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ABSTRACT: Environmentally friendly and cost-effective adsorbent materials for
arsenic extraction are needed for removing pollutants from groundwater. Here,
lanthanum or zirconium oxide nanoparticle-incorporated sawdust was used for the
removal of arsenic anions from water. The chemically modified sawdust was fully
characterized and used for extraction of arsenic from water. The influences of ionic
strength, pH, and interfering ionic pollutants toward the extraction efficiency of arsenic
anions were investigated to understand the mechanism. ZrO2-sawdust showed extraction
capacities of 29 and 12 mg/g for arsenite and arsenate anions, respectively, while La2O3-
sawdust extracted arsenite (22 mg/g) and arsenate (28 mg/g) anions efficiently.
Desorption studies were performed on surface-modified sawdust to check the
recyclability. La2O3-sawdust can be fully regenerated with no change in arsenic removal
efficiency, while ZrO2-sawdust retains ∼50% of its adsorption efficiency. Such modified
renewable bioadsorbents are useful for developing environmentally friendly materials for
water purification.
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■ INTRODUCTION

Arsenic pollution in water is a worldwide problem1−6 and
causes significant health hazards such as damage to the central
nervous system,7 skin,8 kidney,9 and liver,10 lung diseases,11 and
cancer.12 Upon comparison of existing water treatment
methods, extraction of pollutants with adsorbents is a simple
and cost-effective process for removing arsenic and other
pollutants from groundwater.13 In general, many low-cost,
natural, renewable, nontoxic, and biodegradable adsorbents are
available in large quantities for potential applications for water
purification.14

Agricultural waste materials such as spent grain,15 onion-
skin,16 rice husks,17 bark18,19 and sawdust,20−22 maize cobs,23

wheat bran,24 and insoluble starch25 have been utilized for the
removal of heavy metal salts from water. Sawdust has been used
as an adsorbent for the removal of various pollutants from
water, such as dyes, salts, and heavy metal cations and anions.26

Overall, unmodified sawdust is suitable for the extraction of
heavy metal cations owing to the presence of electron-rich
groups on the surface.27 Sawdust incorporated with ferric
oxyhydroxides was used for arsenic removal with an arsenate
adsorption capacity of 9.259 mg/g based on the Langmuir
isotherm model.28 For extraction of anions, electron-deficient
functional groups such as quaternary nitrogen or metal centers
must be incorporated on the surface of the sawdust.
Coating of transition metal oxides such as ZrO2 and La2O3

on adsorbent surfaces helps to modulate the surface charges
and enhances the extraction capacity toward arsenic
anions.29−31 On the other hand, La(OH)3 has shown high
efficiency toward extraction of arsenate anions.32 Recently, we

have reported the usage of ZrO2-loaded apple peels for the
extraction of chromium, arsenic, and phosphate anions.33

La2O3-loaded zeolite and silica gel have also shown significant
affinity for arsenate anions at neutral pH.34,35

From previous studies, it was difficult to find a single
adsorbent that extracts both arsenite and arsenate anions
efficiently. In addition, the large-scale production of modified
samples for field implementation is usually difficult for reported
materials. The aim of this project is to develop a cost-effective
adsorbent from a renewable low-cost sawdust material through
chemical modification of the surface for efficient removal of
both arsenite and arsenate anions from water. Chemical
modification of sawdust was achieved using a two-step process
in which glutamic acid was grafted on the sawdust surface,
followed by complexation of La or Zr oxide. The carboxyl
group of glutamic acid is known to interact strongly with
zirconia through Lewis acid−base pairing and with lanthanum
hydroxide through ligand exchange.36,37 Under neutral
conditions, no leaching of La or Zr was detected during the
extraction studies, as concentrations of La and Zr in water were
below the ICP detection limit (<0.1 ppm).
La2O3- and ZrO2-sawdusts were characterized using scanning

electron microscope (SEM), energy-dispersive X-ray spectros-
copy (EDS), Fourier transform infrared (FTIR) spectroscopy,
elemental (CHNS) analysis, inductively coupled plasma−
optical emission spectroscopy (ICP-OES), and X-ray diffraction
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studies (XRD). Arsenite and arsenate anion extraction
experiments were performed, and extraction efficiencies of
modified sawdust were calculated and compared. Time-
dependent studies, effect of pH, ionic strength, and role of
interfering pollutants were completed to demonstrate extrac-
tion efficiency for arsenic pollutants and elucidate adsorption
mechanism. An abstract art representing the concept of our
investigation is given in Figure 1.

■ EXPERIMENTAL SECTION
Materials. Hardwood sawdust was obtained from a local furniture

workshop. Sodium hydroxide, sulfuric acid, glutamic acid, glutaralde-
hyde (50% w/v), phosphoric acid (85%), zirconyl chloride
octahydrate, sodium arsenite (NaAsO2) and sodium arsenate
heptahydrate (NaH2AsO4.7H2O), and lanthanum nitrate hexahydrate
were purchased from Sigma-Aldrich Pte, Ltd. Ammonia solution
(25%) was purchased from Merck and used as received.
Preparation of Arsenic and Other Anions Stock Solutions.

