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o Industrial waste sludge was used to
develop Al- and Fe-based adsorbents.

e The adsorbents successfully removed
arsenate ions from water.
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surfaces.

e The adsorbents successfully treated
As(V) in continuous adsorption
mode.

e ABA-packed columns were installed
and operated under field conditions.

Adsorption & Removal

derived from sewage sludge

As(V) @ P
contaminated Reference material s )
water ee water
@ derived from coal mine drainage sludge

ARTICLE INFO

ABSTRACT

Article history:

Received 29 June 2019

Received in revised form

5 September 2019

Accepted 9 September 2019
Available online 10 September 2019

Handling Editor: Y. Yeomin Yoon

Keywords:

Arsenate

Granular ferric hydroxide
Aluminum based adsorbent

Coal mine drainage sludge coated
polyurethane

Column studies

Empty bed contact time

Aqueous arsenate [As(V)] was removed using an aluminum-based adsorbent (ABA) and coal mine
drainage sludge coated polyurethane (CMDS-PU) prepared using alum and coal mine sludge, respec-
tively. Their As(V) removal efficiencies were compared with each other and granular ferric hydroxide
(GFH). The mineralogy and surface chemistry of materials were determined using wavelength dispersive
X-ray fluorescence (WD XRF) and Fourier transform infrared spectroscopy (FTIR), respectively. The angle-
resolved X-ray photoelectron spectroscopy (AR-XPS) studies confirmed As(V) retention on the adsorbent
surfaces. The adsorption kinetics data were fitted to pseudo second-order rate equation. The faster As(V)
uptake kinetics of GFH and ABA (GFH > ABA > CMDS-PU) were attributed to their large pore volume and
mesoporous nature. Langmuir adsorption capacities of 22, 31 and 10 mg/g, were achieved for GFH, ABA
and CMDS-PU, respectively. As(V) adsorption on GFH, ABA and CMDS-PU was endothermic. GFH and ABA
were efficient over a wide pH range (3—10). In column studies, GFH, ABA, and CMDS-PU successfully
treated 23625, 842, and 158 bed volumes (BVs) and 2094, 6400, and 17 BVs of As(V)-contaminated water
with 9.5 and 27 EBCT, respectively (at pH = 6.0, As; = 600 pg/L). The GFH and ABA have a potential to be
used at large-scale aqueous phase As(V) remediation.
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1. Introduction

Arsenic (As) is a well-known carcinogen that exhibits complex
chemistry and toxicity, and is considered a priority pollutant
(Mandal and Suzuki, 2002; Mohan and Pittman, 2007; Chandra
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et al., 2010). The arsenic presence in drinking water has been re-
ported in Argentina, Chile, China, Mongolia, Taiwan, Nepal, Japan,
Mexico, Poland, Vietnam, and the USA (Banerji et al., 2019; Kumar
etal., 2019). Both anthropogenic and geogenic sources contribute to
arsenic in water (Kumar et al., 2019). Arsenic enters the ground-
water through the oxidation of As-bearing sulfide minerals, the
reduction of As-rich ferric oxyhydroxides and aluminum-
hydroxides, and the ion exchange of adsorbed As, mainly with
anions such as phosphate, bicarbonate and silicate (Nickson et al.,
2000; McArthur et al., 2001). Geothermally heated water may
liberate As from surrounding rocks (Sarkar and Paul, 2016). In the
vicinity of mines, As may contaminate soil and water due to the
oxidation of As-bearing sulfide ores (McCarty et al., 2011). South
Korea is facing groundwater arsenic contamination due to aban-
doned mining areas in which thousands of metal mines were
operated in the early 20th century (McCarty et al., 2011).

In general, organometallic compounds of metals such as tin,
mercury, and lead, particularly methylated species, are more
harmful than their inorganic species. However, inorganic As is more
toxic than its organic forms (Singh et al., 2011; Sarkar and Paul,
2016). Arsenic is mainly responsible for skin cancer (Singh et al,,
2011). In view of its toxicity, the prescribed limit of inorganic As
in drinking water was reduced by the World Health Organization
(WHO) and the United States Environmental Protection Agency
(USEPA) from 50 to 10 pg/L (McCarty et al., 2011). The As limit in
drinking water has been further reduced in some states of the USA
(5 pug/L: New Jersey and South Carolina) and in Australia (7 pg/L)
(Chakraborti, 2016). Unfortunately, many developing countries in
Asia (India, Bangladesh, Sri Lanka) and Latin America (Argentina,
Bolivia, Peru) (Kumar et al., 2019) still use 50 pug/L as a permissible
level of As in drinking water.

