
Journal of Materials Science and Engineering B 3 (8) (2013) 483-492 

 

Removal of Arsenic from Waste Water by Using ZnO 
Nano-Materials 

Sanjay Srivastava and Yogesh Srivastav  
Material Science & Metallurgical Engineering, Maulana Azad National Institute of Technology, Bhopal M.P. 462051, India  
 
Received: July 08, 2011 / Accepted: August 02, 2013 / Published: August 25, 2013. 
 
Abstract: Zinc oxide has a unique position among semiconducting oxides due to its piezoelectric and transparent conducting 
properties. The catalyst-free synthesis of pure ZnO nanostructured material with 6-fold structural symmetry was synthesized by the 
chemical precipitation method. In this article, various nanostructures of ZnO which are grown by the chemical precipitation 
technique has been reported. Zinc oxide nanoparticles were synthesized by heating freshly prepared zinc hydroxide [Zn(OH)2] at 
150oC for two hours. The prepared compound was characterized by  the X-Ray diffraction technique. Zinc oxide nanoparticles 
possess high removal capacity of As (III), which can easily be separated and recycled during water treatment processes.  
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1. Introduction  

Zinc oxide (ZnO) is a unique material that exhibits 
Semiconductor as well as piezoelectric properties. It 
has high electrical conductivity and optical 
transmittance in the visible region. These properties 
make it an ideal candidate for applications like 
transparent conducting electrodes in flat panel 
displays and window layers of solar cells [1-4]. ZnO 
has a wide band gap of 3.37 eV and large exciton 
binding energy (60 meV) that exhibit many potential 
applications in areas such as laser diodes, solar cells, 
gas sensors, optoelectronic devices. By proper 
alloying with MgO or CdO, the band gap can be tuned 
in the range of 3-4 eV. ZnO nanostructures play an 
active role in nano devices like nano gas sensors, 
because  high surface area enhances the gas sensing 
properties of the sensors. ZnO has three crystal forms: 
the hexagonal wurtzite, cubic zinc Blende and cubic 
rock salt which is rarely observed. The Wurtzite 
structure is most commonly used as, it has high 
stability under normal working conditions. Hexagonal 
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and zinc Blende structures do not display inversion 
symmetry and due to these properties they are 
responsible for the piezoelectricity and pyroelectricity 
of ZnO. 

Gao et al., [5] have prepared the rotor-like ZnO 
nanostructure by a hydrothermal method. The 
hierarchical ZnO nanostructures with 6-, 4-, and 
2-fold structural symmetry that has been synthesized 
on In2O3 core nanowire by heating the intermixture of  
ZnO, In2O3 and graphite powder at 1,000 °C [6]. 

Recently, various techniques have been developed 
to fabricate ZnO nanocrystals with different shapes, 
which include metal-catalyzed vapor-liquid-solid 
(VLS) growth, physical vapor deposition (PVD), 
chemical vapor deposition (CVD), metal-organic 
vapor-phase epitaxy, metal-organic CVD, 
template-assisted growth and oxidation method [7-9]. 
During their growth, complicated synthesis 
procedures or the introduction of impurities is 
detrimental to the properties of the device. Exploring 
simple, cheap, catalyst-free and low-temperature 
methods of synthesizing hierarchical ZnO 
nanostructures still remains a challenge. ZnO is a 
material that has a diverse range of nanostructures, 
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whose configurations are far richer than any other 
known nanomaterials including carbon nanotubes [2, 
7, 10, 11]. As a part of these studies, 
photoluminescence (PL) spectra of ZnO 
nanostructures have been widely reported. Excitonic 
emission has been observed from the PL spectra of 
ZnO nanorods. Quantum confinement was also 
observed to be responsible in causing a blue shift in 
the near UV emission peak in the ZnO nanobelts. 
Some other fields of application include optical fibers, 
surface acoustic wave devices, solar cells, etc. [3, 7]. 
ZnO has a wide direct band gap (3.37 eV) and a 
relative large excitation binding energy (60 meV). 
Owing to its unique properties of wide band gap and 
large excitation binding energy, ZnO has the potential 
to be applied in chemical sensors, solar cells, 
luminescence devices etc. ZnO nanowires are also 
reported to behave like n-type semiconductor due to 
the presence of interstitial defects and vacancies [3, 
10-12]. The major roadblock of ZnO for widespread 
applications in electronics and Photonics is its 
problems with p-type doping. 