Aresenite and arsenate stock solutions (1000 ppm) were prepared
using sodium arsenite (NaAsO2) and sodium arsenate heptahydrate
(NaH2AsO4.7H2O), respectively. Sodium sulfate (Na2SO4), potassium
nitrate (KNO3), and trisodium phosphate hydrate (Na3PO4.12H2O)
were purchased from Sigma-Aldrich Pte, Ltd. and were used to prepare
sulfate, nitrate, and phosphate anion stock solutions (1000 ppm).
Preparation of Glutamic Acid Sawdust and Coating with

ZrO2/La2O3. Sawdust was mixed with deionized water, sonicated, and
filtered; the process was repeated several times until the water
washings become clear. Lignin was removed by soaking the dried
sawdust in NaOH solution (200 mL, 2 M) for 24 h, followed by
washing with deionized water, soaking in a H2SO4 (200 mL, 1% v/v)
solution, washing with water, and drying in an oven at 50 °C. To
further functionalize the sawdust, glutamic acid (2 g, 13.6 mmol) was
dissolved in 100 mL water along with phosphoric acid (2 mL, 2% v/v)
and was mixed with sawdust (2 g, 0.02 g/mL), followed by a slow
addition of glutaraldehyde (2 mL, 2% v/v). The solution was allowed
to stir for 24 h and was then filtered, and the solid residue was washed
with water (150 mL).
To load Zr or La oxide on the surface, sawdust (1 g) was stirred in

water (30 mL) together with zirconyl chloride octahydrate (5 g) for
ZrO2-sawdust or lanthanum nitrate hexahydrate (5 g) for La2O3-
sawdust for 24 h. The functionalized sawdust was filtered and placed
inside an ammonia chamber for 3 h to prepare Zr oxide or La oxide
immobilized on the surface.31,38 The material was washed with water
(200 mL) and dried at 50 °C.

Characterization of Sawdust. FTIR spectra of the sawdust
before and after functionalization were recorded within the range of
4000−400 cm−1 using a Bruker ALPHA FT-IR spectrophotometer
using KBr as matrix. Elemental (CHNS) analyses were done on the
sawdust samples before and after functionalization using an Elementar
Vario Micro Cube instrument. X-ray diffraction (XRD) patterns of the
sawdust were recorded using Bruker-AXS: D8 DISCOVER with a
GADDS powder X-ray diffractometer with a Cu Kα (λ = 1.54 Å)
source at 40 kV and 40 mA over a range of 2Θ angles from 1° to 90°
using a step size of 1°. The morphologies of the sawdust were
examined using a JEOL JSM-6701F field emission scanning electron
micrograph (SEM). Energy dispersive X-ray spectroscopy (EDS) was
used for identification of elements on the surface of sawdust.
Percentages of Zr and La in the sawdust were measured using a
dual-view Optima 5300 DV inductively coupled plasma optical
emission spectroscopy (ICP-OES) system. The La and Zr components
of the sawdust, arsenite, and arsenate anions adsorbed on the sawdust
were further identified using X-ray photoelectron spectroscopy (XPS,
Kratos Axis UltraDLD using mono Al Kα as the photoexcitation
source). C 1s (C−C bond) was calibrated at 284.5 eV.

Time-Dependent Studies. La2O3- or ZrO2-sawdust (0.024 g) was
dispersed in an arsenite or arsenate solution (12 mL, 10 ppm) to
determine the amount of arsenic adsorbed at a low concentration
similar to arsenic pollutants found in groundwater. For kinetics studies,
an arsenite or arsenate solution (12 mL, 80 ppm) was mixed with
sawdust (0.012 g) and stirred at pH 7. The minimum concentration of
sawdust in solution was used in order to find the maximum amount
adsorbed (qe). All arsenic adsorption studies were done using an
orbital shaker at 250 rpm. Time point collections of samples were
done at 0.25, 0.5, 1, 2, 4, 8, and 24 h. Samples (1.5 mL) were collected,
diluted to 7 mL, and filtered prior to ICP analysis.

Concentration-Dependent Studies. The pH of arsenite or
arsenate solutions (10 mL, 100 ppm) was adjusted to 7 by adding the
appropriate amounts of 0.1 M HCl solution, and the solution was
diluted to get the concentrations at 10, 20, 30, 40, 50, 60, and 80 ppm.
La2O3- or ZrO2-sawdust (0.01 g) was dispersed in the above solutions
and put on a mechanical shaker. Samples (1.5 mL) were taken after 24
h, diluted to 7 mL, and filtered prior to ICP analysis.

pH and Ionic Strength Studies. In order to understand the effect
of pH on extraction efficiency, the pH of arsenite and arsenate salt
solutions (5 mL, 10 ppm) were adjusted to 3, 5, 7, 9, and 11 using
appropriate amounts of either a NaOH or HCl solution (0.1 M).
La2O3- or ZrO2-sawdust (0.01 g) was added to the solution and
stirred. Samples (1.5 mL) were collected after 24 h, diluted to 7 mL,
and filtered prior to ICP analysis. Ionic strength of solutions was
adjusted by adding appropriate amounts of NaCl salt into arsenic
solutions to make the final concentrations of NaCl as 584 and 5840
ppm. Extractions were done to understand the role of ionic strength
toward removing arsenic pollutants from water.

Desorption Studies and Recycling of Sawdust. Arsenic
adsorbed on the surface of ZrO2-sawdust was desorbed using NaOH
(10 mL, 1 M) and La2O3-sawdust using HNO3 (10 mL, 1 M) and by
shaking the mixture for 24 h using an orbital shaker at 250 rpm. The
samples (1.5 mL) were collected, diluted to 7 mL, filtered, and
submitted for ICP analysis to calculate the percentage of arsenic
desorbed. Owing to the release of La/Zr oxide nanoparticles from the
surface during the desorption process, the sawdust was reloaded with
La oxide or Zr oxide using the same procedure described above,
filtered, washed, and dried at 50 °C, followed by second cycle of
adsorption studies using a fresh arsenite or arsenate salt solution.