Physicochemical methods including coagulation, precipitation,
ion exchange, reverse osmosis (RO), and adsorption have been used
for aqueous phase As remediation. These methods generally suffer
from issues such as sludge management, high cost and tedious
implementation (Mondal et al., 2006; Choong et al., 2007; Mohan
and Pittman, 2007; Malik et al., 2009; Sharma and Sohn, 2009;
Kumar et al.,, 2019). Among the various methods, adsorption, is
particularly attractive for aqueous phase As removal (Cho et al.,
2016; Kwon et al., 2016). The main challenge in adsorption
methods is the selection of an efficient, disposable, and cost-
effective material. Performance comparison of new adsorbents is
very time-consuming and costly. Iron and aluminum-based ad-
sorbents might be suitable for this purpose due to their relatively
high surface area, good efficiency, and low cost (Goldberg and
Johnston, 2001; Dou et al., 2013; Leki¢ et al., 2013; Chen et al,,
2014). The development of effective adsorbents for As(V) treat-
ment in point of entry (POE) and point of use (POU) water treat-
ment systems has been investigated in a number of studies. Such
adsorbents should not require hazardous desorption agents, and
should allow for easy maintenance of the adsorption system (MDE,
2004).

In view of the above, this study evaluated aluminum- and iron-
based adsorbents for aqueous As(V) remediation. The iron-based
adsorbent was derived from coal mine drainage sludge, a byprod-
uct of coal mine drainage treatment (South Korea). The sludge was
coated with polyurethane (CMDS-PU) and used for As(V) remedi-
ation. Similarly, an aluminum-based adsorbent (ABA) was prepared
using alum sludge produced by wastewater or sewage treatment
processes (South Korea). Adsorbents were characterized using FTIR,
WDXRF, AR-XPS. Batch operational parameters including contact
time, temperature, solution pH, and As(V) concentration, were
optimized. The As(V) removal performances of ABA and CMDS-PU
were compared with that of granular ferric hydroxide (GFH).
Furthermore, fixed-bed design parameters were also evaluated.

2. Experimental
2.1. Materials and methods

All the reagents used in the investigation were of analytical
reagent (A.R.) grade unless otherwise specified. As(V) stock solu-
tion was prepared using sodium arsenate dibasic hepta-hydrate
(NayHAsOQ4-7H,0: Sigma-Aldrich, USA). Hydrochloric acid (0.1 M)
(HCI: Sigma-Aldrich, USA) and sodium hydroxide (0.1 M) (NaOH:
Sigma-Aldrich, USA) were used to adjust the pH of solutions, which
was measured using a microprocessor based digital pH meter
(Thermo Scientific, Orion Star A215, USA). Deionized (D.I) water
(Millipore, USA) was used in all the batch and column experiments.

Aluminum based adsorbent (ABA, Patent No. 10—1344235, Pat-
ent holders: Chonbuk National University and Dasan Consultant
Corporation, Republic of Korea) and coal mine drainage sludge
coated with polyurethane (received from Korea University and
Beautiful Environmental Construction Corporation, Republic of
Korea) were used in this study. Briefly, sludge samples were
collected and oven dried at 105°C for 24h. The samples were
ground and sieved to 150 pm particle size. The adsorption poten-
tials of two sludge-based materials were compared with that of
commercially available granular ferric hydroxide (GFH: GEH 120,
LENNTECH, Germany).

2.2. Characterization

The chemical composition of the adsorbent samples was
determined using wavelength dispersive X-ray fluorescence (WD
XRF: ZSX Primus IV, Rigaku, Japan). Fourier transform infrared
spectroscopy (FTIR: Nicolet iS50, Thermo Fisher Scientific, U.K.) in
the range of 400—4000cm~! was used to examine the surface
groups present on the adsorbent samples. An angle-resolved X-ray
photoelectron spectrometer (AR-XPS: Theta Probe ARXPS, Thermo
Fisher Scientific, UK.), equipped with an MXR1 Gun (400 pm,
15 keV), high resolution electron analyzer (on Ag3d5/2 peak: <
0.5eV FWHM), and energy source (monochromated Al-Ka
(1486.6 eV)) was used to study the retention of As(V) on the
adsorbent surfaces. A Brunauer—Emmett—Teller (BET) surface area
analyzer (BET Micrometrics, ASAP 2020 V3.04 H) was used to
determine the surface area of adsorbents. The solid addition
method (Oladoja and Aliu, 2009) was used to determine the point
of zero charge (pHpzc) of adsorbent samples.

2.3. Adsorption studies

2.3.1. Batch studies

The As(V) adsorption experiments were carried out in 50 mL
vial. A 20 mL aliquot of As(V) solution was equilibrated with a 0.02 g
adsorbent for 7 days on a water bath shaker incubator at 250 rpm.
Subsequently, the solid and solution phases were separated using
membrane filtration (0.45 pm). The residual As(V) concentration
was analyzed using inductively couple plasma-optical emission
spectrometry (ICP-OES: Optima 3000DV, PerkinElmer, USA). The
amount of As(V) adsorbed on the adsorbent samples was evaluated
using the equations (1) and (2).

Adsorption(%) = %

i

% 100 (1

Adsorption capacity(qe, mg/g) = (C; — Ce) x % (2)

where G and C, are the initial and equilibrium As(V) concentra-
tions, respectively, V is the adsorbate volume, and m is the
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adsorbent mass. All the experiments were carried out in duplicate,
and the mean values are reported. The relative standard deviation
(RSD) was less than 10%, which was considered acceptable
(Lindberg et al., 2004). Blank experiments were also run to avoid
any detectable As(V) adsorbed on the walls of the glassware.

