
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ay
 2

01
3.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

4:
24

:2
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Department of Civil and Environmental Engin

Kent Ridge, Singapore 117576. E-mail: paulche

† Electronic supplementary information
before and aer arsenic adsorption. TE
assay on the designed nanoparticles.
efficiency of the ZNC with the NSC. Gr
adsorption efficiency (qe). Effect of humi
silicate, phosphate and nitrate on the ad
sorbent. The atomic percentage data of
scan XPS spectra. See DOI: 10.1039/c3ta10

Cite this: J. Mater. Chem. A, 2013, 1,
8636

Received 28th February 2013
Accepted 9th May 2013

DOI: 10.1039/c3ta10858a

www.rsc.org/MaterialsA

8636 | J. Mater. Chem. A, 2013, 1, 86
A novel route to the engineering of zirconium
immobilized nano-scale carbon for arsenate removal
from water†

Narahari Mahanta and J. Paul Chen*

Carbon nanoparticles often contain several tunable functional groups on the surface that bring about

many interesting and unique properties. In this study, a novel class of hydrophilic carbons on a

nanometer scale was prepared from waste biomass with hydroxyl groups on the surface. Electron

microscopic studies showed that the prepared carbon particles have sizes of 50–70 nm. Raman

spectroscopy revealed that these particles were amorphous in nature with no aromatization.

Zirconium(IV) was then chemically immobilized to the hydroxyl group of the carbon under basic

conditions. It was found that zirconium (Zr) ions were successfully bound onto the nano-scale carbons

(NSC). The toxicity of the Zr-immobilized NS carbon (ZNC) was investigated using breast cancer stem

cells (MCF7); no cytotoxic effects on the cells were found after 5 days of incubation. The nano-scaled

adsorbent was used for the adsorption of arsenic. It was found that 70 to 75% of its final adsorption

was achieved within the first 10 min, much faster than many other adsorbents. The high oxophilicity of

Zr(IV) ions results in the fast adsorption of arsenate anions. The Langmuir equation well described the

adsorption isotherm; the maximum adsorption capacity was around 110 mg g�1 at the optimal pH. The

commonly existing anions such as fluoride, phosphate and nitrate as well as humic acid had no

significant effects on the uptake. However, silicate ions had a large influence on the adsorption. Fourier

transform infrared spectroscopy and X-ray photoelectron spectroscopic analysis revealed that the

negatively charged arsenate forms chemical linkages with the ZNCs (via the electropositive metal (Zr4+)

precursor). From this study it was concluded that adsorption by ZNC would be a better solution for

arsenic contaminated surface and groundwater.
Introduction

In the last few decades, tremendous progress has been made in
reducing the levels of environmental contamination. Out of the
existing techniques, adsorption is an economic and effective
method for waste treatment, because the adsorbent can be
regenerated by a suitable desorption process and its cost is
relatively low. Recently, various mesoporous and nano-adsor-
bents are used for water treatment.1–5

There have been increasing demands for the application of
novel carbonaceous materials in water treatment due to their
eering, National University of Singapore, 10
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low cost and high efficiency. Several methods have been used
for the preparation of synthetic carbons, such as carbonization,
electro-spinning, laser ablation and hydrothermal carboniza-
tion.6 These processes can be used for the development of
porous amorphous or semi-crystalline carbonaceous materials
with tunable shape, size and surface functionality.

Carbon derived from waste biomass is considered environ-
mentally friendly and widely available on a large scale.7–9 Several
metal ions were reportedly fused on to the carbonaceous
materials during high temperature treatment to achieve special
chemical and physical properties for use as adsorbents in water
treatment.10,11 The preparation of such carbonaceous materials
in high temperature environments can cause high porosity and
very high surface areas that enhance adsorption capacity.12,13 On
the other hand, high temperatures may eliminate the surface
functional groups, which makes these particles more hydro-
phobic. Owing to that, the design of suitable functionality on
the surface of carbon materials is still challenging.