■ RESULTS AND DISCUSSIONS
Sawdust Characterization. The composition of sawdust

mainly consists of cellulose and lignin.39 Lignin was removed to
provide a larger surface area for the adsorption of arsenic from
water. Removal of lignin from the sawdust FTIR spectra
(Figure 2) showed that a few peaks disappeared upon
treatment of the sawdust with 2 M KOH and 1% H2SO4,
which included an aromatic C−H stretch from lignin (2964

Figure 1. Removal of arsenic pollutants using chemically modified
sawdust.
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cm−1), aromatic CC bending (1644 cm−1, 1737 cm−1),
aromatic CC stretch (multiplet near 1510 cm−1), methoxy
C−O stretch (1262 cm−1), and aromatic C−H bending (805
cm−1), which indicates removal of lignin.
After the removal of lignin, sawdust (S-OH) was function-

alized using glutamic acid (glutamic-NH2) and glutaraldehyde
(OHC-Glu-CHO) as shown in eq 1.

‐ + ‐ ‐ + ‐

→ ‐ ‐ ‐ ‐ ‐ ‐

S OH OHC Glu CHO glutamic NH

S O CH Glu C NH glutamic
2

(1)

Transformation from raw sawdust to glutamic acid-grafted
sawdust was confirmed by the appearance of a carboxylic acid
CO stretch peak at 1720 cm−1 and an imine CN stretch
peak at 1647 cm−1 (Figure 2C). Elemental analysis (Table S1,
Supporting Information) showed an increase in N content from
0.33% to 1.08% upon grafting with glutamic acid.
The raw sawdust fibers used in this study have different sizes

and shapes with dimensions of approximately 1−5 mm in
length and 1 mm in width, which makes it easy to handle
during the water purification process (Figure 3). Color change
from brown to pale yellow was also observed after surface
modification of the sawdust (Figure 3B). As expected, the
surface functionalization with glutamic acid and metal oxide
incorporation on the sawdust did not change the morphology
(Figure 3). The presence of a large number of functional
groups on the surface of sawdust enhances the reaction with
glutamic acid and incorporation of La oxide or Zr oxide on the
surface.
EDS, XRD, and ICP were used to identify and quantify

nanoparticles present on the sawdust surface. EDS (Figure S1
and S2, Supporting Information) and ICP (Table S2,
Supporting Information) showed that La and Zr atoms were
present on the surface of modified sawdust at about 8%. The
incorporation of La oxide or Zr oxide on the sawdust surface
was varied to fine-tune the extraction efficiencies toward arsenic
anions (Table S2, Supporting Information). The La oxide
nanoparticles deposited on the sawdust were identified as a
mixture of La2O3 and La(OH)3 using XRD measurements
(Figure S3B, Supporting Information).40 No prominent

crystalline peaks were identified in the XRD data (Figure
S3C, Supporting Information) of Zr oxide nanoparticles on
ZrO2-sawdust, which could be due to their amorphous nature.

41

Time-Dependent Studies. To understand the kinetics of
arsenic adsorption onto the La2O3- and ZrO2-sawdusts surfaces,
the data were analyzed using both pseudo-first- and pseudo-
second-order kinetic models.42,43 Pseudo-first-order model in
the linear form is expressed as follows

− = −q q q k tlog( ) log ( /2.303)e t e 1 (2)

The rate constant (k1) and maximum amount adsorbed (qe)
were determined experimentally by plotting log(qe − qt) against
t.
Similarly, the pseudo-second-order model in the linear form

is expressed as follows

= + ×t q t q k q/ / 1/( )t e 2 e
2

(3)

The rate constant (k2) and maximum amount adsorbed (qe)
were determined experimentally by plotting t/qt against t.
La2O3-sawdust removed 95% of arsenite and arsenate anions

from solutions at a concentration of 10 ppm after 1 h. However,
ZrO2-sawdust only removed ∼85−90% of arsenite and arsenate
anions after 24 h. It is conceivable that two different
mechanisms may be involved in the arsenic adsorption on
the surface, resulting in different rates of adsorption at lower
arsenic concentration. Electrostatic interaction is the dominant
adsorption mechanism for La2O3-sawdust at low arsenic
concentration (i.e., ∼ 10 ppm). Time-dependent arsenic
removal studies (Figure 4) using ZrO2-sawdust showed that
arsenite and arsenate extraction rate was slower as compared to
La2O3-sawdust. ZrO2-sawdust showed a preferential adsorption

Figure 2. FTIR spectra of sawdust (A) before and (B) after treatment
with a NaOH solution, followed by dilute H2SO4 and glutamic acid-
modified sawdust (C).

Figure 3. Optical micrographs of (A) unmodified and (B) modified
sawdust. SEM micrographs of surface of (C) unmodified, (D) glutamic
acid-modified, (E) La2O3-sawdust, and (F) and ZrO2-sawdust.
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of arsenite anions, while La2O3-sawdust favored the arsenate
anion adsorption on the surface (Figure 4B).31,32

Data collected from arsenic anions adsorption by La2O3- and
ZrO2-sawdusts fit better to the pseudo-second-order kinetics
model with the predicted qe value closer to the experimental qe
value (Figure 5 and Table 1). The rate-controlling mechanism
for arsenic adsorption on La2O3- and ZrO2-sawdusts is deduced
to be chemisorption.44

Concentration-Dependent Studies. Two isotherm mod-
els are widely used to describe the adsorption process:
Langmuir and Freundlich isotherms (Figure 6).45 The
Langmuir isotherm is based on three assumptions: (1)
Adsorption is limited to monolayer coverage. (2) Homoge-
neous surface sites bind one solute molecule. (3) Binding of a
molecule by a given site is independent of whether its
neighboring site is occupied or not.46 The following linear

form was used in plotting Langmuir isotherms, with Ce/Qe
values as y-axis and Ce values as x-axis, in order to find KL and
Qm

