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A new low cost adsorbents, pottery granules coated with cyst of Azotobacter and portland cement has
been developed for aqueous arsenic removal. The developed granule is solid and porous structure forms
a stable complex of Fe-Al-Si-O2 allied with cyst biomass. Batch experiments were revealed that As
removal was up to 96% using PGAC beads, whereas 65% by cyst biomass. Immobilization of cyst biomass
to pottery granules through portland cement improved the stability of granules and adsorption capacity.
Kinetics studies revealed that Langmuir isotherm was followed with a better correlation than the
Freundlich isotherm and adsorption was first order diffusion controlled. Presence of Fe-Al-Si-O2 and poly-
saccharide complex on the granule surface may be responsible for the adsorption of arsenic and
preferentially binds to biomass containing composite than only biomass. Thus, this recently developed
cost-effective novel biocomposite, PGAC granule can be used as household level to mitigate the arsenic
problem.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Arsenic is classified as a group A and category 1 human carcin-
ogen by the US Environmental Protection Agency and International
Association for Research on Cancer, respectively. Millions of people
are suffering with skin lesions, cancers and other related diseases
due to consumption of arsenic contaminated groundwater through
world wide, mostly Bangladesh, India, China, etc. (Lindberg et al.,
2006). Long term geochemical changes in nature have led to the re-
lease of arsenic from arsenopyrites into surface or ground water
and also from the industrial or anthropogenic activities (Mandal
et al., 1996). The majority of arsenic species in natural water is a
mixture of arsenate and arsenite, the trivalent species (arsenite)
of arsenic is the predominant form normally found in groundwater.
Several technologies have been developed to remove arsenic from
drinking water and some of these produce toxic sludge which is a
burden on the techno-economic feasibility of treatment
cprocedures and are not cost effective. Hence, biological approach
has been considered as an alternative remediation for heavy metal
contamination because it is cost effective and environment
friendly. A limited number of studies have been investigated on
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the use of adsorbents derived from biological sources listed by
Pandey et al. (2009). Moreover, agricultural based polysaccharides
have been successfully used as adsorbing agents for removal of
heavy metals (Mandal et al., 2007).

Recent trends on the use of composite material, coating or mod-
ification of biomass shown an excellent adsorption efficiency
compared to their original form (Dong et al., 2009). An efficient
and effective system for As removal from drinking water should
meet several requirements like long life expectancy, high absorp-
tive capacity, high rate of adsorption and selectivity; sufficient
mechanical strength and large surface area to allow granular pack-
ing, high physical integrity in water flow and cost effective.

In this study, a new method have been described for the
removal of arsenic from water based on the pottery granules
coated with cyst of Azotobacter and portland cement (PGAC), is a
highly porous material. Portland cement contains a complex
material of Fe-Al-Si-O2 (L&T, India). The chief constituents of the
cement are SiO2 (21%), CaO (63%), Al2O3 (7%), Fe2O3 (3%), MgO
(1.5%) along with other trace constituents. Recently, it has been re-
ported that arsenic strongly binds to iron oxide nanoparticles and
showed excellent removal efficiency (De et al., 2009). Here, a
comparison has been made with the adsorbents like cyst biomass
of Azotobacter (a soil born bacteria) and composite granules
(PGAC). It has been found that PGAC is the best one and it may
have successful application for arsenic removal from drinking
water.

http://dx.doi.org/10.1016/j.biortech.2011.02.037
mailto:sm_crf@yahoo.com
http://dx.doi.org/10.1016/j.biortech.2011.02.037
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2. Methods

2.1. Production and isolation of Azotobacter cyst

Azotobacter strain SSB81 was grown and maintained in nitrogen
free Burk’s medium supplemented with glucose as described
earlier (Gauri et al., 2009). Exponentially growing cells (18 h in glu-
cose medium) were harvested and resuspended in 100 ml of fresh
Burk’s medium (without glucose) containing 0.2% b-hydroxybuty-
rate (v/v). Flasks were then incubated at 32 �C for 48 h at 160 rpm.
Cells were checked microscopically at 6 h interval and confirmed
that 100% cyst was formed.

2.2. Synthesis and coating of pottery granules (PGAC)

The pottery granules were prepared by a physical procedure fol-
lowing Dong et al. (2009) and described details in Fig. 1. There are
two key stages for the manufacturing of PGAC. (i) Briefly, 100 g of
solid kaolinite clay converted into semi-solid medium using 4 mL
liquid wax and 4 mL water. This semi-solid medium was then
passed through an iron sieve and granules were collected on a glass
plate. After that, the granules were fired in an anoxic chamber at
first to 110 �C for 2 h and then further to 600 �C for 4 h. (ii) Lyoph-
ilized cyst of Azotobacter and portland cement was mixed (4:1) and
semi-liquefied with water. Now, pottery granules were added into
the semi-liquid medium, the medium was agitated slowly for
5 min and placed into an iron bucket. Finally, the coated granules
were sun dried 7 days before use.