A variety of pollutants exist in various forms in contaminated
water. Arsenic contamination in water systems is a serious
threat and now arises as a challenging issue worldwide due to
This journal is ª The Royal Society of Chemistry 2013
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the acute and chronic toxicity.14,15 Since 2006, the World Health
Organization (WHO)16 and United States Environmental
Protection Agency (EPA)17 have declared a concentration of
10 mg L�1 as the maximum contaminant level (MCL) for arsenic
in safe drinking water. Serious health problems associated with
higher concentrations of arsenic in drinking water in countries
such as China, Bangladesh, and India are well reported.18–22

Various techniques have been proposed for the removal of
arsenic from water.23,24 Compared to different approaches for
arsenic removal, adsorption has several advantages such as low
material costs and energy consumption, a good track record,
high reliability, and ease of operation. The adsorption process
deals with engineered solid phase substrates acting as an
adsorbent for binding of pollutants by chemical and/or physical
mechanisms. Several micro and nano-scale particles such as
activated alumina,25 carbon char,26 titanium dioxide and iron
oxide-coated sand for arsenic removal27 have been developed for
decontamination for arsenic. Additional efforts for develop-
ment include the functionalization of various polymeric
membranes with suitable binding groups28,29 and the use of
naturally occurring cellulosic waste materials and other plant
biomass.30,31 More work would have to be done on the devel-
opment of cost-effective adsorbents in spite of some success in
the R&D area. For example, it is common that the equilibrium
time for the adsorption of arsenic takes longer than one day.
From an engineering standpoint, such an adsorbent cannot be
acceptable as the hydraulic retention time of the treatment
system would be large and thus the treatment cost would be
high.

The present study focuses on the development of a new class
of adsorbent, which has a high content of arsenic adsorption
sites. A hydrophilic carbonaceous substrate was derived from
readily available low-cost waste biomass. The Zr(IV) ions were
immobilized onto the hydroxyl groups of the nano-scale
carbons (NSC), which were directly used for arsenic removal.
The physico-chemical properties of the designed adsorbent
were investigated by various analytical techniques. The toxicity
of our designed particles was tested using breast cancer stem
cells MCF-7 and the results are discussed in detail. A series of
adsorption experiments was conducted to obtain key opera-
tional parameters for the adsorption process.
Experimental
Materials

Raw natural old leaves were collected from the tree Swietenia
macrophylla of the family Meliaceae, from an area near to the
National University of Singapore (NUS), Singapore. Ammonia
solution (25%) and sodium hydroxide were purchased from
Merck. Zirconium(IV) oxychloride (ZrOCl2$8H2O) was purchased
from SCRC (China). Sodium arsenate dibasic heptahydrate
(Na2HAsO4$7H2O) was purchased from Sigma-Aldrich. Sulfuric
acid (75–97%) was purchased from Honeywell, Specialty
Chemicals Seelze GmbH, Germany. Sodium chloride (99.8%)
was purchased from Uni-Chem� Chemical Reagents. Sodium
nitrate, sodium uoride, trisodium phosphate, sodium silicate
and humic acid were purchased from Sigma-Aldrich. All other
This journal is ª The Royal Society of Chemistry 2013
chemicals were used without further purication. Millipore
water was used for all experimental procedures.

Preparation of sorbent

Old tree leaves were collected from waste material and washed
thoroughly with water and then dried at room temperature. For
carbonization, dried leaves were treated with conc. sulfuric acid
for 2 days. The resulted nano-scale carbon was washed thor-
oughly with DI water and treated with dilute sodium hydroxide
until neutralized. The resultant neutralized NSC was dried
using a lyophilizer and stored under dry conditions. The clean
carbon was immersed in a 40% aqueous solution of
ZrOCl2$8H2O and kept for constant homogenization up to 12 h.
The NSC was soaked with Zr-salt solution and then exposed to
ammonia vapour to enable crosslinking in a closed system for
12 h. Repeated cleaning with DI water was carried out to remove
excess unreacted Zr-salt. The Zr-immobilized NS carbon (ZNC)
was then freeze-dried prior to use for the arsenic removal
studies.