= × +C Q K Q C Q/ 1/( ) ( / )e e L m e m (4)

where Qe is amount of extracted arsenic in mg/g, Qm is the
maximum adsorption capacity at monolayer coverage in mg/g,
KL is the Langmuir adsorption constant related to heat of
adsorption, and Ce is initial concentration of adsorbate in
solution.
Favorability of the adsorption process is described by

separation factor (RL)

= + ×R K C1/(1 )L L 0 (5)

C0 is initial adsorbate concentration (mg/L). RL > 1 indicates
unfavorable adsorption, RL = 1 corresponds to linear adsorption
process, 0 < RL< 1 indicates favorable adsorption, and RL = 0
means irreversible adsorption.
The second model, the Freundlich isotherm, is often used to

describe multilayer adsorption on heterogeneous surface.47 For
analyzing the data, the following linearized form of the
Freundlich isotherm is used

= +Q n C Kln 1/ ln lne e F (6)

where KF and n are the Freundlich constant and adsorption
intensity, respectively. ln Qe values (y-axis) were plotted against
ln Ce (x-axis) to calculate n and KF.
R2 values for adsorption of arsenite salts on La2O3- and ZrO2-

sawdusts are higher for the Freundlich isotherm, while
adsorption of arsenate salts is better described by the Langmuir
isotherm (Table 2). This is due to the presence of the arsenate
group as an anionic moiety at pH 7 while arsenite exists as
neutral. Adsorption of arsenate beyond monolayer adsorption

Figure 4. Time-dependent studies of arsenic extraction using (A) 10 ppm and (B) 80 ppm solution of arsenite and arsenate salts using La2O3- and
ZrO2-sawdusts. ◆ La2O3-sawdust−arsenite; ■ La2O3-sawdust−arsenate; ▲ ZrO2-sawdust−arsenite; and ● ZrO2-sawdust−arsenate. The
measurements were done at pH 7 and in room temperature.

Figure 5. (A) Pseudo-first-order and (B) pseudo-second-order kinetics plots for arsenite and arsenate adsorption on La2O3- and ZrO2-sawdusts. ◆
La2O3-sawdust−arsenite; ■ La2O3-sawdust−arsenate; ▲ ZrO2-sawdust−arsenite; and ● ZrO2-sawdust−arsenate.

Table 1. Pseudo-First-Order and Second-Order Kinetics
Parameters for Arsenite and Arsenate Adsorption on La2O3-
and ZrO2-Sawdusts under Ambient Conditions

La2O3-sawdust ZrO2-sawdust

kinetic models
kinetic

parameters arsenite arsenate arsenite arsenate

qe (exp)
(mg/g)

22.51 27.54 26.80 9.39

pseudo-first-
order

qe (mg/g) 8.25 24.43 19.36 5.02
k1 (min

−1) 0.006 0.008 0.003 0.002
R2 0.7739 0.9886 0.8362 0.3879

pseudo-second-
order

qe (mg/g) 20.37 28.90 30.67 9.50
k2

(g/mg min)
0.003 0.0006 0.0005 0.002

R2 0.9999 0.9987 0.9999 0.9792
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would not be favorable due to repulsion of negative charges.
For both sawdust samples, 1/n values were below 1 indicating
chemisorption.48 RL values for both sawdust samples were in
between 0 to 1, which implies a favorable adsorption process.
The Langmuir adsorption capacities are 22 mg/g (arsenite) and
28 mg/g (arsenate) for La2O3-sawdust and 29 mg/g (arsenite)
and 12 mg/g (arsenate) for ZrO2-sawdust and match with the
experimental qe values of 22 mg/g (arsenite) and 28 mg/g
(arsenate) for La2O3-sawdust and 27 mg/g (arsenite) and 9
mg/g (arsenate) for ZrO2-sawdust. Such details are useful to
calculate the amount of adsorbent required to remove a certain
concentration of arsenic pollutants from water. La2O3-sawdust
showed better performance than ZrO2-sawdust as both arsenite
and arsenate were removed with higher adsorption capacities
(22 mg/g arsenite, 28 mg/g arsenate).
Langmuir capacities of La2O3- and ZrO2-sawdusts were also

compared with those of other low-cost agricultural waste-based
adsorbents in (Table S3, Supporting Information).49−54 Both
La2O3- and ZrO2-sawdusts have relatively higher adsorption
capacities than other known adsorbents at pH 7. They can be
used without additional processing conditions to purify natural
groundwater at a pH range of 6.5−8.5. Other good reasons for
selecting sawdust among other biomass based adsorbents for
arsenic removal include good mechanical properties, low rate of
biodegradation and no release of soluble contaminants into
water.
pH and Ionic Strength Effect. The effect of pH on the

extraction of arsenite anion using La2O3-sawdust is similar to
the reported method for arsenite anion extraction by Ce(IV)−
La(III) hydroxide binary adsorbent.55 The adsorption mecha-
nism was described to be a mixture of inner-sphere surface

complexation and electrostatic interaction. La2O3-sawdust
contains both La(OH)3 and La2O3 as shown by its XRD
spectrum (Figure S3B, Supporting Information). Strong
electrostatic interaction between La3+ of La(OH)3 and arsenic
anions, followed by anion exchange, play important roles in the
extraction. Changes in pH, however, did not affect arsenate
anion extraction behavior of La2O3-sawdust.
Only at pH 11 is arsenate anion adsorption dropped to