Effect of pH on As(V) adsorption was carried out in the range
3.0—10.0. Effect of contact time on As(V) adsorption (Ci: 30 mg/L;
pH: 6.0+ 0.1) was carried out for up to 72h. As(V) adsorption
equilibrium studies were studied at 10 and 25 °C. Effect of con-
centration on As(V) adsorption was studied in the range 1-100 mg/
L.

2.3.2. Column studies

Information obtained from breakthrough tests is required in
designing a pilot scale column. Therefore, column studies were
carried out in an acryl column (Fig. S1). A peristaltic pump (RP-MH,
Furue Science, Japan) was used in upflow mode to pump 600 ug/L of
As(V) solution through the column. To assess the potential of the
adsorbents for As(V) removal from water, the empty bed contact
time (EBCT) and flow rate were 9.5 or 27 min and 1 mlL/min,
respectively. As(V) breakthrough was defined as 50 pg/L (Maximum
Contaminant Level, MCL).

3. Results and discussion
3.1. Characterization of the adsorbent

Photographs of the three adsorbents, GFH (reddish), ABA
(brown), and CMDS-PU (grayish white), are shown in Fig. S2.
Adsorbent granules were 1—-2 mm in diameter. The morphological
parameters are summarized in Table 1. The specific surface area
(SSA) was determined using BET method. The SSAs of powdered
GFH, ABA, and CMDS-PU were 222, 102, and 4.18 m?/g. The total
pore volume (Vp) of GFH, ABA, and CMDS-PU were 0.28, 0.24,
0.01 cm?/g, respectively. The micropore (<2.0 nm) surface area was
almost negligible in all the cases. The BJH pore volumes were 0.27,
0.23, 0.01 cm?/g, respectively. The adsorbents average pore width
(dp, 4V/A by BET) were 5.12, 9.40 nm and 13.6 nm for GFH, ABA and
CMDS-PU, respectively.

The N, adsorption—desorption isotherms and pore size distri-
bution plots of the adsorbents are presented in Fig. S3. Type IV
isotherms with an H3 type hysteresis loop were observed for GFH

Table 1
Surface area, pore volume, and pore size of the adsorbents.

and ABA. This might have been due to capillary condensation in the
mesopores (Sing, 1985). The value of the constant C in the BET
physisorption model was greater than 1 (C= 101 and 146 for GFH
and ABA, respectively), which further confirmed that GFH and ABA
had type IV isotherms. In the case of CMDS-PU, the C value
was —85. The pore size distribution mainly demonstrated the
presence of mesopores in GFH (2.5—10 nm) and ABA (2.5—50 nm),
while CMDS-PU exhibited both mesopores (15—50 nm) and mac-
ropores (>50 nm) (Fig. S3). The average pore size (d,) of 2—50 nm is
characteristic of mesoporous materials, and is in accordance with a
type IV isotherm. CMDS-PU was partially mesoporous, but its
relatively low pore volume (Vp) of 0.01 cm?/g may limit its
adsorption capacity. Raw laterite, in spite of containing high
amount of Fe and Al, has been reported to be less effective in As(V)
adsorption due to its low porosity and low SSA (Maiti et al., 2010).
GFH and ABA have similar porosities. CMDS-PU is a low-porosity
material versus GFH and ABA (Fig. S3 and Table 1), with proper-
ties more similar to those of laterite (SSA=181+4m?/g,
Vp=0.35+0.01 mL/g) (Maiti et al., 2010).

The physicochemical properties of granular adsorbents are
summarized in Table 2. The iron content of GFH, being a ferric based
medium, was relatively higher (56.0%) than ABA (4.47%) and CMDS-
PU (28.7%). ABA was characterized by aluminum (16.0%) silica
(19.2%) and oxygen (51.0%). The pHpzc values of GFH, ABA, CMDS-
PU were 5.2, 5.0, 9.2, respectively (Table 2).

Table 2

Physicochemical properties of GFH, ABA, CMDS-PU.
Element (wt.%)? GFH ABA CMDS-PU
Al ND 16.0 ND
Ca ND ND 2.44
Fe 56.0 4.47 28.7
K ND 1.94 ND
Mg ND 1.01 0.45
Mn 0.12 ND 047
Si 0.09 19.2 1.78
(o] 383 51.0 50.3
Cl 3.27 ND ND
C 1.71 3.37 15.6
PHpzc 52 5.0 9.2
Packing density (g/cm) 1.361 0.691 0.326

€Elemental composition was estimated through wavelength dispersive x-ray fluo-
rescence (WD XRF) analysis. ND: Not detectable.