Characterization of sorbent

The morphology of the prepared carbon was recorded using
eld emission scanning electron microscopy (FESEM, JEOL
JSM-6701F). The samples were kept on double sided carbon
tape and a thin layer of platinum was coated for viewing under
the electron microscope. The designed ZNC was deposited on
prepared TEM copper grids and used for a transmission elec-
tron microscopy (TEM) study using a JEOL JEM 2010 instument,
operating at 200 kV. Quantitative determination of arsenic and
other elements was carried out by the Perkin-Elmer Optima
7300 dual view inductively coupled plasma optical emission
spectrometer (ICP-OES). Aer adsorption experiment, the
presence of arsenic was analyzed by an energy dispersive X-ray
spectrophotometer (EDX, JEOL JED 2300). The surface of the
sorbent was analyzed by X-ray photoelectron spectroscopy (XPS)
(Kratos XPS system-Axis His-165 Ultra, Shimadzu, Japan). The
XPS results were collected in binding energy form and tted
using a non-linear least-square curve tting program
(XPSPEAK41 Soware). The Fourier transform infrared spectra
of the samples, before and aer adsorption experiments, were
measured by Varian 3100 FTIR. The spectra were collected
within the wave number range from 400 to 4000 cm�1. The
Brunauer–Emmett–Teller (BET) surface area was measured
using a N2 physical adsorption method with a surface area
analyzer (Micromeritics ASAP 2020). Prior to the BET measure-
ment, samples were degassed in a vacuum oven at 120 �C for
10 h. The relative pressure range (P/P0) of 0.05–0.30 was used for
calculating the BET surface area.

Cytotoxicity analysis

ZNC was sterilized under UV and dispersed in DI water prior to
analysis. Breast cancer stem cell lines (MCF7) were purchased
from a commercial source (American Type Culture Collection,
USA). The maintenance and quantication procedures were
followed according to ref. 32. A known number of MCF-7 cells
were seeded in 96-well plates (Corning, Costar, NY) with a cell
J. Mater. Chem. A, 2013, 1, 8636–8644 | 8637
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density of 5 � 103 cells per well in 100 mL media and kept
overnight for the adhesion of cells on the bottom of the well. A
time dependent toxicity study was performed at different
incubation times (1 day, 3 days and 5 days) aer addition of the
nanoparticles.
Adsorption experiments

A stock solution of sodium arsenate (1000 mg L�1) was prepared
by dissolving Na2HAsO4$7H2O in DI water. The freshly prepared
arsenate stock solution was used for batch adsorption experi-
ments by diluting to the test concentration. In the pH effect
experiments, a stock solution of arsenate (100 mg L�1, 50 mL)
was prepared and the pH was varied from 1.5 to 11. Nitric acid
and/or sodium hydroxide (both 1 M) were used to maintain the
pH of the arsenate test solution. Sorbent with a dosage of 1 g L�1

was added; the designed solutions were constantly shaken for
48 h at room temperature. The solutions were then ltered
using a 0.45 mm lter and the arsenic concentration of the
ltrate was analyzed by ICP-OES.

Three sets of adsorption kinetic experiments were carried
out under two sets of working pH conditions. In the rst
experiment, 0.5 g sorbent was added into 500 mL of arsenate
solution (200 ppm) at an initial pH of 2.5. In the second
experiment, 50 mg of adsorbent was added into 500 mL
(20 ppm) of arsenate solution at the same pH. In another
approach, the adsorption experimental conditions are same as
the second set of experiments, except that the initial pH of the
solution was xed at 7. At different time intervals, small volume
samples were withdrawn from the shaking bottle and the nal
arsenic concentration of the solution was determined by using
ICP-OES.

In the adsorption isotherm study, arsenate solutions (50 mL)
with a known initial concentration (10 to 200 ppm) were
prepared in glass bottles; 50 mg of the sorbent was added to
each vial where the initial pH of the arsenate solution was
maintained at 2.5. All designed test samples were shaken at
room temperature for 48 h and the remaining concentration of
arsenic was quantied.