In this paper, we demonstrate a simple chemical 
precipitation route for the synthesis of ZnO 
nanostructure materials. The Zinc oxide nanostructure 
material was synthesized from zinc hydroxide. SEM 
and XRD analysis were carried out for the 
determination of surface feature and phase analysis. 
The UV-visible spectra of ZnO nanostructure 
materials were recorded with the help of 
spectrophotometer in the wavelength region of 
200-800 nm.   

Arsenic is one of the major pollutants in ground 
water and responsible for a number of diseases related 
to lungs, bladder and skin cancer. The toxicity of 
arsenic varies greatly according to its oxidation state. 
As(III) have been reported to be more toxic than 
As(V). This can be removed by chemical and physical 
methods. In this article, we use ZnO nanostructure 
materials for removing the As(III) from the 
wastewater.   

2. Experiments  

2.1 Material Synthesis 

Zinc oxide was prepared from Zinc hydroxide 
solution after neutralizing with NaOH. Conventional 
heating experiments were conducted on magnetic 
stirrer for the experiment. On the completion of the 
reaction, the solid and solution phases were separated 
by centrifugation and the solids were washed free of 
salts with de-ionized water thrice followed by ethanol 
twice. A white colored powder was calcined at 150 °C 
and then it was ground for uniformities of the powder. 
The dry synthetic powders were weighed and the 
percentage yield was calculated from the expected 
total amount of ZnO based on the solution 
concentration and volume and the amount that was 
actually crystallized.  

2.2 Characterization 

Powder X-Ray diffraction of prepared nanosized 
ZnO was recorded with the help of Rigaku X-ray 
diffractometer between 10° to 60° using CuKα 
radiation (1.5414 Å). The UV-Visible spectra of all 
the solutions were recorded with the help of using 
Jasco V 500 spectrophotometer in the wavelength 
region of 200-800 nm. The metallographic specimens 
were prepared using standard technique and studied 
under SEM for observing the different feature present 
in the nanostructure materials. 

2.3 Arsenic Removal Experiments 

A solution made by diluting As(III) standard 
solution (0.01 M, 0.03 M, 0.05 M concentration 
solutions of arsenic oxide (As2O3), Sigma-Aldrich) in 
deionized water was used as a source of As(III). The 
acidity of the solution was maintained by using nitric 
acid. Different concentrations of As(III) solution were 
prepared at a pH of 4.0. ZnO nanostructure materials 
were used to remove the As(III) from the water 
solution. For each sample, 0.02 g of synthesized ZnO 
powder was added to 20 mL of As(III) solution. Batch 
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adsorption kinetic experiments were carried out by 
agitating at a speed of 400 rpm 0.02 g of adsorbent 
with a 1 L aqueous solution of As(III) at a 
concentration of 0.01 M in glass flasks placed in a 
temperature controlled water bath at a constant 
temperature of 20 °C. The schematic diagram of the 
experimental apparatus is shown in Fig. 1. The 
mixture was agitated for 1h and then placed for 5h to 
establish equilibrium at room temperature. The ZnO 
powder was then separated from the mixture by 
centrifugation technique. To determine the amount of 
As(III) removed by the ZnO powder, As(III) 
concentration was measured before and after 
establishing the equilibrium using Jasco V 500 
spectrophotometer in the wavelength region of 
200-800 nm. The absorption isotherm was obtained by 
varying the initial As(III) concentration. The amount 
of As(III) adsorbed, qe (mg g-1), was obtained as 
follows: 

0( )eC C Vq
W
−

=
 

Where C0 and Ce are the initial and equilibrium 
liquid-phase concentrations of As(III) (mg⋅L-1), 
respectively, V is the volume of solution (L) and W is 
the amount of adsorbent used (g). 

