of the Langmuir isotherm can be used to
predict whether the adsorption is favorable or unfa-
vorable in terms of either the equilibrium parameter
or a dimensionless constant separation factor R,
which is represented as [21]:

1

RA=———
LT 140G,

(6)

The Freundlich adsorption isotherm assumes that the
adsorption process occurs on the heterogeneous

surfaces and the adsorption capacity is related to the
concentration of adsorbate at equilibrium [22]. The
linear form of this model is expressed as:

1
log g = log K¢ + - log C, )

where Kg (L/g) and n are Freundlich adsorption iso-
therm constants, being indicative of the extent of the
adsorption and the degree of nonlinearity between
solution concentration and adsorption, respectively.
The Dubinin-Radushkevich (D-R) adsorption iso-
therm [23] was employed to distinguish the adsorp-
tion of arsenate on adsorbents as physical or chemical
process. The equation of this model can be written as:

Inge=1In gy — pe? (€©)]
where g, is the theoretical saturation adsorption
capacity (mg/g), f is a constant correlated with the
mean free energy of adsorption (mol®/J%), ¢ is the
Polanyi potential, which is equal to:

1
e =RT 1n<1+c—e)

)



Y. Yan et al. | Desalination and Water Treatment 57 (2016) 20401-20410

where R is the universal gas constant (8.3145 J/mol/K),
and T is the absolute temperature in Kelvin (K). The
constant f gives information about the mean free energy
(E, mol*/KJ?) of sorption per molecule of the adsorbate
when it is transferred to the surface of the solid from
infinity in the solution and can be computed by:

1
E=_—__ 10
V2B 10

The linear plots and isotherm constants of each model
were shown in Fig. 7 and Table 2. For both FeCAR
and MnCAR, the highest regression correlation coeffi-
cient was observed for Langmuir model, followed by
Freundlich and D-R models, indicating that the Lang-
muir model was most suitable for describing the pre-
sent systems. It was also proved that the formation of
monolayer coverage of arsenate on the outer surface
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of the adsorbents. The gmaxs calculated from Langmuir
equation were 44.4 and 22.6 mg/g for FeCAR and
MnCAR, respectively, which are similar to or even
greater than those of other adsorbents (Table 3).
Hence, the FeCAR and MnCAR could be considered
as a promising alternative material to remove arsenate
from real water.

The Ry, value indicates the shape of the isotherm to
be favorable for adsorption (0 < Ry, < 1) or unfavorable
(Rr > 1). The calculated Ry values in this study were
estimated to 0.002-0.089 for FeCAR and 0.014-0.365
for MnCAR, which confirmed that the modified alka-
line residue is favorable for arsenate adsorption. Fur-
thermore, the n values of Freundlich equation also
give an indication on the favorability of sorption. The
n values were determined as 2.15 and 2.76 for FeCAR

and MnCAR, respectively, indicating favorable
adsorption [29].
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Fig. 7. (a) Adsorption isotherm of As(V) on adsorbents at 25°C, (b) Langmuir, (c) Freundlich, and (d) Dubinin—-Radushke-
vich isotherm plots for the adsorption of As(V) on adsorbents at 25°C.
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Table 2
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Isotherm parameters for the adsorption of arsenate on FeCAR and MnCAR at 25°C

Langmuir model

Freundlich model

Dubinin—-Radushkevich model

Material ~ gmax (mg/g) b (L/mg) R? Ky (mg/g (1/ mgl/ ") n R? qm (mg/g)  E (kJ/mol) R?
FeCAR 44.44 20.45 0.9993 50.01 215 0.8290 4183 13.61 0.8877
MnCAR 22.62 3.48 0.9911 11.76 2.76  0.9079 8147 14.43 0.9428
Table 3

Comparison of adsorption capacity (gmax) of various adsorbents for As(V) adsorption

Adsorbents Gmax (Mg/g) Refs.
FeCAR 44.44 This study
MnCAR 22.62 This study
Iron oxide amended rice husk char 1.15-1.46 [24]
Charred dolomite 2.157 [25]
Modified montmorillonite 8.85-15.15 [26]
KOH-activated carbon 26.3 [14]
Goethite-modified waste eggshell 0.919 [6]
Ferric-based layered double hydroxide 23.6 [27]
Leonardite 8.40 [28]

The magnitude of E is an important factor for esti-
mating the main mechanism. When E < 8 kJ/mol, the
adsorption type can be explained by physisorption,
for E between 8 and 16 kJ/mol, the adsorption type
can be explained by ion exchange, and if
E >16 kJ]/mol, the adsorption type can be explained
by a stronger chemisorption than ion exchange [30].
The E values obtained from Eq. (10) were 13.61 kJ/mol
for FeCAR and 14.43 k] /mol for MnCAR, which are in
the sorption energy range of ion exchange reaction.
This suggests that arsenate adsorption on modified
alkaline residue is attributed to chemical sorption
rather than physical sorption, which was in good
agreement with the findings from kinetic studies.