Humic acid (HA) and common anions such as F�, SO4
2�,

PO4
3�, and SiO3

2� normally exist in natural water. Hence in our
investigation, the effects of their presence on the arsenic uptake
were studied in detail. Arsenate solutions (50 mL) with an initial
concentration of 100 ppm were prepared and different
concentrations of HA and coexisting anions were added into the
solution. The mixture was shaken at room temperature for 48 h
and the concentration of arsenic remaining in the samples were
analyzed by ICP-OES.
Results and discussion
Preparation of nano-scale carbon

Tree leaves basically consist of three main components, cellu-
lose, hemicellulose and lignin, where the proportion of these
constituents solely depends on the source.33 Lignin acts as a
cementing material and is mainly composed of polymers of
arylpropane units which bind to cellulose and hemicellulose.
8638 | J. Mater. Chem. A, 2013, 1, 8636–8644
Hemicelluloses are short length polysaccharide based polymers
and are generally amorphous in nature. However, cellulose is
composed of anhydroglucose rings linked via b-1,4-glycosidic
bonds.34 The bonds present in the anhydroglucose rings can be
easily broken by strong acid treatment. Furthermore, the
alternate hydroxyl groups of the polysaccharides can be easily
removed by treatment with sulphuric acid through a dehydra-
tion reaction, leaving behind the dangling C]C moiety. Hence
strong acid treatment would cause the following changes:
breaking of the glucopyranose unit, ring opening, and dehy-
dration. These changes may cause the formation of a small
carbonaceous precursor on a nanometer level. In the acid
dehydration, a few le over hydroxyl groups may cause the
hydrophilic behaviour of the NSC. The possible reaction
pathway for the formation of NSC is shown below.

(C6H10O5)n + sulfuric acid / 6nC + 5nH2O

The sizes of the resultant NSCs prepared by this process are
50–70 nm as shown in Fig. 1a. The BET study shows that the
NSCs have a surface area of 29 m2 g�1 with a total pore volume
of 0.0217 cm3 g�1. This value is much smaller than the activated
carbons prepared by conventional methods.35 As the NSC is
hydrophilic in nature, there may be some interactions due to
hydrogen bonds in between the hydroxyl groups which may
cause their compactness. In addition, there may not be any
internal pores existing in the NSC. As such, the specic surface
area of the NSC is lower.

Furthermore, the prepared NSCs were characterized by
Raman spectroscopy. As shown in Fig. 1b, the G band is a bond
stretching vibration, which is due to the sp2 sites of the short
olenic chains or aromatic rings. The D band is breathing
vibration of a 6 fold aromatic ring, and it occurs only when the
sp2 sites are in aromatic rings. It is demonstrated that the
intensity of G band is higher, which represents the higher
amount of sp3 character and sp2 with short C]C olenic link-
ages. This indicates that the prepared NSC is amorphous in
nature without any regular conjugated double bonds, and with
a lack of aromatization.

Preparation of Zr-immobilized nano-scale carbon

A novel vapour crosslinking technique was used for immobili-
zation of Zr-ions on to the hydrophilic nano-scale carbon
particles, forming the ZNC. The novel adsorbent is designed for
the effective removal of toxic anions such as arsenic. In the
preparation, Cl� is replaced by –OH in basic medium to form
hydroxo- and oxo-polynuclear complexes.36,37 Furthermore, the
formation of alkoxide ions donates electrons to the vacant
d-orbitals of the Zr-ions that results in the formation of a
coordination complex. According to the HSAB concept, Zr(IV)
ion is categorized as a hard acid. The transition metal, Zr(IV) ion
imparts high oxophilicity and hence has a high tendency to
form complexes with arsenate ligands.

The formation of linkages aer the immobilization of
zirconium on to hydroxyl groups of the carbon precursor was
investigated using FTIR spectroscopy. The FTIR spectra of the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Surface study of the NSC: (a) FESEM image; (b) Raman spectrum.

Fig. 2 FTIR spectra of the (a) pristine NSC, (b) ZNC and (c) after arsenic
adsorption on to the ZNC.

Fig. 3 Adsorption kinetics of arsenate adsorbed onto the sorbent (a) [ZNC] ¼ 1
g L�1, [As]0 ¼ 200 ppm, pH¼ 2.5; (b) [ZNC]¼ 0.1 g L�1, [As]0 ¼ 20 ppm, pH¼ 2.5;
(c) [ZNC] ¼ 0.1 g L�1, [As]0 ¼ 20 ppm, pH ¼ 7; T ¼ 22 � 1 �C.