Characteristic GFH

ABA CMDS-PU

Surface area (m?/g)
Single point surface area

BET surface area: 222

Langmuir surface area: 286

“BJH adsorption cumulative surface area of pores (1.70—300nm 250
diameter)

“BJH desorption cumulative surface area of pores (1.7000 277

—300.0000 nm diameter)
Pore volume (cm?/g)
Single point adsorption total pore volume of pores

“BJH adsorption cumulative volume of pores (1.70—-300.00nm  0.27

diameter)
“BJH desorption cumulative volume of pores (1.70-300.00nm  0.28
diameter)
Pore size (nm)
Adsorption average pore width (4V/A by BET): 5.12
“BJH adsorption average pore diameter (4V/A): 4.44
“BJH desorption average pore diameter (4V/A): 4.08

215.78 (at PPo = 0.195)

0.28 (at P/Po = 0.99,
diameter < 356.1 nm)

99.72 (at P/Po = 0.199) 4.10 (at P/Po = 0.219)

102 4.18
132 537
98.2 1.57
176 2.98

0.24 (at P/Po = 0.98, diameter 0.01 (at P/Po=0.99,

<182.5nm) diameter < 325.9 nm)
0.23 0.01
0.24 0.01
9.40 13.6
9.54 33.0
5.51 19.2

2 BET= Brunauer-Emmett-Teller (this method is used to estimate the surface area based on multilayer adsorption on a non-porous solid), BJH = Barrett-Joyner-Halenda (this

method is used to determine pore size distribution of a mesoporous solid).
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Infrared (IR) studies of pristine and As(V)-loaded adsorbents
were performed, and the results are illustrated in Fig. 1. The pres-
ence of hydroxyl groups (OH) on the GFH, ABA and CMDS-PU sur-
faces was confirmed by OH stretching band between 3000 and
3500 cm™! (Parga et al., 2009). Additionally, the peak between 1572
and 1813 cm™! (at ~1640), for all three adsorbents was due to hy-
droxyl bending, y’(OH) water bending and overtones (Parga et al.,
2009). The band at ~1090 cm™! in ABA spectrum was attributed
to the formation of hydroxo complexes (-FeOH, -Fe—OH—Fe) of
metal hydroxides (Devi et al., 2014). The CMDS-PU spectrum con-
tained many complicated absorption peaks in the fingerprint region
(1500—500 cm™!), mainly due to different bending vibrations
within the molecule. This is characteristics of aromatic compound,
polyurethane in the case of CMDS-PU(Fig. S4). The characteristic
absorption peaks between 3430 and 3300 cm™! in CMDS-PU were
attributed to the stretching vibration of the free O—H and N—H of
hydrogen bonded amino group, those at 2970—2840 cm™! to CH,

51
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Fig. 1. Fourier transform infrared (FTIR) spectra of pristine and As(V)-loaded
adsorbents.

and CHs stretching vibration, those at 1720—1600 cm~! to C=0
stretching of the bonded carbonyl, those at 1400—1305cm™' to
C—N, and those at 1100-1000cm™! to —C—O—C. These peaks
confirmed the presence of urethane on CMDS-PU surface. The ab-
sorption due to —NCO was observed between 2300 and 2200 cm™!
(Olorundare et al., 2015). The adsorption of As(V) did not induce
any significant changes in the IR spectra except that slight change in
peak intensity and peak positions. This suggested that the surface
chemistry of the adsorbents played an insignificant role in deter-
mining their As(V) retention.

The wide-scan AR-XPS spectra of pristine (GFH, ABA, CMDS-PU)
and As(V)-loaded (GFH-As, ABA-As, CMDS-PU-As) adsorbents are
depicted in Fig. 2. Major peaks at binding energies of 248.6 (C1s),
711.1 (Fe2p3), 400.81 (N1s), 530.4 (O1s), and 100.4 (Si2p) eV were
observed for GFH. In ABA, in addition to peaks at 284.6 (C1s), 711.2
(Fe2p3),399.9 (N1s),351.9 (01s), and 102.3 (Si2p), a peak at 73.7 eV
corresponding to Al2p3 indicated the presence of aluminum in ABA
(Fig. 2). The peaks in the AR-XPS wide scan spectra for CMDS-PU at
248.6 (Cls), 710.6 (Fe2p3), 399.4 (N1s), 530.0 (O1s) and 101.0 eV
(Si2p) were similar to those observed for GFH. The appearance of a
peak corresponding to As2p3 at ~1327 eV for GFH-As, ABA-As,
CMDS-PU-As was the most significant change in the spectra, and
confirmed the presence of As(V) on all three adsorbent surfaces
after As(V) adsorption (Fig. S5, Table S1).

3.2. Kinetics of As(V) adsorption onto GFH, ABA, and CMDS-PU

The parameters obtained from kinetics study plots (Fig. 3) are
necessary for the design of appropriate sorption units. The different
As(V) adsorption kinetics among the adsorbents could be attrib-
uted to the different physicochemical characteristics (surface area,
porosity, pHpzc, mineralogy and surface chemistry) of the materials.
The As(V) uptake rate was initially rapid due to the availability of a
large number of adsorption sites on the adsorbents. Typically, 50%
of the total adsorption in terms of their respective capacities (qt)
completed in 20 h (GFH), 10 h (ABA), and 20 h (CMDS-PU) (Fig. 3),
after which the kinetics slowed down until equilibrium was
reached. Equilibrium was attained in 100, 50 and 200 h for GFH,
ABA and CMDS-PU, respectively.