3.5. Adsorption thermodynamics

In practical application, the thermodynamic param-
eters are usually used as indicators of the adsorption
process. In the present system, the thermodynamic
parameters of standard free energy change (AGS,
kJ/mol), enthalpy change (AH", k]/mol), and entropy
change (AS°, kJ/mol/K) were determined by Egs.
(11)-(13) [31] at temperatures of 25, 35, and 45°C.

(11)

(12)

Table 4
Thermodynamic parameters for the adsorption of arsenate on FeCAR and MnCAR (initial arsenate concentration 10 mg/
L)
Material T (°O) AG” (kJ/mol) AH" (k] /mol) AS° (kJ/mol/K)
FeCAR 25 —15.70

35 —17.49 62.38 0.26

45 —20.96
MnCAR 25 —4.80

35 —5.69 17.95 0.08

45 —6.33
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Table 5
Effect of coexisting anions on As(V) removal (%) (initial arsenate concentration 5.0 mg/L, dosage 0.4 g/L, pH 7.2 + 0.1)
Anions

Material Anion concentrations (mg/L) SO;~ PO;~ HCO; Clr- SiO3~ NO;

FeCAR 0 99.63 99.63 99.63 99.63 99.63 99.63
10 99.44 64.18 99.22 99.56 76.34 99.52
100 98.98 44.86 98.52 99.60 38.62 99.50
500 98.28 22.52 92.37 99.42 18.78 99.38

MnCAR 0 95.60 95.60 95.60 95.60 95.60 95.60
10 92.58 45.44 87.35 94.72 57.24 95.52
100 89.65 19.66 79.92 92.54 16.42 92.54
500 88.76 12.54 68.11 91.78 13.36 91.98

- AS®  AHC 1 4. Conclusions

PETROTRT (13) The experimental results showed that the modi-

where K is the adsorption equilibrium constant, Cs is
the equilibrium adsorption capacity (mg/g), C. is the
equilibrium concentration (mg/L), R is the ideal gas
constant (8.3145 J/mol/K), and T is the temperature
(K). The calculated values of thermodynamic parame-
ters are shown in Table 4. The negative AG® values
indicated that the adsorption of arsenate on both
FeCAR and MnCAR was spontaneous. The values of
AG’ decreased with a temperature increase, suggesting
that adsorption of arsenate on modified alkaline resi-
due is an endothermic process, and the positive AH"
could confirm this conclusion. The positive value of
AS° revealed some structural changes might occur
among arsenate and modified alkaline residue during
the adsorption process, which lead to an increment in
the randomness of the solid solution system.

3.6. Effect of coexisting anions

Natural inorganic anions in water could be reactive
toward the surface of adsorbent, thereby influencing
the removal efficiency of arsenate. The results of the
competing anion studies are listed in Table 5. For
FeCAR, the presence of SO3~, CI-, HCO;, and NO;
has shown negligible effect on the arsenate removal,
while the PO,  and SiO3  caused a significant
decrease in the removal efficiency of As(V). This phe-
nomenon can be interpreted by that the phosphate, sil-
icate, and arsenate have similar structure and
chemical behavior, competing for specific adsorption
sites on the surface of FeCAR. Analogous tendency
could be observed for MnCAR. In addition, for
MnCAR, the interference by mentioned anions was
greater than FeCAR, concluding that MnCAR had a
relatively lower affinity toward arsenate than FeCAR.

fied alkaline residue could potentially be employed
as an efficient adsorbent in the removal of arsenate.
Modification of alkaline residue by iron could obvi-
ously enhance the arsenate adsorption ability as
compared to the manganese modification. The kinet-
ics of arsenate adsorption by FeCAR was more
rapid than that of MnCAR. The pseudo-second-order
kinetic model was considered as the more appropri-
ate model to describe the whole adsorption pro-
cesses for both FeCAR and MnCAR, confirming that
the adsorption of arsenate was mainly controlled by
chemical process. The isotherm data of the two
adsorbents fitted well with the Langmuir isotherm
model, and the gmaxs calculated using the Langmuir
equation were 44.4 and 22.6 mg/g for FeCAR and
MnCAR, respectively, which could compete with
other low-cost adsorbents. The thermodynamic study
revealed that adsorption of arsenate on modified
alkaline residue was a spontaneous and endothermic
process. Considering the actual groundwater
containing various competing ions, the common
anions were selected to evaluate the performance of
adsorbents, and the results showed that a relatively
high concentration of phosphate and silicate
causes a severely negative impact on the As(V)
removal. Further investigations will focus on utiliz-
ing FeCAR and MnCAR for As-contaminated soil
immobilization.