This journal is ª The Royal Society of Chemistry 2013
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prepared NSCs and ZNCs are shown in Fig. 2. The wave number
recording range of this experiment was from 400 to 4000 cm�1.
It can be seen that there is a strong absorption peak in the range
3400–3600 cm�1 that is due to O–H stretching vibrations; this
indicates the presence of a high content of hydroxyl groups on
the surface of the carbon. The absorption peaks at 2846 and
2923 cm�1 indicate the presence of sp3 and sp2 carbons,
respectively. The peak at 1628 cm�1 indicates the stretching
vibrations due to an unsymmetrical olenic bond between the
carbon atoms which also indicates the formation of C]C by the
dehydration reaction of the cellulose moiety. For the ZNC there
is a peak at 1373 cm�1 that is due to the bending vibration of
–OH groups on the surface of the C–Zr adsorbent.

Furthermore, the presence of Zr-ions on the functionalized
NSC was analysed by EDX spectroscopy (ESI-1†). From the EDX
analysis, it is observed that the peak intensity of zirconium is
very high; this indicates the immobilization of the zirconium
moiety on to the hydroxyl groups of the NSC. Furthermore, a
high amount of chlorine from ZrOCl2 is clearly absent, which
reveals that the formation of a coordination complex on the
ZNC. This conrms the formation of chemical bonds between
the hydroxyl groups of carbon and the Zr4+ precursor.

The nding from TEM analysis of the ZNC is given in ESI-2.†
As the carbonaceous materials are amorphous in nature, the
recorded image is not as dark as the metallic nanoparticles. In
addition, some small particles can be observed, which is likely
due to some hydroxide derivatives of zirconium particles on the
carbon precursor.
Toxicity analysis of Zr-immobilized NSC

Nanotechnology has found wide applications in various
commercial areas. Some nano-particles are reportedly toxic in
nature and may cause various health hazards to human tissues.38

The toxicity caused by various nanoparticles towards living
systems was documented by various groups.39,40 Our prepared
nanoparticles are targeted for use in water purication. Due to
J. Mater. Chem. A, 2013, 1, 8636–8644 | 8639
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Fig. 4 Graphs of (a) the effect of initial pH on arsenate adsorption and (b) the change in solution pH before and after arsenate adsorption (sorbent dose ¼ 1 g L�1,
initial concentration ¼ 100 mg L�1, T ¼ 22 � 1 �C).
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their nanometer sizes, there may be a chance that leaching of the
particles during water treatment operations may occur. Hence,
we studied the toxicity effect of our ZNC towards human cell lines
by in vitro study. We screened the cytotoxic effects by a cell
viability assay up to 5 days towards the breast cancer stem
cell (MCF7). It was observed that aer 5 days of co-culture, the cell
morphology was normal. This nding indicates that the ZNC is
not cytotoxic. Furthermore, the cell viability study at a regular
interval (day 1, day 3 and day 5) (ESI-3†) shows that thematerial is
free from any toxicity or toxic leaching.

Arsenic removal study

In natural arsenic contaminated water, arsenic exists in
different oxidation states, which is dependent upon the pH and
other environmental parameters. In the contaminated surface
water and groundwater, the inorganic species generally get
oxidised to arsenate by aerobic conditions.

The adsorption kinetics of arsenate onto the adsorbent is
important for the design and operation of a water treatment
system. Fig. 3 demonstrates the adsorption kinetics under
different dosages of adsorbent and initial arsenate concentra-
tions. An extremely fast rate of arsenate adsorption can be
observed; around 70–75% of the total adsorption efficiency is
Fig. 5 Adsorption isotherm of arsenate onto the sorbent: (a) linearized Langmuir

8640 | J. Mater. Chem. A, 2013, 1, 8636–8644
achieved within the rst 10min for all three sets of experiments.
The adsorption efficiency is higher when the initial pH is 2.5. At
pH 7 and an initial concentration of 20 ppm, a decrease in
efficiency is observed.