∼30%, which is likely due to repulsion of negatively charged
surface of the adsorbent and anionic arsenic species. Extraction
of arsenite anions using ZrO2-sawdust decreased at pH 9 owing
to the formation of negative charges on the adsorbent surface
and repulsion between adsorbent and adsorbate. Similar
correlation was also observed for the arsenate anion, which
showed higher extraction efficiency at a lower pH of 3−5.
Increase in ionic strength also affected the extraction of

arsenite and arsenate anions by La2O3-sawdust, which confirms
that electrostatic interaction plays a significant role in the
extraction process (Figure 7B).56 The arsenate extraction using
La2O3-sawdust decreased at 0.01 M NaCl concentration and
increased again at 0.1 M NaCl. Increase in ionic strength can
reduce coulomb repulsive forces by inducing a more positive
net surface charge of the sawdust,57 which caused an increase in
arsenate extraction. Increase in ionic strength, however, did not
have any effect on extraction of arsenite and arsenate anions by
the ZrO2-sawdust. This could be due to inner-sphere complex
formation as a potential adsorption mechanism.58 In summary,
ZrO2-sawdust and La2O3-sawdust adsorbs arsenic through
electrostatic interaction and ligand exchange on ZrO2.

31,32,59

Arsenite anion extraction using La2O3-sawdust can be
affected by the presence of interfering anions such as PO4

3−

> NO3
− > SO4

2− (Figure 7C−E). However, extraction of
arsenate anions by La2O3-sawdust is relatively stronger and
more selective than other anions. Arsenite and arsenate anion
extraction using ZrO2-sawdust showed little interference from
NO3

− and SO4
2− anions (Figure 7C and D). However, arsenate

adsorption was decreased to about 11% due to the presence of
competing PO4

3− anions. The La2O3- and ZrO2-sawdusts
extract arsenic anions well in the presence of phosphate anions
in water. Arsenite can be removed using ZrO2-sawdust, while
arsenate can be removed using La2O3-sawdust at 60−80%
removal.

X-ray Photoelectron Spectroscopy. The characteristic
peaks on the XPS spectra (Figure 8A and B) have shown that
the dominant species on the surface of La2O3- and ZrO2-
sawdusts are La2O3 and ZrO2.

60,61

Figure 6. (A) Langmuir and (B) Freundlich isotherm plots for arsenite and arsenate extraction using La2O3- and ZrO2-sawdusts. ◆ La2O3-sawdust−
arsenite; ■ La2O3-sawdust−arsenate; ▲ ZrO2-sawdust−arsenite; and ● ZrO2-sawdust−arsenate. Time was kept constant at 24 h, with changes in
adsorbate concentration from 10 to 80 ppm as variable, adsorbate equilibrium concentration after adsorption (Ce) from 10 to 70 ppm, pH 7, and
room temperature.

Table 2. Langmuir and Freundlich Parameters for Arsenite
and Arsenate Anion Extraction Using La2O3- and ZrO2-
sawdustsa

La2O3-sawdust ZrO2-sawdust

isotherm models parameters arsenite arsenate arsenite arsenate

Langmuir Qm (mg/g) 22.03 28.41 28.57 11.71
KL 0.021 0.155 0.046 0.054
RL 0.376 0.075 0.213 0.188
R2 0.9320 0.9757 0.9411 0.9972

Freundlich KF (mg/g) 1.26 16.19 2.82 1.34
1/n 0.6830 0.1120 0.5028 0.4833
R2 0.9681 0.9547 0.9799 0.8966

aTime was kept constant at 24 h, with adsorbate concentration from
10 to 80 ppm as variable, pH 7, and room temperature.
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Arsenite and arsenate anions bonded to La2O3- and ZrO2-
sawdusts still maintained the same oxidation states (Figure

8C−F). Arsenate is known to have ∼1 eV higher binding
energy than arsenite anions.62 The values can sometimes shift
to slightly higher binding energy when the arsenite and arsenate
ions are bonded to metal oxide.63

Arsenic Desorption Studies. Desorptions of arsenite and
arsenate anions from La2O3- and ZrO2-sawdusts were carried
out using 1 M HNO3 and 1 M NaOH, respectively. The
desorption process occurred by ionization and release of the La
oxide from La2O3-sawdust and replacement of arsenic anion by
OH− ion on ZrO2-sawdust.

64,65 Data from the desorption
studies were summarized in Table S4 of the Supporting
Information. La2O3-sawdust can be successfully regenerated
without any change in efficiency by reloading of La oxide on the
sawdust. In contrast, arsenic binding on ZrO2-sawdust is strong;
only about 30% of arsenite and arsenate can be desorbed using
1 M NaOH. As a result, subsequent arsenic adsorption was
decreased to about 50% upon reloading of ZrO2.

■ CONCLUSION
In summary, renewable low-cost sawdust material was used as
an efficient adsorbent for both arsenite and arsenate anions
using surface engineering. La or Zr oxide was incorporated on
the sawdust surface and used for extraction of arsenic anions
from water. At pH 7, the Langmuir adsorption capacities of
La2O3-sawdust were 22 and 28 mg/g for arsenite and arsenate,
respectively, while those observed for ZrO2-sawdust were 29 for
arsenite and 12 mg/g for arsenate. In comparison to similar
sawdust-based adsorbent materials reported in the literature,
the surface-modified sawdust showed higher adsorption
capacities and can be used to remove both arsenite and
arsenate anions. In addition, such modified sawdust can be used

Figure 7. Effect of (A) pH and ionic strength by addition of (B) NaCl
salt, (C) nitrate, (D) sulfate, and (E) phosphate anion concentration
on arsenite and arsenate anion removal using La2O3- and ZrO2-
sawdust materials. ■ La2O3-sawdust−arsenite; (dark gray box) La2O3-
sawdust−arsenate; (light gray box) ZrO2-sawdust−arsenite; and □

ZrO2-sawdust−arsenate. Extractions were done at ambient conditions.