Pseudo-first-order (PFO) and pseudo-second-order (PSO)
equations were used to fit experimental results. The rate constants
are tabulated in Table 3. Pseudo-second-order (PSO) rate equation
better fitted the As(V) adsorption data obtained for all the three
adsorbents. This indicate that As(V) adsorption occurred on the
active sites of the solid phases via chemisorption (Dou et al., 2013).
PSO model has been proven to be superior to the PFO model for
fitting of As(V) adsorption data (Dou et al., 2013; Ryu et al.,, 2017).
The PFO/PSO equations describe kinetics data as a generalized
removal process with one rate-controlling step. However, the
intraparticle diffusion (IPD) model provides a more comprehensive
view of adsorption as a series of distinct steps (D'Arcy et al., 2011;
Dou et al., 2013). The multilinearities observed over the entire time
range for this model (Fig. 3) indicated that the adsorption process
was governed by two or more steps rather than only one. The first
linear portion (or, in case of GFH, the two initial portions) of the plot
of q; verses t! Zhada steeper slope, indicating the external diffusion
of As(V) from the bulk to the exterior surface of adsorbent was the
rate limiting step at this stage. The second linear portion with a
shallower slope represented a stage in which IPD was the rate
limiting step; diffusion into the mesopores/micropores dominated
during this stage (Cheung et al., 2007).

Theoretical treatments of IPD are based on Fick's first law of
diffusion (McKay et al., 1987). An increase in the adsorbate con-
centration acts as the driving force, leading to rapid adsorption
reaction. The rate parameter (kp) followed the order
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Fig. 2. Angle-resolved X-ray photoelectron spectroscopy (AR-XPS) wide scan spectra of the pristine (left side) and As(V)-loaded (right side) adsorbents.

GFH > ABA > CMDS-PU, which was same as their adsorption ca-
pacity order (Table 3). The rate parameters were positively corre-
lated with the pore volumes and interparticle porosities of
adsorbents (Table 1). The rapid As(V) adsorption kinetics on GFH
and ABA were attributed to their large pore volumes and inter-
particle porosities compared to those of CMDS-PU granules. The q;
verses t>> plots were neither linear nor pass through the origin
(Fig. 3), except for initial stages of GFH and CMDS-PU; therefore,
intra-particle diffusion was not the rate-controlling step. The plot
showed multi-linearity, indicating a complex adsorption process
(Singh et al., 2012).

3.3. Effect of pH on As(V) adsorption

The pH of a system is a master variable in environmental
studies, influencing both the surface chemistry of the adsorbent
and the speciation of the adsorbate. Specifically, As(V) can exist in
solution as H3AsO4, HAsOy, (pKi=2.3), HAsO;~ (pK2 =6.8), and
ASO?{ (pK3=11.6) (Goldberg and Johnston, 2001; Mohan and
Pittman, 2007). Therefore, the adsorption of As(V) onto GFH, ABA,
and CMDS-PU was quantitatively estimated in the pH range of 3—10
(Fig. 4). In the case of GFH, the As(V) adsorption decreased slowly

with increasing solution pH up to pH 5, then decreased relatively
rapidly above this value. This behavior is typical of the adsorption of
As(V) onto most iron (hydr)oxides (Maiti et al., 2012). For ABA, the
As(V) adsorption decreased regularly up to pH 10. The CMDS-PU
granules showed a significant adsorption drop when pH was
increased from pH 3.0 to 6.0, followed by a plateau from pH 6 to pH
8 then an adsorption decreases from pH 8 to 10. No apparent cor-
relation was observed between the pHpzc value and adsorption
capacity (q) of the materials with varying pH values.

The decrease in As(V) removal efficiency with increasing pH
may be due to the unfavorable adsorption conditions such as
repulsion between anionic species in basic systems. Solution pH
values of <6.0 favor the protonation of the oxides surface
(= Fe — OH3), which increases the electrostatic attraction between
the surface and the negatively charged arsenic species (H,AsOy ),
leading to adsorption enhancement. At pH > 7.2, the repulsion be-
tween the negatively charged = Fe—O- surface and HAsOﬁ’ and
AsO?{ decreased the As(V) removal. The pH effect and the role of
electrostatic interactions will be minimal at low initial As(V) con-
centration due to availability of abundant surface sites.

This adsorption behavior of iron (hydr)oxide media and other
minerals towards As(V) as a function of the pH has been reported in
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Fig. 3. As(V) adsorption kinetics on granular ferric hydroxide (GFH), aluminum-based adsorbent (ABA), and coalmine drainage sludge coated polyurethane (CMDS-PU) and fitting of
kinetic data to pseudo-first order, pseudo-second order, and intraparticle diffusion models(Initial As(V) concentrations: 30 mg/L; adsorbent dose: 1.0 g/L; pH: 6.0 +0.1; shaking
speed: 150 rpm; temperature: 25+ 1°C).