The observation here illustrates that our sorbent outperforms
many other sorbents for arsenic removal.41 The arsenic adsorbed
samples were characterized by EDX analysis and shown in ESI-4.†
From the gure it can be seen that the atomic proportions of
zirconium and arsenic are around 10.3 and 5% respectively. As
during EDX analysis, carbon tape was used for xing the samples
and platinum was coated on to the heterogeneous sample
surface, hence this valuemay not be the exact atomic percentage.
Rather this study can be accounted as a qualitative measure of
the presence of the arsenic moiety on the ZNC surface.

In addition, we carried out an experiment to compare the
adsorption behaviour of arsenic onto the ZNCwith that of theNSC.
As shown in ESI-5,† the adsorption efficiencies of NSC at pH 7 and
pH2.5 are around12and46mgg�1, respectively. This study reveals
that the NSC underperforms the ZNC in the adsorption of arsenic.

Effect of pH

As shown in Fig. 4a, the arsenate adsorption is greatly depen-
dent upon the solution pH. At an acidic pH in the range 2 to 2.5,
isotherm; and (b) linearized Freundlich isotherm.

This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3ta10858a


Table 1 Langmuir and Freundlich isotherm constants for adsorption of arsenate

Langmuir parameters Freundlich parameters

qmax (mg g�1) b (L mg�1) r2 c2 Kf n r2 c2

Linear 109.89 0.883 0.999 N.A 39.5 3.61 0.880 N. A.
Non-linear 110.7 0.703 0.974 35.07 51.56 5.405 0.869 181.73

Fig. 6 Adsorption isotherms of arsenate on to the adsorbent with experimental
data fitting by Langmuir and Freundlich isotherms. The curves are based on the
parameters obtained by the non-linear approach.

Fig. 7 Wide scan XPS spectra of (a) NSC, (b) ZNC and (c) As-bonded ZNC.
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the best adsorption of around 110 mg As per gram can be
achieved. The adsorption gradually decreases with increasing
pH. At pH 7 � 1 that is common in surface and groundwater,
the adsorption is still well maintained at 40 mg As per gram,
which outperforms many commercially available adsorbents.
This result indicates that our adsorbent is suitable for the
treatment of both industrial wastewater (oen acidic) and
surface/ground water (pH 7 � 1).

The higher adsorption at acidic pH is due to protonation on
the surface of the adsorbent. Furthermore, at acidic pH the
arsenic species is a negatively charged form such as H2AsO4

�.
This journal is ª The Royal Society of Chemistry 2013
Hence the adsorption is favourable in acidic solutions. As the
surface of sorbent becomes negatively charged at higher pH,
less sorption occurs. Fig. 4b shows the pH before and aer
sorption. The sorbent seems to have a good buffering effect on
the solution. The nal pH increases when the initial pH is
increased. Furthermore, a gure of adsorption efficiency (qe) vs.
the nal pH was plotted and shown in ESI-6.† It shows a
decrease in the adsorption efficiency at the nal pH in the range
2 to 6.
Adsorption isotherm

Langmuir and Freundlich equations can be used to describe
adsorption isotherms. The Langmuir model is applicable for
uniform adsorption processes, where each adsorption site on
the surface has identical binding sites and is described as
monolayer adsorption. The equation for the Langmuir model
can be expressed as follows.

qe ¼ qmaxbCe

1þ bCe

where qmax (in mg g�1) is the maximum amount of the adsor-
bate per unit weight of adsorbent to form a complete monolayer
on the surface bound at high equilibrium concentration, and b
is a constant related to the affinity of the binding sites (L mg�1).

The Langmuir coefficients qmax and b can be determined
from the slope and intercept of a linear plot of Ce/qe against Ce.