Figure 8. XPS spectra of (A) La2O3 on La2O3-sawdust, (B) ZrO2 on ZrO2-sawdust, (C) arsenite and (D) arsenate anions adsorbed on La2O3-
sawdust, and (E) arsenite and (F) arsenate anions adsorbed on ZrO2-sawdust. The extractions were done in ambient conditions.
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directly at neutral pH 7. Electrostatic interaction is the
dominant adsorption mechanism for La2O3-sawdust, while
ZrO2-sawdust binds arsenic through ligand exchange with
surface hydroxyl groups. La2O3- and ZrO2-sawdusts showed
better selectivity toward arsenate and arsenite anions in the
presence of other interfering anions such as nitrate, sulfate, and
phosphate anions. La2O3-sawdust, which is a suitable adsorbent
for both arsenite and arsenate, can be fully regenerated by
washing with dilute nitric acid and reloading with La oxide.
Additional work is in progress to improve the extraction
efficiency of sawdust for all anions.

■ ASSOCIATED CONTENT
*S Supporting Information
Supporting characterization data of the adsorbents and extra
information. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: chmsv@nus.edu.sg.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the Environment and Water Industry
Programme Office (EWI) under the National Research
Foundation of Singapore (PUBPP 21100/36/2, NUS WBS
R-706-002-013-290, R-143-000-458-750, and R-143-000-458-
731) for funding the project. They also thank the Department
of Chemistry and NUS-Environmental Research Institute,
National University of Singapore for funding and technical
support. D.S. gratefully thanks EWI for a Ph.D. scholarship.

■ REFERENCES
(1) Burkel, R. S.; Stoll, R. C. Naturally occurring arsenic in sandstone
aquifer water supply wells of north-eastern Wisconsin. Groundwater
Monit. Rem. 1999, 19, 114−121.
(2) Borgono, J. M.; Greiber, R. Epidemiological study of arsenicism
in the city of Antofagasta. Trace Subst. Environ. Health 1971, 5, 13−24.
(3) Chakraborti, D.; Rahman, M. M.; Paul, K.; Chowdury, U. K.;
Sengupta, M. K.; Lodh, D.; Chanda, C. R.; Saha, K. C.; Mukherjee, S.
C. Arsenic calamity in the Indian subcontinent: What lessons have
been learned? Talanta 2002, 58, 3.
(4) Das, D.; Chatterjee, A.; Samanta, M.; Chowdury, G. B. K.;
Chowdury, T. R.; Fowler, B. A. Biological and Environmental Effects of
Arsenic; Vol. 6; Elsevier Science Publisher: Amsterdam, 1983.
(5) Hassan, M. M. Arsenic Ppoisoning in Bangladesh: Spatial
Mitigation Planning with GIS and Public Participation; Health Policy,
in press.
(6) Hossain, M. F. Arsenic contamination in BangladeshAn
overview. Agric. Ecosyst. Environ. 2006, 113, 1−16.
(7) Grantham, D. A.; Jones, J. F. Arsenic contamination of water
wells in Nova Scotia. J. Am. Water Works Assoc. 1977, 69, 653−657.
(8) Milton, A. H.; Hasan, Z.; Rahman, A.; Rahman, M. Chronic
arsenic poisoning and respiratory effects in Bangladesh. J. Occup.
Health 2001, 43, 136−140.
(9) Giberson, A.; Vaziri, N. D.; Mirahamadi, K.; Rosen, S. M.
Hemodialysis of acute arsenic. Arch. Int. Med. 1978, 138, 1267−1269.
(10) Chakraborty, A. K.; Saha, K. C. Arsenical dermatosis from tube
well water in West Bengal. Indian J. Med. Res. 1987, 85, 326−334.
(11) Borgono, J. M.; Vincent, P.; Venturino, H.; Infante, A. Arsenic in
the drinking water of the city of Antofagasta: Epidemiological and
clinical study before and after the installation of a treatment plant.
Environ. Health Perspect. 1977, 19, 103−105.