3. Results and Discussion  

The synthesis of nanostructures is a growing area of 
research. The synthesis of nanostructures by low cost 
process would be of great technological importance. 
The ZnO nanostructures were synthesized by 
co-precipitation methods. In this research work, the 
ZnO nanoparticles were prepared from zinc hydroxide. 
Based on a fixed proportion, the nanoparticles place 
inside the deionized water for 72 h, 168 h, and 336 h 
respectively, so as to observe the oxidation and 
precipitation status of the nanoparticles. In order to 
verify the result obtained from the precipitation that 
the nature of the nanoparticles inside the deionized 
water will change according to time. Fig. 2a is the 
SEM image of ZnO nanofluid after placement of  

168 h. The morphology of ZnO that was synthesized 
from co-precipitation methods was investigated by 
using a SEM. As it can be seen that the particles 
display rod-like form, which indicates the growth of 
the nanostructures along a certain direction. Its axial 
length is around 250 nm. It can be clearly seen that the 
nanoparticles do not have a fixed shape and their 
distribution is not obvious, but in turn, they become 
oxidized material clustering and growing irregularly 
as shown in Fig. 2b. 

The XRD patterns of the zinc oxide powders were 
examined, and are given in Fig. 3. The Miller indices 
of the reflective crystal planes and d-spacing’s 
between them are indicated on the XRD patterns. The 
strongest characteristic 101 XRD reflection of the  
Zn(OH)2 crystal in the precursor powder is at 0.7357 
nm. Zinc oxide crystal has several XRD reflections. 
Its characteristic XRD reflections at 0.2807, 0.2596, 
and 0.2470 nm correspond to 100, 002, and 101 
planes, respectively.  

These reflections match with the Wurtzite structural 
ZnO with lattice constants of a = 0.3250 nm and c = 
0.5207 nm [13, 14]. This structure does not depend on 
the preparation processes and the morphology of the 
ZnO powders [15-17]. It is known that the decrease in 
width of an XRD peak shows the increase in size of 
the investigated crystal. The relationship between the 
average crystal size (L) and FWHM in terms of 
radians is given as follows by the Scherrer formula: 

0.9
( ) cos

L
FWHM

λ
θ

=  

 

 
Fig. 1  Experimental apparatus used for adsorption kinetic 
studies.  
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Fig. 2  SEM 
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Generally, a green-yellow emission, it is observed 
around 530 nm, i.e., green-yellow emission as shown 
in Fig. 6. In the photoluminescence (PL) spectra of 
ZnO, typically there are emission bands in the UV and 
visible regions. The UV peak is usually considered as 
the characteristic emission of ZnO and attributed to 
the band edge emission or the exciton transition.  
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Fig. 4  Raman spectra of ZnO nanoparticles.  
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Fig. 5  UV absorption spectrum of ZnO sample. 
 

 
Fig. 6  PL spectrum of obtaining sample. 

3.1 Arsenic Removal  

Arsenic has been identified as a major 
contamination source of ground water/waste water. 
The toxicity of As varied greatly to the oxidation state. 
As (III) is a highly poisonous form out of the present 
contaminated parts in ground water. As (III) has been 
reported to be more toxic than As (V) and methylated 
arsenic compounds. The adsorption isotherm of As 
(III) on ZnO nanostructure materials is shown in Fig. 
6. The obtained results show a better adsorption of As 
(III) on ZnO nanostructure materials. Isotherms show 
the shape of type L according to the classification of 
Giles et al. [18]. The L or Langmuir shape of the 
isotherms means that there is no strong competition 
between the solvent and the adsorbate to occupy the 
adsorbent sites. In this case, the longitudinal axes of 
the adsorbed molecules are parallel to the adsorbent 
surface [18]. Adsorption isotherms are important for 
the description of how adsorbates will interact with an 
adsorbent and are critical in optimizing the use of 
adsorbent. The Langmuir model is given by the 
following relation: 

1
e e

m e

q bC
q bC

=
+

   (2)
 

where, Ce is the liquid-phase concentration of the 
adsorbate at equilibrium (mg·L-1), qe is the amount of 
adsorbate adsorbed at equilibrium (mg·g-1), qm is the 
maximum adsorption capacity (mg·g-1) and b is the 
Langmuir constant related to the energy of adsorption 
(L·mg-1). 

According to Stumm and Morgan [19] 
representation (Form I): 

1 1 1

e m m eq q q bC
= +           (3) 

According to the representation of Weber [20] 
(Form II): 

1e e

e m m

C C
q bq q

= +  

If the adsorption obeys Langmuir equation, 
maximum adsorption capacity and Langmuir constant 
can be evaluated from the slopes and the intercepts of 
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the plots Ce /qe versus Ce (form II) or 1/qe versus 1/Ce 
(Form I). 