The linearized equation is expressed as:

Ce

qe
¼ 1

qmax

Ce þ 1

bqmax

The Freundlich adsorption isotherm mainly describes
adsorption on a heterogeneous surface and is expressed as:

qe ¼ KfC
1/n
e

Its linearized expression is shown as below:

ln qe ¼ lnKf þ 1

n
lnCe

where Kf and n are the Freundlich constants.
The manupulation of non-linear isotherm equations to

linearized forms implicitly alters their error structure and may
deviate the error variance and normality assumptions of the
standard least squares.42,43 Hence, it is important to analyze the
representative data set using the nonlinear chi-square test (c2),
to gure out the appropriate isotherm for the adsorption
system. c2 can be determined using the following equation:
J. Mater. Chem. A, 2013, 1, 8636–8644 | 8641
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Fig. 8 High resolution XPS spectra of O 1s core-level spectrum of (a) NSC; (b) ZNC; (c) As-bonded ZNC.
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c2 ¼
X �

qe � qe;m
�2

qe;m

where qe is the experimental value of adsorption at equilibrium
uptake and qe,m is the equilibrium uptake calculated using the
model.

The plots of Ce/qe against Ce and lnqe versus lnCe are shown
in Fig. 5; the parameters were calculated based on linear and
non-linear approaches and correlation coefficients (r2) are
summarized in Table 1. As shown, the experimental results were
better tted by the Langmuir isotherm when both methods for
the estimation of parameters are used.

From the Langmuir model, it can be found that the
maximum adsorption capacity of arsenate onto the adsorbent is
as high as 110 mg g�1 (Fig. 6). Compared to the other existing
nano-scaled sorbents for arsenic removal,44,45 our method is
Fig. 9 High resolution XPS spectra of As-bonded ZNC: (a) Zr 3d core level spectru

8642 | J. Mater. Chem. A, 2013, 1, 8636–8644
advantageous as the designed material is in the form of Zr(IV),
where the vacant d-orbitals more preferably forms bonds with
arsenate anions.
Effect of HA and coexisting anions

Natural ground water contains common natural organic matter
(NOM). This may affect the adsorption reaction. It may also
cause blockage of the adsorption sites.46 In our study, the effect
of NOM represented by humic acid (HA) on the adsorption was
investigated in detail and shown in ESI-7.† It is shown that the
presence of HA does not have any signicant inuence on the
adsorption; around 10% reduction in the adsorption can be
found when HA (10 mg L�1)is present in the water.

In addition, natural water contains several anions, which
may have competitive effects on the adsorption. F�, SiO3

2�,
m; (b) As 3d core level spectrum.

This journal is ª The Royal Society of Chemistry 2013
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PO4
2� and NO3

� were selected to represent the anions in
natural water. The concentrations of the coexisting anions were
within the levels present in natural environments.

As demonstrated in ESI-8,† there is no signicant inuence
on the adsorption in the presence of phosphate, nitrate and
uoride. This indicates that the arsenate acts as a stronger
legend than other anions towards our designed adsorbent.
However, silicate demonstrates a large inuence on the
adsorption behavior. On the other hand, the nding indicates
that our sorbent may also have good adsorption material for the
removal of silicates.
Spectroscopic analysis

The FTIR spectrum of the ZNC aer arsenic adsorption is shown
in Fig. 2c. There is a peak at 1373 cm�1 for ZNC which is due to
the bending vibration of –OH groups on the surface of the C–Zr
adsorbent. Aer the arsenic adsorption, there is a peak shi to
1459 cm�1 due to the As–OH bending vibration.

A strong peak appears at 864 cm�1 aer the adsorption,
which is due to the combination of both symmetric and asym-
metric stretching vibrations of the As–O bond. Furthermore, a
small peak at 659 cm�1 can be observed, which may be due to
the presence of As–OH asymmetric stretching. The above nd-
ings show solid evidence of the formation of bonds between
arsenate and the designed adsorbent.

The formation of a complex is due to the loosely coordinated
ligands (such as –OH2) on the Zr4+, which form bonds with arse-
nate anions. XPS was used to study the chemical properties of
different adsorbents. Fig. 7a reveals the presence of only carbon
(C 1s) and oxygen (O 1s) peaks on the surface of the NSC. The
presence of an oxygen peak is due to the surface hydroxyl groups
on the carbon, leading to the hydrophilicity. Similarly there areve
characteristics peaks for zirconium on the surface of ZNC (Fig. 7b),
which corresponds to the Zr 3s, Zr 3p1, Zr 3p3, Zr 3d and Zr 4p.
The peak intensity for C 1s in the ZNC is less than that of the NSC.