Acknowledgments

This work was financial supported by National
Natural Science Foundation of China (No. 51278248)
and Jiangsu Provincial education ministry of China
(No. KYZZ _0129).



20410

References

[1] A. Goswami, P.K. Raul, M.K. Purkait, Arsenic adsorp-
tion using copper(Il) oxide nanoparticles, Chem. Eng.
Res. Des. 90 (2012) 1387-1396.

[2] P. Chutia, S. Kato, T. Kojima, S. Satokawa, Arsenic
adsorption from aqueous solution on synthetic zeo-
lites, J. Hazard. Mater. 162 (2009) 440-447.

[3] RZ. Chen, Z.Y. Zhang, Y.N. Yang, Z.F. Lei, N. Chen,
X. Guo, C. Zhao, N. Sugiura, Use of ferric-impreg-
nated volcanic ash for arsenate(V) adsorption from
contaminated water with various mineralization
degrees, ]J. Colloid Interface Sci. 353 (2011) 542-548.

[4] DN. Thanh, M. Singh, P. Ulbrich, F. Stépanek, N.
Strnadova, As(V) removal from aqueous media using
0a-MnO, nanorods-impregnated laterite composite
adsorbents, Mater. Res. Bull. 47 (2012) 42-50.

[5] A. Neumann, R. Kaegi, A. Voegelin, A. Hussam,
AKM. Munir, SJ. Hug, Arsenic removal with com-
posite iron matrix filters in Bangladesh: A field and
laboratory study, Environ. Sci. Technol. 47 (2013)
4544-4554.

[6] J.S. Markovski, V. Doki¢, M. Milosavljevi¢, M. Mitri¢,
A.A. Peri¢-Gruji¢, A.E. Onjia, A.D. Marinkovi¢, Ultra-
sonic assisted arsenate adsorption on solvothermally
synthesized calcite modified by goethite, a-MnO, and

goethite/a-MnQO,, Ultrason. Sonochem. 21 (2014)
790-801.

[71 D. Mohan, C.U. Pittman, Arsenic removal from
water/wastewater using adsorbents—A  critical

review, J. Hazard. Mater. 142 (2007) 1-53.

[8] YJ. Tu, CF. You, C.-K. Chang, S.L. Wang, T.S. Chan,
Arsenate adsorption from water using a novel fabricated
copper ferrite, Chem. Eng. J. 198/199 (2012) 440-448.

[9] Y.B. Yan, X.Y. Sun, F.B. Ma, J.S. Li, J.Y. Shen, W.Q.
Han, X.D. Liu, L.J. Wang, Removal of phosphate from
etching wastewater by calcined alkaline residue: Batch
and column studies, J. Taiwan Inst. Chem. Eng. 45
(2014) 1709-1716.

[10] M.X. Zhu, L. Lee, HH. Wang, Z. Wang, Removal of
an anionic dye by adsorption/precipitation processes
using alkaline white mud, J. Hazard. Mater. 149 (2007)
735-741.

[11] S. Sener, Use of solid wastes of the soda ash plant as
an adsorbent for the removal of anionic dyes: Equilib-
rium and kinetic studies, Chem. Eng. J. 138 (2008)
207-214.

[12] X. Cao, L. Sun, C. Jin, Y. Gao, Y. Liu, X. You, The
competitive absorption effect of heavy metals on
alkaline sludge, Shandong Sci. 22 (2009) 17-20 [In
Chinese].

[13] X. Cao, C. Jin, G. Peng, X. Liu, Adsorption and
desorption of ammonia-nitrogen on acidified alkaline
residue, Environ. Prot. Chem. Ind. 26 (2006) 259-262
[In Chinese].

[14] AF. Hassan, AM. Abdel-Mohsen, H. Elhadidy,
Adsorption of arsenic by activated carbon, calcium
alginate and their composite beads, Int. J. Biol. Macro-
mol. 68 (2014) 125-130.