(12) Hutchinson, J. Arsenic cancer. Br. Med. J. 1887, 2, 1280−1281.
(13) Biswas, B. K.; Inoue, J.; Inoue, K.; Ghimire, K. N.; Harada, H.;
Ohto, K.; Kawakita, H. Adsorptive removal of As(III) and As(V) from
water by a Zr(IV)-loaded orange waste gel. J. Hazard. Mater. 2008,
154, 1066−1074.
(14) Deans, J. R.; Dixon, B. G. Uptake of Pb2+ and Cu2+ by novel
biopolymers. Water Res. 1992, 26, 469−472.
(15) Low, K. S.; Lee, C. S. Sorption of cadmium and lead from
aqueous solutions by spent grain. Process Biochem. 2000, 36, 59−64.
(16) Kumar, P.; Dara, S. S. Binding heavy metal ions with
polymerized onion skin. J. Polym. Sci., Polym. Chem. Ed. 1981, 19,
397−402.
(17) Khalid, N.; Ahmad, S.; Kiani, S. N.; Ahmed, J. Removal of
mercury from aqueous solutions by adsorption to rice husks. Sep. Sci.
Technol. 1999, 34, 3139−3153.
(18) Duvnjak, Z.; Al-Asheh, S. Binary metal sorption by pine bark:
Study of equilibria and mechanisms. Sep. Sci. Technol. 1998, 33, 1303−
1329.
(19) Yu, B.; Zhang, Y.; Shukla, A.; Shukla, S.; Dorris, K. L. The
removal heavy metal from aqueous solution by sawdust adsorption-
removal of copper. J. Hazard Mater. 2000, B80, 33−42.
(20) Marchetti, V.; Clement, A.; Gerardin, P.; Loubinoux, B.
Synthesis and use of esterified sawdusts bearing carboxyl group for
removal of cadmium(II) from water. Wood Sci. Technol. 2000, 34,
167−173.
(21) Gloaguen, V.; Morvan, H. J. Removal of heavy metal ions from
aqueous solution by modified barks. Environmental Sci. Health 1997,
A32, 901−912.
(22) Ajmal, M.; Khan, A. H.; Ahmad, S. Role of sawdust in the
removal of copper(II) from industrial wastes. Water Res. 1998, 32,
3085−3091.
(23) Okieimen, F. E.; Maya, A. O.; Oriakhi, C. O. Sorption of
cadmium, lead, and zinc ions on sulphur-containing chemically
modified cellulosic materials. Int. J. Environ. Anal. Chem. 1987, 32,
23−27.
(24) Bulut, Y.; Bayzal, Z. Removal of Pb(II) from wastewater using
wheat bran. J. Environ. Manage. 2006, 78, 107−113.
(25) Rao, N. N.; Kumar, A.; Kaul, S. N. Alkali-treated straw and
insoluble straw xanthate as low cost adsorbents for heavy metal
removal-preparation, characterization and application. Bioresour.
Technol. 2000, 71, 133−142.
(26) Shukla, A.; Zhang, Y.-H.; Dubey, P.; Margrave, J. L.; Shukla, S. S.
The role of sawdust in the removal of unwanted materials from water.
J. Hazard. Mater. 2002, B95, 137−152.
(27) Li, Q.; Zhai, J.; Zhang, W.; Wang, M.; Zhou, J. Kinetic studies of
adsorption of Pb(II), Cr(III) and Cu(II) from aqueous solution by
sawdust and modified peanut husk. J. Hazard. Mater. 2007, 141, 163−
167.
(28) Urik, M.; Littera, P.; Sevc, J.; Kolencik, M.; Cernansky, S.
Removal of arsenic (V) from aqueous solutions using chemically
modified sawdust of spruce (Picea abies): kinetics and isotherm
studies. Int. J. Environ. Sci. Technol. 2009, 6, 451−456.
(29) Misra, M.; Nayak, D. C. U.S. Patent 5,603,838, 1995.
(30) Kosmulski, M. Chemical Properties of Material Surfaces; Marcel
Dekker: New York, 2001.
(31) Cui, H.; Li, Q.; Gao, S.; Shang, J. K. Strong adsorption of arsenic
species by amorphous zirconium oxide nanoparticles. J. Ind. Eng. Chem.
2012, 18, 1418−1427.
(32) Tokunaga, S.; Wasay, S. A.; Park, S.-W. Removal of arsenic(V)
ion from aqueous solution by lanthanum compounds. Wat. Sci.
Technol. 1997, 35, 71−78.
(33) Mallampati, R.; Valiyaveettil, S. Apple peelsa versatile biomass
for water purification? ACS Appl. Mater. Interfaces 2013, 5, 4443−
4449.
(34) Pu, H.; Huang, J.; Jiang, Z. Removal of Arsenic(V) from
aqueous solutions by lanthanum-loaded zeolite. Acta Geol. Sin. 2008,
82, 1015−1019.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500458x | ACS Sustainable Chem. Eng. 2014, 2, 2722−27292728

http://pubs.acs.org
mailto:chmsv@nus.edu.sg


(35) Wasay, S. A.; Haron, M. J.; Tokunaga, S. Adsorption of fluoride,
phosphate, and arsenate ions on lanthanum-impregnated silica gel.
Water Environ. Res. 1996, 68, 295−300.
(36) Trammell, B. C.; Hillmyer, M. A.; Carr, P. W. A study of the
Lewis acid-base interactions of vinylphosphonic acid-modified
polybutadiene-coated zirconia. Anal. Chem. 2001, 73, 3323−3331.
(37) Bouyer, F.; Sanson, N.; Destarac, M.; Gerardin, C. Hydrophilic
block copolymer-directed growth of lanthanum hydroxide nano-
particles. New J. Chem. 2006, 30, 399−408.
(38) Wang, F.; Ta, N.; Li, Y.; Shen, W. La(OH)3 and La2O2CO3

nanorod catalysts for Claisen−Schmidt condensation. Chin. J. Catal.
2014, 35, 437−443.
(39) Suemitsu, R.; Osako, M.; Tagiri, N. The use of dyestuff-treated
sawdusts for removal of heavy metals from waste water. Sci. Eng. Rev.
1986, 27, 41−48.
(40) Hu, C.; Liu, H.; Dong, W.; Zhang, Y.; Bao, G.; Lao, C.; Wang,
Z. L. La(OH)3 and La2O3 nanobeltssynthesis and physical
properties. Adv. Mater. 2007, 19, 470−474.
(41) Ren, Z. M.; Zhang, G. S.; Chen, J. P. Adsorptive removal of
arsenic from water by an iron−zirconium binary oxide adsorbent. J.
Colloid Interface Sci. 2011, 358, 230−237.
(42) Namasivayam, C.; Kavitha, D. Adsorptive removal of 2-
chlorophenol by low-cost coir pith carbon. J. Hazard. Mater. 2003,
B98, 257−274.
(43) Otero, M.; Rozada, F.; Calvo, L. F.; Garcia, A. I.; Moran, A.
Kinetic and equilibrium modelling of the methylene blue removal from
solution by adsorbent materials produced from sewage sludges.
Biochem. Eng. J. 2003, 15, 59−68.
(44) Ho, Y. S. Review of second-order models for adsorption
systems. J. Hazard. Mater. 2006, 136, 681−689.
(45) Vijayaraghavan, K.; Palanivelu, K.; Velan, M. Biosorption of
copper(II) and cobalt(II) from aqueous solutions by crab shell
particles. Bioresour. Technol. 2006, 97, 1411−1419.
(46) Weber, W. J., Jr; McGinley, P. M.; Katz, L. E. Sorption
phenomena in subsurface systems: Concepts, models and effects on
contaminant fate and transport. Water Res. 1991, 25, 499−528.
(47) Vijayaraghavan, K.; Padmesh, T. V. N.; Palanivelu, K.; Velan, M.
Biosorption of nickel(II) ions onto Sargassum wightii: Application of
two-parameter and three-parameter isotherm models. J. Hazard. Mater.
2006, B133, 304−308.
(48) Adamson, A. W.; Gast, A. P. Physical Chemistry of Surfaces, 6th