It can be observed from Fig. 7c that there are peaks which
correspond to arsenic: As 3s, As 3p, As 3d and As LMM that are
present on its surface. The elemental analysis of ZNC aer
arsenic adsorption reveals that the atomic percentages of
zirconium and arsenic are around 13.5 and 6, respectively
(ESI-9†). These ndings conrm the adsorption of arsenic onto
the sorbent. The peak intensity for C 1s of As-bonded ZNC
decreases compared to the wide scan spectra of NSC. This is due
to the incorporation of Zr, As and bonded oxygen. In addition,
the peak intensity of O 1s is increased in the case of As-bonded
ZNC, due to the presence of various bonded oxygens in the
adsorbent and arsenate species. The high resolution scan of the
O 1s spectrum of all samples (NSC, ZNC and As-bonded ZNC)
was deconvoluted into several individual peaks and is shown in
Fig. 8a–c. It can be observed that there is a peak with a binding
energy at 532.74 eV because of the presence of simple C–O or
C]O on the sorbent. In the case of ZNC, however, it is observed
that there is a clear peak with a binding energy at 530.25 eV that
can be assigned to Zr–O. The C–O/C]O peak arises with a
binding energy at 531.89 eV. In the case of As-bonded ZNC, the
peak intensity of Zr–O decreases drastically and the intensity of
This journal is ª The Royal Society of Chemistry 2013
the peak at 531.72 eV increases. Aer the complexation of
arsenate onto the ZNC, the proportion of arsenic increases to a
greater extent and hence the combined intensity of C–O/C]O/
As–O increases compared to ZNC.

Furthermore, Fig. 9a shows that the ZNC has peaks with
binding energies of 182.6 and 184.7 eV that correspond to Zr
3d3/2 and Zr 3d5/2, respectively.

Fig. 9b shows the high resolution XPS spectrum of ZNC aer
arsenic adsorption. A clear As 3d peak appears at a binding
energy of 46 eV which conrms the presence of an arsenic
species on the adsorbent, which is similar to the case of
adsorption of organic arsenic previously reported.47
Conclusions

A novel route is demonstrated for the development of a new
kind of adsorbent for the fast removal of arsenate from water.
The hydrophilic nano-scale carbon is rst prepared, which has
sizes ranging from 50 to 70 nm. Zirconium(IV) is then immo-
bilized onto the hydroxyl moiety of the NSC to form a highly
effective sorbent ZNC for the removal of arsenate. The
successful incorporation of zirconium onto the carbon is
conrmed by EDX analysis. Cytotoxic evaluation shows that the
ZNC is not toxic toward the breast cancer stem cells (MCF7)
aer 5 days of incubation.

The arsenate adsorption is highly dependent upon the
solution pH. The best removal can be achieved at an initial pH
of 2 to 3. As the pH is increased, the removal decreases.
The adsorbent apparently has a good buffering capacity for pH.
At neutral pH, the adsorption capacity is still maintained at 40
mg g�1, which is higher than many other reported adsorbent
materials.

The adsorption occurs rapidly; 70 to 75% of its nal removal
can be achieved within 10 min, which is much faster than many
conventional adsorbents. The adsorption process follows the
Langmuir adsorption behaviour. The maximum adsorption
capacity is as high as 110 mg g�1 at optimum pH. It is observed
that humic acid, uoride, nitrate and phosphate have no
signicant negative effects toward arsenate binding. However
the presence of silicate greatly hinders the adsorption. FTIR
spectroscopic analysis of As-bonded ZNC clearly indicates the
presence of peaks at 1459 and 864 cm�1, which conrmed the
chemical interaction between the negatively charged arsenate
with the electropositive metal (Zr4+) precursor. The complexa-
tion of arsenate on to the ZNC aer the adsorption process was
revealed by the appearance of a clear As 3d peak at a binding
energy of 46 eV, and the increased intensity of the O1s peak at
531.72 eV further conrmed the oxophilic character of the Zr(IV)
ions. The fast adsorption and high capacity can make the
designed ZNC adsorbent a promising advanced material for the
removal of arsenate from water in practical applications.
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