[15] X. Sun, Y. Yan, J. Li, W. Han, L. Wang, SBA-15-incor-
porated nanoscale zero-valent iron particles for chro-

Y. Yan et al. | Desalination and Water Treatment 57 (2016) 20401-20410

mium(VI) removal from groundwater: Mechanism,
effect of pH, humic acid and sustained reactivity, J.
Hazard. Mater. 266 (2014) 26-33.

[16] T. Kaludjerovic-Radoicic, S. Raicevic, Aqueous Pb
sorption by synthetic and natural apatite: Kinetics,
equilibrium and thermodynamic studies, Chem. Eng.
J. 160 (2010) 503-510.

[17]1 Z. Ma, Q. Li, Q.Y. Yue, B.Y. Gao, W. Li, X. Xu, Q.
Zhong, Adsorption removal of ammonium and phos-
phate from water by fertilizer controlled release agent
prepared from wheat straw, Chem. Eng. J. 171 (2011)
1209-1217.

[18] Y.S. Ho, Citation review of Lagergren kinetic rate
equation on adsorption reaction, Scientometrics 59
(2004) 171-177.

[19] Y.S. Ho, Review of second order models for adsorp-
tion systems, J. Hazard. Mater. 136 (2006) 681-689.

[20] M. Ugurlu, M.H. Karaoglu, Adsorption of ammonium
from an aqueous solution by fly ash and sepiolite:
Isotherm, kinetic and thermodynamic analysis,
Microporous Mesoporous Mater. 139 (2011) 173-178.

[21] TW. Weber, R.K. Chakravorti, Pore and solid
diffusion models for fixed-bed adsorbers, AIChE ]. 20
(1974) 228-238.

[22] W. Wei, R. Sun, J. Cui, Z. Wei, Removal of nitroben-
zene from aqueous solution by adsorption on
nanocrystalline hydroxyapatite, Desalination 263
(2010) 89-96.

[23] M.M. Dubinin, The potential theory of adsorption of
gases and vapors for adsorbents with energetically
nonuniform surfaces, Chem. Rev. 60 (1960) 235-241.

[24] C.O. Cope, D.S. Webster, D.A. Sabatini, Arsenate
adsorption onto iron oxide amended rice husk char,
Sci. Total Environ. 488/489 (2014) 554-561.

[25] Y. Salameh, A.B. Albadarin, S. Allen, G. Walker,
M.N.M. Ahmad, Chem. Eng. J. 259 (2015) 663-671.

[26] X. Ren, Z. Zhang, H. Luo, B. Hu, Z. Dang, C. Yang, L.
Li, Adsorption of arsenic on modified montmoril-
lonite, Appl. Clay Sci. 97/98 (2014) 17-23.

[27] J. Hong, Z. Zhu, H. Lu, Y. Qiu, Synthesis and arsenic
adsorption performances of ferric-based layered dou-
ble hydroxide with o-alanine intercalation, Chem.
Eng. J. 252 (2014) 267-274.

[28] Y. Chammui, P. Sooksamiti, W. Naksata, S. Thiansem,
O. Arqueropanyo, Removal of arsenic from aqueous
solution by adsorption on Leonardite, Chem. Eng. J.
240 (2014) 202-210.

[29] H. Chen, J. Zhao, G.L. Dai, J.Y. Wu, H. Yan, Adsorp-
tion characteristics of Pb(Il) from aqueous solution
onto a natural biosorbent, fallen Cinnamomum
camphora leaves, Desalination 262 (2010) 174-182.

[30] H. Demiral, I. Demiral, F. Tiimsek, B. Karabacakoglu,
Adsorption of chromium(VI) from aqueous solution
by activated carbon derived from olive bagasse and
applicability of different adsorption models, Chem.
Eng. J. 144 (2008) 188-196.

[31] H. Hou, R. Zhou, P. Wu, L. Wu, Removal of Congo
red dye from aqueous solution with hydroxyap-
atite/chitosan composite, Chem. Eng. J. 211/212
(2012) 336-342.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Adsorbent preparation and characterization
	2.3. Sorption studies

	3. Results and discussion
	3.1. Characterization of FeCAR and MnCAR
	3.1.1. Before adsorption
	3.1.2. After adsorption

	3.2. Effect of pH
	3.3. Adsorption kinetics
	3.4. Adsorption isotherms
	3.5. Adsorption thermodynamics
	3.6. Effect of coexisting anions

	4. Conclusions
	Acknowledgments
	References