ed.; Wiley- Interscience, New York, 1997.
(49) Ghimire, K. N.; Inoue, K.; Yamaguchi, H.; Makino, K.;
Miyajima, T. Adsorptive separation of arsenate and arsenite anions
from aqueous medium by using orange waste. Water Res. 2003, 37,
4945−4953.
(50) Manju, G. N.; Raji, C.; Anirudhan, T. S. Evaluation of coconut
husk carbon for the removal of arsenic from water. Water Res. 1998,
32, 3062−3070.
(51) Murugesan, G. S.; Sathishkumar, M.; Swaminathan, K. Arsenic
removal from groundwater by pretreated waste tea fungal biomass.
Bioresour. Technol. 2006, 97, 483−487.
(52) Baes, A. U.; Okuda, T.; Nishijima, W.; Shoto, E.; Okada, M.
Adsorption and ion exchange of some groundwater anion contami-
nants in an amine modified coconut coir. Wat. Sci. Technol. 1997, 35,
89−95.
(53) Amin, Md. N.; Kaneco, S.; Kitagawa, T.; Begum, A.; Katsumata,
H.; Suzuki, T.; Ohta, K. Removal of arsenic in aqueous solutions by
adsorption onto waste rice husk. Ind. Eng. Chem. Res. 2006, 45, 8105−
8110.
(54) Chigbo, F. E.; Smith, R. W.; Shore, F. L. Uptake of arsenic,
cadmium, lead and mercury from polluted waters by the water
hyacinth Eichornia crassipes. Environ. Pollut. Ser. A. Ecol. Biol. 1982, 27,
31−36.
(55) Chong, S.; Holmstrom, D.; Li, Q.; Tong, O. Preparation and
evaluation of a Ce(IV)-La(III) binary hydroxide adsorbent as recovery
of waste ceria powder from glass polishing process for effective arsenic
removal. Vatten 2009, 65, 193−200.

(56) Hu, Y.; Guo, T.; Ye, X.; Li, Q.; Guo, M.; Liu, H.; Wu, Z. Dye
adsorption by resins: Effect of ionic strength on hydrophobic and
electrostatic interactions. Chem. Eng. J. 2013, 228, 392−397.
(57) Li, R.; Li, Q.; Gao, S.; Shang, J. K. Exceptional arsenic
adsorption performance of hydrous cerium oxide nanoparticles: Part
A. Adsorption capacity and mechanism. Chem. Eng. J. 2012, 185−186,
127−135.
(58) Goldberg, S.; Johnson, C. T. Mechanisms of arsenic adsorption
on amorphous oxides evaluated using macroscopic measurements,
vibrational Spectroscopy, and surface complexation modeling. J.
Colloid Interface Sci. 2001, 234, 204−216.
(59) Li, Z.; Deng, S.; Zhang, X.; Zhou, W.; Huang, J.; Yu, G. Removal
of fluoride from water using titanium-based adsorbents. Front. Environ.
Sci. Engin. China 2010, 4, 414−420.
(60) Sunding, M. F.; Hadidi, K.; Diplas, S.; Lovvik, O. M.; Norby, T.
E.; Gunnaes, A. E. XPS characterisation of in situ treated lanthanum
oxide and hydroxide using tailored charge referencing and peak fitting
procedures. J. Electron Spectrosc. 2011, 184, 399−409.
(61) Lee, J.; Koo, J.; Sim, H. S.; Jeon, H. Characteristics of ZrO2 films
deposited by using the atomic layer deposition method. J. Korean Phys.
Soc. 2004, 44, 915−919.
(62) Martinson, C. A.; Reddy, K. J. Adsorption of arsenic(III) and
arsenic(V) by cupric oxide nanoparticles. J. Colloid Interface Sci. 2009,
336, 406−411.
(63) Ding, M.; de Jong, B.H.W.S.D.; Roosendall, S. J.; Vredenberg, A.
XPS studies on the electronic structure of bonding between solid and
solutes: adsorption of arsenate, chromate, phosphate, Pb2+, and Zn2+

ions on amorphous black ferric oxyhydroxide. Geochim. Cosmochim.
Acta 2000, 64, 1209−1219.
(64) Tokunaga, S.; Hakuta, T. Acid washing and stabilization of an
artificial arsenic-contaminated soil. Chemosphere 2002, 46, 31−38.
(65) Zheng, Y. M.; Zou, S. W.; Nadeeshani Nanayakkara, K. G.;
Matsuura, T.; Chen, J. P. Adsorptive removal of arsenic from aqueous
solution by a PVDF/zirconia blend flat sheet membrane. J. Membr. Sci.
2011, 374, 1−11.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500458x | ACS Sustainable Chem. Eng. 2014, 2, 2722−27292729