2.3. Scanning electron microscopy and energy dispersive X-ray
analysis (EDX)

Surface morphology was studied by using a scanning electron
microscope (VEGA, TESCAN, USA) with an accelerated voltage
5–10 kV and15,000� magnification. Energy Dispersion Analysis
by X-ray (EDAX) studies were conducted following the method of
Mandal et al. (2007).

2.4. Uptake studies in batch process

Arsenic uptake studies were performed in a batch process
according to Kundu et al. (2004). Both, cyst and PGAC granules
have been evaluated separately for arsenic removal efficiency.
Adsorbents were taken in 100 ml Erlenmeyer flask containing
arsenic solution (20 ppm). Flasks were placed on a rotary shaker
and shaken at 120 rpm at 25 ± 2 �C. After desired incubation condi-
tion, supernatant has been analyzed for arsenic concentration.
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2.4.1. Effect of contact time
Adsorbents, Cyst (2 gL�1) and PGAC (6 gL�1) were added in

aqueous arsenic solution (20 ppm). Each 10 min interval solution
was filtered from separate flask and optimized the contact time fol-
lowing Pandey et al. (2009).

2.4.2. Effect of pH and adsorbent dose
Aqueous arsenic solution (2 gL�1 adsorbents in 50 ml arsenic

solution) adjusted to the required pH (3–9) using 0.1 N HCl or
0.1 N NaOH and for adsorbent dose, weights of adsorbents were
varied (2–16 gL�1). Flasks were shaken with 120 rpm at 25 ± 2 �C
for required incubation time following Pandey et al. (2009).

2.4.3. Equilibrium adsorption dose
Equilibrium adsorption experiments were performed with

PGAC granules equivalent to 12 gL�1 in flasks containing arsenic
solution (2–25 ppm). Flasks were agitated at 120 rpm at 25 ±
2 �C. The amount of As adsorbed on the PGAC surface was deter-
mined by the difference of the initial concentration (Ci) and the fi-
nal concentration (Cf). The percentage removed of As (III) ions from
the solution was calculated using the following relationship as de-
scribed by Amini et al. (2009).

%Removal ¼ Ci � Cf

Ci

� �
� 100

The metal adsorption capacity (q) was calculated by the following
equation:

qðmg=gÞ ¼ Ci � Cf

Ci

� �
� V

where, V = volume of the solution (L), M = weight of adsorbent (g)

2.5. Adsorption kinetics modeling

Numerous kinetic models have been studied for the adsorption
of heavy metals from waste water (Ho and Mckay, 2002) for the
understanding and control of the adsorption process. The models
include empirical adsorption rate models, film diffusion models
and intraparticle diffusion models (Garcia-Reyes and Rangel-
Mendez, 2010).

2.5.1. Empirical adsorption rate models
Empirical adsorption rate models have been widely used to de-

scribe the adsorption of heavy metals. Empirical adsorption rate
model includes pseudo first order reaction given by Lagergren
and pseudo second order reaction described by Garcia-Reyes and
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Rangel-Mendez (2010).The pseudo first order reaction for the li-
quid- solid adsorption system can be expressed as follows

dQt
dt
¼ K1ðQ eq � Q tÞ

where, Qeq and Qt are the adsorption capacity at equilibrium and
time t, respectively and K1 is the first order rate constant in min�1.
Solving the above equation with the boundary conditions t = 0; t = t;
Qt = 0; Qt = Qt, it gives

Q eq

Q eq � Qt
ln ¼ K1t

From the plot of above equation, the rate constant K1 (min�1) is
calculated.