The modeling of experimental results of the 
adsorption isotherms by the Langmuir equation (Fig. 7) 
presents considerable differences according to the 
mode of exploitation (linearization). It appears that the 
method of linearization thus intervenes in the 
estimation of the adsorption isotherms parameters.  

The favorable nature of adsorption can be expressed 
in terms of dimensionless separation factors of 
equilibrium parameter, which is defined by the 
equation [21]: 

1
1L

o

R
bC

=
+

 

where, b is the Langmuir constant and C0 is the initial 
concentration of the adsorbate in solution. The values 
of RL indicate the type of isotherm to be irreversible 
(RL = 0), favorable (0 < RL < 1), linear (RL = 1) or 
unfavorable (RL > 1). RL values for As (III) adsorption 
onto ZnO nanoparticles were less than 1 and greater 
than zero indicating favorable adsorption. The 
Freundlich equation may be written as 

1/ n
e F eq k C=  

KF is a constant indicative of the adsorption 
capacity of the adsorbent (mg1-(1/n)·L1/n·g-1) and n is an 
empirical constant related to the magnitude of the 
adsorption driving force. According to Halsey [22]: 

1 /
m

F n
e

qk
C

=
 

To determine the maximum adsorption capacity, it 
is necessary to operate with constant initial 
concentration C0 and variable weights of adsorbent; 
thus, ln qm is the extrapolated value of ln q for C = C0. 
If the adsorption obeys Freundlich equation, KF and n 
can be obtained from the plot of lnqe versus lnCe. The 
Freundlich isotherms for the adsorption of As (III) on 
ZnO nanostructure materials are presented in Fig. 8. 
The values of maximum adsorption capacity, 
determined from Freundlich model, are much higher 
than experimental values. The correlation coefficients 
showed that the Langmuir model (form II) fitted the 

results better than the Freundlich model. The 
Langmuir model makes several assumptions, such as 
monolayer coverage and constant adsorption energy 
while the Freundlich equation deals with 
heterogeneous surface adsorption. The applicability of 
both Langmuir and Freundlich isotherms to both 
Sorbent systems implies that both monolayer 
adsorption and heterogeneous surface conditions exist 
under the used experimental conditions. 

3.2 Adsorption Kinetics 

The adsorption of a solute by a nano structure solid 
in aqueous solution is a phenomenon whose kinetics is 
often complex. The adsorption rate of As(III) on ZnO 
nanostructure materials is strongly influenced by 
several parameters related to the state of the solid, 
generally having very heterogeneous reactive surface 
area and the physicochemical conditions under which 
adsorption is carried out.  

The adsorption data for the adsorption rate of As 
(III) on ZnO nanostructure materials versus contact 
time are presented in Fig. 9. Differences between the 
adsorption rates seems to be  more marked at the 
beginning of adsorption; the observed variation 
decreases with time. Initially the maximum amount of 
As(III) absorbed on the surface. In general, adsorption 
may be  described as a transport  of the adsorbate from 
 

 
Fig. 7  Absorption isotherm of As (III) on the as-prepared 
ZnO sample with hair like structure at 25 °C. 
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Fig. 8  Langmuir plots of As (III) adsorption by ZnO 
nanostructure materials. 
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Fig. 9  Freundlich plot for As(III) adsorption onto ZnO 
nanostructure materials. 
 

the fluid to the external surface of the adsorbent across 
the boundary layer (film diffusion), and diffusion of 
the adsorbate within the pores of the adsorbent 
(particle diffusion). If the process is controlled by the 
external resistance, the plot lnC versus time must be 
linear [23]. This kind of relation is shown for the first 
stage adsorption kinetics of As(III) onto ZnO 
nanostructure materials. It seems that the external 
diffusion is the rate-controlling step of the initial fast 
adsorption of As(III) on ZnO nanostructure materials. 