Table 3
Kinetic parameters for As(V) adsorption on GFH, ABA, CMDS-PU.
Kinetic models Parameter GFH ABA CMDS-PU 40 . ! ! ! ! ! GFH !
Pseudo-first-order (PFO)? Qeal (Mg/g) 24.0 8.43 9.14 ABA
Qexp (Mg/g) 24.2 8.44 9.14 304 —— CMDS-PUA
Kki(1/h) 0.016 0.091 0014 _
R? 0959 0993 0.954 20
RMSE 335 098 128 2 20 i
Pseudo second-order (PSO)" Qcal (Mg/g) 23.1 8.10 8.65 E
Qexp (Mg/g) 24.2 8.44 9.14 =
ko(g/(mg-h)) 0.003 0.039 0.005
R? 0996 0993 0987 10+ .
RMSE 143 0.77 0.53
h(k; x qZ1) 160 256 037
Intra-particle diffusion (IPD)"  k, 1.51 1.07 0.56 0 T T T T T T T T
R? 0.893 0924 0.909 2 3 4 5 6 7 8 9 10 11
RMSE 5.85 133 3.00
pH
h=initial rate of reaction; qc, = calculated adsorption capacity; Qexp=experi-
mentally determined adsorption capacities; RMSE = root mean square error (sy-X). Fig. 4. Effect of the solution pH on As(V)adsorption on granular ferric hydroxide (GFH),
(Experimental conditions: As(V); =30 mg/L, pH=6+0.1, dose = 1.0 g/L, at 25°C). aluminum-based adsorbent (ABA), coalmine drainage sludge coated polyurethane
2 Langergren's pseudo-first-order (PFO) equation, g = qe(1-e™"). (CMDS-PU)[As(V): 40 mg/L; dose: 1.0 g/L; temperature: 25 +1°C].

b Ho's pseudo-second-order (PSO) equation, q; = q2kat/(1+qckat).
¢ Intra-particle diffusion model equation, q; = kpt!/?+C.
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previous studies (Moller and Sylvester, 2008; Dou et al., 2013). The
electrostatic interaction and ligand exchange mechanisms reported
for As(V) adsorption on mineral surface are strongly pH dependent.
In particular, the ligand exchange of As(V) with surface = Fe— OHj
and Fe—OH groups (iron oxyhydroxide surface) is frequently re-
ported in the literature (Eqns. (3) and (4)) (Moller and Sylvester,
2008; Maiti et al., 2010). Ligand exchange between As(V), surface-
coordinated water molecules, and hydroxyl and silicate ions at
allophane (Al20s-(SiOz)1.2-(H20),-3) has also been observed (Mohan
and Pittman, 2007). In contrast to their affinity for As(Ill), which
usually remains relatively constant at typical drinking water pH
values (6.5—8.5), their affinity towards As(V) continually decreases
as the pH increases.

=M - OH + H3AsOy4 (As(V) in the pH range 4

—8)= = MHAsO; + H,0(M = Fe and Al)) 3)
=M — OHJ + H,AsOj (As(V) in the pH range 4
— 8)= = MHAsO4 + H30" (M = Fe and Al)) (4)

3.4. As(V) Adsorption equilibrium studies

Equilibrium adsorption isotherm describe the interactions be-
tween solute and adsorbent. Isotherm studies are useful to deter-
mine adsorption capacities and other equilibrium isotherm
parameters under different conditions. This information is crucial
for adsorbent selection and adsorption unit design.

Two parameter Langmuir (Langmuir, 1916, 1917) and Freundlich
(1907) isotherm models were employed to fit the sorption equi-
librium experimental data (Supplementary Information, SI 1.0).
Non-linear modelling using GraphPad Prism (version 5.0 software)
was conducted using least square method. The Langmuir isotherm
model assumes that adsorption onto the surface takes place in a
monolayer fashion, and that adsorption sites are homogeneously
distributed on the surface (Langmuir, 1916, 1917). The Freundlich
isotherm assumes multilayer adsorption or sorption onto a het-
erogeneous surface, i.e., a surface with multiple sorption sites with
different active energies due to high SSA (Freundlich, 1907). The
Freundlich model is valid for adsorption data over a confined range
of As(V) equilibrium concentrations (Ce). The adsorption parame-
ters obtained from the isotherm model studies are given in Table 4.
The Langmuir model better fitted the data (R®: GFH =0.998,
ABA =0.936, CMDS-PU=0.976) versus Freundlich model (R?:
GFH = 0.664, ABA = 0.769, CMDS-PU = 0.958), indicating that As(V)

7
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~ 4
o
g
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101 . L
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Go I \ 1 I I
0 20 40 60 80 100 120
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Fig. 5. Isotherms and modelling results for the adsorption of As(V) on granular ferric
hydroxide (GFH), aluminum-based adsorbent (ABA), and coal mine drainage sludge
coated polyurethane (CMDS-PU)(Initial As(V) concentration range: 1-100mg/L;
adsorbent dose: 1.0 g/L; pH: 6.0 + 0.1; shaking speed: 150 rpm; temperature: 25 +1°C.