 

 

2.5.2. Pseudo second order reaction model
In pseudo second order reaction model it is assumed that the

adsorption capacity is proportional to the available fraction of ac-
tive sites on the surface of the adsorbent and the kinetic expression
is given as

dQt
dx
¼ K2ðQ eq � Q tÞ2

where, Qeq and Qt are the amount of Arsenic adsorbed at equilib-
rium and at time t respectively and K2 is the second order rate con-
stant in g mg�1min�1. Solving the above equation with boundary
conditions, t = 0; t = t; Qt = 0; Qt = Qt, it gives

t
Qt
¼ 1

K2Q2
eq

þ 1
Q eq
� t

From the plot of t
Qt versus t the rate constant K2 (min�1) can be

calculated
2.5.3. Film diffusion model
The adsorption process being controlled by film diffusion can be

explained from the theory of fractional attainment of equilibrium
(Horsfall and Vicente, 2007). The equation for fractional attain-
ment of equilibrium is given as follows

ln 1� Cr

Cre

� �
¼ �Kf t

where, Kf is the external mass transfer coefficient, Cr is the concen-
tration of arsenic removed from the solution at time t and Cre is the
concentration removed when the sorption has attained equilibrium.
From the slope of ln ð1� Cr

Cr eÞ versus t, Kf can be calculated.

2.5.4. Intra particle diffusion control
The intra particle diffusion can be explained by the

Weber–Morris model equation (Horsfall and Vicente, 2007). The
model is described by the following equation

Q t ¼ Kit0:5 þ C

where, k is the rate constant (min�0.5) and C is a constant that gives
idea about the thickness of the boundary layer. The larger the value
of C the greater is the boundary layer effect on the adsorption of
metals (Kannan and Sundaram, 2001).
2.6. Statistical analysis

All data represents the mean of triplicates. All standard devia-
tion were calculated using Microsoft Excel 2003.
3. Results and discussion

3.1. Characterization of cyst

SEM images of cysts revealed the spheroids shape with
2.5–3.0 lm in diameter. Surface was composed of overlapped
layer, irregular and ribbed. Cysts are considerably much more
resistant than bacterial vegetative cells to additional mechanical
and physical pressure other than heat. It may be an attractive bio-
sorvent due to its long life expectancy, easy to prepare, sufficient
mechanical strength and large surface area. Taking into account,
it has been tested further for arsenic absorptive capacity and gran-
ular packing with physical integrity in water.

3.2. Microstructure of PGAC

SEM image of PGAC granules appear as spherical and oval in
shape. The size distribution has been determined by measuring
the size of the granules on a series of SEM pictures through fitting
a log normal distribution to the size distribution. The average
diameters of the particles are estimated to be 0.5–2.0 mm. Most
of them are lies between 1.25–1.50 mm followed by 1.00–1.25
mm (Fig. S1). It is clear from the images that granules are highly
porous in nature (Fig. S7A). SEM images also revealed that the
granules were successfully coated with cyst of Azotobacter and
portland cement but shows a decrease in the porosity (Fig. S7B, E
& F).

3.3. Energy dispersive X-ray (EDX) analysis

X-ray analysis (EDX) is the most effective method for directly
measuring the metal composition of electron-dense particles, iden-
tification and formation of element maps of the particle surface.
Here, EDX was used to determine directly the elemental composi-
tion of the electron-dense particles formed on the surface of cyst
biomass and PGAC beads after arsenic treatment. EDX analysis
indicated that arsenic and associated metals (Fe-Al-Si-O2) were
present on the surface, depending on the concentration of arsenic
was used (Fig. S4 & S5). The results revealed the presence of arsenic
crystallites on the surface of both cyst and PGAC granules.

3.4. Batch studies (optimum conditions for arsenic removal)

3.4.1. Time of shaking
Weighed amount of cyst (2 gL�1) and PGAC (6gL�1) was taken in

a flask containing 50 mL of sodium arsenite solution having a con-
centration of 20 ppm and the amount of arsenic remained in the li-
quid phase was determined at an interval of 10 min for cyst and
30 min for PGAC beads. It was found that adsorption of arsenic
reached to a maximum value after 30 min for cyst alone and
90 min for PGAC beads, after that adsorption did not change signif-
icantly. Thus 90 min contact time for PGAC bead was adequate to
achieve equilibrium. The percentage of removal of arsenic with
time of shaking is shown in Fig. S2.