3.3 Surface Investigation of ZnO Nanostructure 
Materials by the Absorption of As(III) 

The synthesis of nanostructures by a low cost 
process would be of great technological importance. 
The ZnO nanostructures were synthesized by 
co-precipitation technique. The SEM observation 

shows needle like structures of ZnO formed from 
co-precipitation technique. The environmental fate of 
Arsenic in environments is highly dependent on the 
Arsenic speciation. Ionic strength, pH, and the 
presence of adsorbents such as nanostructure 
materials, metal oxides and phyllosilicates. In this 
experiment, As(III) was absorbed on the ZnO 
nanostructure materials. The morphology of the As(III) 
absorbed on the ZnO nanostructure was investigated 
from SEM observation. Fig. 9 shows the SEM 
micrograph of As(III) absorbed on the ZnO 
nanostructure materials. In aqueous state, the 
morphology of the ZnO nanostructure has not been 
changed during As(III) absorption on this surface. The 
axial length of the ZnO nanostructure materials after 
As(III) absorption was also investigated from SEM 
observation. From the SEM investigation, the axial 
length of the ZnO nanostructure materials after As(III) 
absorption is roughly 2.07 μm and the diameter of the 
ZnO nanostructure materials after As(III) absorption 
becomes 240 nm as shown in Fig. 9b. A ZnO 
nanostructure material is amphoteric in nature. It is 
dissolved either in acid or in alkaline solution. 
Therefore, the absorption experiment was commenced 
in a neutral environment. In acid to alkaline 
environments, arsenic can be adsorbed onto 
variable-charge absorbed surfaces by inner-sphere 
and/or  outer-sphere  complexation.  Inner-sphere 
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Fig. 10  Dynamics of As (III) adsorption onto As (III) for 
ZnO nanostructure materials. 
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Fig. 11  SEM observation of As(III) absorbed on the ZnO nanostructured materials. 
 

complexes form via a ligand exchange reaction with a 
surface functional group, and as a result, no water 
molecules are present between surface functional 
groups and the adsorbate ions. Outer-sphere complexes 
from mainly by electrostatic interactions and contain 
more than one water molecule between the adsorbate 
and the adsorbent functional groups. XRD analysis 
was carried out to investigate surface feature of ZnO 
after the absorption of As (III) from the waste water 
solution. Fig. 12 shows the XRD micrograph of ZnO 
modified by the absorption of As (III) on the surface. 
The peak position of As (III) was found at 2θ = 14.53 
and 27.38 along with ZnO peak. Due to absorption of  
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The surface absorption was also investigated from 
As (III), the peak intensity of the ZnO nanostructure 
has been reduced.  

Raman spectroscopy. And their results are shown in 
Fig. 13a and 13b.  Raman spectra of pure As  (III) 
oxide is shown in Fig. 13a and Raman spectra of the 
absorbed surface are shown in Fig. 13b. The Raman 
shifts in As (III) are found at 309.253, 15.509, 
215.918, 418, 475.151, 520.625, 562.692, and 
782.261. From the peak observation it was found that 
the As (III) from the waste water has been absorbed 
on the ZnO nano structure materials. 

4. Conclusions  

The results of present investigation show that Zinc 
oxide nanoparticles, have suitable adsorption capacity 
with regard to the removal of arsenic from its aqueous 
solution. The ZnO nano particles were synthesized 
from co-precipitation methods. The estimated size of 
the ZnO nano particles is approximately 32 nm. The 
data obtained from the experimental results are 
applied to the Langmuir, and Freundlich, isotherm to 
test the fitness of these equations. By considering the 
experimental results and adsorption models applied in 
this study of the arsenic removal, it can be concluded 
that adsorption of arsenic obeys Langmuir isotherm, 
and Freundlich isotherms model. Freundlich isotherms 
model is less suitable than that of Langmuir. 

Adsorption kinetics follows pseudo-second order 
kinetic model. Kinetic results showed that both film- 
and particle diffusion are effective adsorption 
mechanisms. The adsorption is a two-stage process 
comprising a fast initial phase and a slower second 
phase. In the first phase, arsenic (III) is adsorbed at the 
outer sites of the ZnO nanoparticles due to high 
surface area. In the second phase, arsenic (III) from 
the aqueous solution slowly diffuses inward and 
adsorb to the inner sites of the ZnO-adsorbents. The 
absorption of the arsenic on the surface was 
investigated by the SEM, XRD and Raman 
spectroscopy. They produce the reproducible results.  
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