Table 4
Langmuir and Freundlich parameters for As(V) adsorption on GFH, ABA, CMDS-PU.
Isotherm model Parameter GFH ABA CMDS-PU
Two parameter model
Langmuir® Qmax (Mg/g) 24.36 36.84 7.26
Qexp (MgJg) 24.76 33.02 6.34
K. (L/mg) 0.972 0.082 0.138
Ry 0.009 0.099 0.061
R? 0.998 0.936 0.976
RMSE 4,760 3.337 0.722
Freundlich” Kr (mg/g) (L/mg)'/" 9.906 3.312 1.541
n(1/n) 431(0.23) 1.69(0.59) 2.95(0.34)
R? 0.664 0.769 0.958
RMSE 3.633 6.478 0.735

Qmax, exp are the Langmuir and experimentally determined adsorption capacities, respectively. RMSE = root mean square error (sy-X).

(Experimental conditions: As(V); = 1-100 mg/L, dose = 1.0 g/L, pH =6 + 0.1, at 25°C).
¢ Langmuir model equation, Ce/qe = 1/(KL*qmax)+ Ce/Qmax-
b Freundlich model equation, logqe = logKs+(1/n)logCe.
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adsorption was monolayer in nature. Maximum As(V) adsorption
capacities (qmax) of 24.4 mg/g (GFH), 36.8 mg/g (ABA), and 7.3 mg/g
(CMDS-PU) were obtained (Fig. 5). The Langmuir isotherms were
also used to determine the separation factor (Ry) to predict if the
adsorption was favorable or unfavorable (Hall et al., 1966; Cho et al.,
2016; Kumar et al., 2018) (Supplementary Information, SI 1.1.1). The
Ry values lay between 0 and 1, indicating that the adsorption of
As(V) on the three adsorbents as favorable (Table 4). The 1/n values
obtained for As(V) adsorption onto the adsorbents fell between
0.23 and 0.59, indicating that adsorption was favorable. The
adsorption of As(V) on GFH and ABA might be diffusion controlled
at low As(V) concentrations while following monomolecular
adsorption at high concentrations. The increase in sorption capacity
with rise in temperature from 10 to 25 °C demonstrated that the
process was endothermic (Fig. S6).

It is difficult to compare different adsorbents used for As(V)
remediation due to variation in the experimental conditions and
adsorbent characteristics. However, comparative evaluation may
provide a brief comparison of the efficiencies of the materials under
investigation. The As(V) adsorption capacities of various adsorbents
are summarized in Table 5. GFH and ABA showed better As(V)
removal capacity than the other adsorbents (Table 5). ABA may
therefore has the capacity to be used as a sustainable low-cost
adsorbent for As(V) remediation; GFH is commercially available
and already used for As removal from water). Even CMDS-PU is
superior to several other adsorbents (Table 5).

The values of the constant K for the adsorption of As(V) onto
GFH, ABA, and CMDS-PU (at 25°C) are 0.972, 0.082, and 0.138,
respectively. The larger the value of Ki, the higher the adsorption
energy of GFH, which corresponds to a fast increase in the
adsorption rate at lower concentration (Hu et al., 2003; Maiti et al.,
2012). The product qmax-Kr indicates the relative affinity of the
adsorbates towards the adsorbent surfaces (Hu et al, 2003).
Therefore, qmax-KL values may be considered for comparative

evaluation in place of qmax alone. The qmax- Ky values for different
adsorbents are reported in Table 5. It is clear that GFH and ABA have
higher adsorption affinity than many adsorbents used for As(V) at
low equilibrium As(V) concentrations.

3.5. Column studies

Column studies were used to examine the ability of the adsor-
bents to remove As(V) from contaminated water. Breakthrough
occurred after 23625 (GFH), 842 (ABA) and 158 (CMDS-PU) bed
volumes (BVs) (EBCT = 9.5, pH = 6.0) and 2094 (GFH), 6400 (ABA)
and 17 (CMDS-PU) bed volumes (EBCT =27, pH = 6.0) when As(V)
contaminated water was passed through GFH, ABA, and CMDS-PU
granules packed columns, respectively (Fig. 6). GFH maintained
below MCL after one breakthrough. The CMDS-PU adsorbent
exhibited the lowest efficiency, which was attributed to its dense
and compact surface, small pore size, small pore volume, and low
porosity. The better kinetics and adsorption efficiencies of GFH and
ABA in both the batch tests and column experiments were due to
their higher specific surface areas and porosities. Following the
column studies, a small-scale As(V) remediation experiment was
successfully applied at the field level (Fig. S7).

4. Conclusion

A low-cost aluminum-based adsorbent (ABA), coal mine
drainage sludge coated with polyurethane (CMDS-PU), and gran-
ular ferric hydroxide (GFH) were characterized and used in aqueous
As(V) remediation. The GFH and ABA granules were mesoporous,
which favored As(V) adsorption. Arsenate was successfully
removed using GFH and ABA. As(V) adsorption using CMDS-PU was
unfavorable. The adsorption process was endothermic. The As(V)
adsorption kinetics onto GFH, ABA and CMDS-PU followed a
pseudo-second order rate equation. Application of the intraparticle

Table 5

Comparison of As(V) adsorption efficiencies of adsorbents used in this study with those previously reported other adsorbents.
Adsorbent pH;i Temp (K) Dose (g/L) Conc.(mg/L) Qmax (Mg/g) K (L/mg) KL+ Qmax Reference
Mn oxide loaded sand 4.5 298 2.00 1-100 0.09 1.02 0.10 Chang et al. (2009)
Iron sand 4.5 298 2.00 1-100 0.12 2.16 0.26 Chang et al. (2009)
Fe-oxide loaded sand 45 298 2.00 1-100 0.22 0.61 0.13 Chang et al. (2009)
Magnetite 7.5 298P 5.0 — 0.25 0.424 0.11 Giménez et al. (2007)
Goethite 6.5 298P 5.0 — 0.45 1.86 0.84 Giménez et al. (2007)
Raw laterite 5.5 302 20.0 0.20—20 0.51 2.78 141 Maiti et al. (2008)
Laterite iron concretions 7.0 295 5.00 0.10-2.0 0.71 0.264 0.19 Partey et al. (2008)
IMOCS (industrial byroducts) 7.0 298 10 — 0.77 1.18 091 Lekic et al. (2013)
Hematite 7.3 298P 5.0 — 0.83 0.0066 0.01 Giménez et al. (2007)
GFH (commercial sorbents) 7.0 298 10 — 1.17 2.21 2.59 Leki¢ et al. (2013)
Fe-coated pottery 7.0 298 — - 1.74 393 68.4 Dong et al. (2009)
HIER (commercial sorbents) 7.0 298 10 — 2.52 19.7 49.6 Lekic et al. (2013)
MBEFS (industrial byproducts) 7.0 298 10 — 2.79 18.6 51.9 Leki¢ et al. (2013)
BFS 7.0 298 10 - 4.04 12.7 51.3 Lekic¢ et al. (2013)
Fe;04—RGO(M2) 7.0 293 0.2 3.0-7.0 5.83 0.42 244 Chandra et al. (2010)
Fe30,—RGO(M1) 7.0 293 0.2 3.0-7.0 5.27 0.40 2.11 Chandra et al. (2010)
Fe,03—0OMC-500 °C — 298 1.0 0.2-30 8.00 1.08 8.64 Wu et al. (2012)
Ce—Fe oxide@cCNTs-A" 7.5 298 0.20 1.0-20 16.8 0.63 10.6 Chen et al. (2013)
Fe;03—0OMC-300°C - 298 1.0 0.2-30 179 2.24 40.1 Wu et al. (2012)
Treated laterite 7.0 288 0.50 1.0-5.0 21.6 20.6 445 Maiti et al. (2012)
Treated laterite 7.0 305 0.50 0-0.20 241 17.0 409 Maiti et al. (2010)
Ce—Fe oxide@cCNTs*® 7.5 298 0.20 1.0-20 30.9 2.56 79.1 Chen et al. (2013)
Fe,03—cellulose 7.0 298 1.0 0-25 32.1 0.039 1.25 Yu et al. (2013)
GFH 6.0 298 1.0 1-100 243 0.97 23.7 This study
ABA 6.0 298 1.0 1-100 36.8 0.08 3.02 This study
CMDS-PU 6.0 298 1.0 1-100 73 0.14 1.00 This study

2 The decorated CNTs in the absence of NaSDBS are referred to as CF-CNTs-A, and the decorated CNTs in the presence of NaSDBS are referred to as CF-CNTs. Mentions of
“room temperature” in the studies were assumed to refer to 25 °C. ABA-aluminum based adsorbent, BFS-blast furnace slag from steel production, CMDS-PU-polyurethane
coated coal mine drainage sludge, GFH-granular ferric hydroxide, HIER-hybrid ion exchange resin coated with nano scale iron oxide particles. IMOCS-iron-manganese ox-
ide coated sand, OMC- ordered mesoporous carbon, RGO-reduced graphene oxide.
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Fig. 6. As(V) adsorption breakthrough curves obtained for granular ferric hydroxide (GFH), aluminum-based adsorbent (ABA), and coalmine drainage sludge coated polyurethane

(CMDS-PU) (Initial As(V) concentration: 600 pug/L; pH: 6.0; EBCT: 9.5 and 27 min).

diffusion model revealed the adsorption process to be complex.
High pH negatively influenced the adsorption capacity of GFH, ABA,
and CMDS-PU. Evaluation of the efficiencies of the adsorbents in a
column demonstrated that 23625 (GFH), 842 (ABA) and 158
(CMDS-PU) bed volumes (BVs) (for EBCT =9.5, at pH =6.0) and
2094 (GFH), 6400 (ABA) and 17 (CMDS-PU) BVs (EBCT =27, at
pH = 6.0) of As(V)-contaminated water could be treated with col-
umns packed with GFH, ABA, and CMDS-PU, respectively, before
breakthrough occurred (50 pug/L). The ABA-packed columns were
successfully installed and operated under field conditions (near
mining area) in South Korea. Such materials might be used for As
remediation in Latin America, certain areas of India, Bangladesh
and South Korea.
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