3.4.2. Effect of pH
In order to study the effect of pH (in the range 3.0–9.0) on

adsorption behavior of the only cyst and PGAC have been evaluated
in different set of experiments. It is found that arsenic adsorption is
good in the pH range 6.0–6.5 for cyst alone and pH 5.0–6.0 for
PGAC beads. However, both have shown the better adsorption
capacity in the lower pH range (5.0–7.0), but at pH P 8.0, the
adsorptivity decreases sharply. This is due to the fact that in the
higher pH range, there is a competition between the arsenite and
OH- ions for the adsorption sites. During the induction of
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encystment of Azotobacter, poly hydroxyl butyrate (PHB) rapidly
accumulates in large granules and the cells begin the synthesis of
alkylresorcinols that replace the phospholipids in the membranes
which are the main components of exine layer (Funa et al.,
2006). Cysts have thick capsules consists large amount of polysac-
charides which may enhanced As uptake. Deposition of metals
onto bacterial cell or cell bound polysaccharide is a well-known
phenomenon (Mandal et al., 2008). Thus arsenic adsorption by cyst
of Azotobacter might be due to the presence of large amount of
polysaccharide and functional groups such as carboxylic, hydroxyl,
and hydroxy–carboxylic groups present in capsule layer that can
interact with arsenic ions. Earlier Kundu et al. (2004) also observed
that Portland cement adsorbed good amount of arsenic at lower pH
level. The percentage removal of As as a function of pH is shown in
Fig. S3.

3.4.3. Effect of adsorbent dose
The dose of the adsorbent (both, cyst and PGAC) have significant

effect on the removal of As (III), its role has been studied at pH, 6.0
for cyst and pH, 5.0 for PGAC beads. Varying amounts of adsorbents
(1.0–6.0 gL�1 for cyst and 2.0–16.0 gL�1 for PGAC bead) have been
taken and found that maximum adsorption of As (III) by cyst alone
was 65% with 3.0 gL�1 of the adsorbent, whereas prepared PGAC
beads showed an excellent adsorbent capacity, maximum level
(96.0%) with 12.0 gL�1 of the adsorbent. The result revealed that
cyst associated portland cement (Fe-Al-Si-O2) was extremely bet-
ter for arsenic adsorption than only cyst. It may be hypothesize
that arsenic preferentially binds to biomass containing composite
than only biomass.

3.4.4. Adsorption isotherm
When adsorbent and adsorbate come in contact with each other,

a dynamic equilibrium is established between adsorbate concen-
trations in both the phases. The equilibrium adsorption is impor-
tant in the design of adsorption systems. Equilibrium studies in
adsorption indicate the capacity of the adsorbent during the treat-
ment process. Both Langmuir and Freundlich models were used to
describe the data derived from the adsorption of As (III) by PGAC
over the entire parameters range studied, adsorption intensity were
determined from the slope and intercept of the graph. Langmuir
Isotherm shows better fit model with higher correlation coefficient
(r2 = 0.991) at shown in Fig. S6. Better correlation coefficient with
linear model of Langmuir isotherm, indicates that As (III) ions
strongly adsorbed to the surface of PGAC.

3.5. Adsorption kinetics

The percentage deviation between the experimental and theo-
retical concentration of arsenic in the solution was calculated for
the different models from the following equation

%D ¼ 1
N

XN

i¼1

Cexp � Cthe

Cexp

����
����

 !
� 100

where, N is the number of kinetic data and Cexp and Cthe are the
experimental and theoretical concentration of arsenic in solution
(mg L�1), respectively. The rate constant and the percentage devia-
tion are presented in Table 1. The calculated percentage deviation

 

 

Table 1
Calculated values of rate constant and %deviation for the models.

Models Rate constant %Deviation

Pseudo first order 0.046 (min�1) 1.53
Pseudo second order 0.036 (min�1) 5.26
Film diffusion 0.0472 (min�1) 2.31
Intra particle diffusion 0.117 (min�0.5) 22.37
shows that the overall rate of adsorption of a solute follows pseu-
do-first order reaction. The mass transfer process that controls the
adsorption of arsenic can be found from the percentage deviation.
It can be observed from the diffusion model based on fractional
attainment of equilibrium, predicted well the experimentally ob-
tained concentration of arsenic in solution. The rate of attainment
of equilibrium could be either film diffusion controlled or pore dif-
fusion controlled. The diffusion process that controls the adsorption
can be deduced from the following equations: (Vinod and Anirud-
han, 2001).

Dp ¼ 0:030r2
0

t1=2

Df ¼ 0:23r0d
t1=2

�
�C
C

where, Dp and Df are the pore diffusion coefficient and film diffu-
sion coefficient respectively; r0 is the particle radius, t1/2 is the time
for half adsorption, d is the film thickness, C=C is the equilibrium
loading. Assuming spherical geometry for the sorbents and of the
thickness of the film as 10�3 cm Dp and Df can be calculated. For
film diffusion to be rate limiting, the value of film diffusion coeffi-
cient should be between 10�6–10�8 cm2s�1, and for pore diffusion
to be rate limiting, the pore diffusion coefficient (D) should be in
the range of 10�11–10�13 cm2s�1 for heavy metals (Michelsen et
al., 1975). According to this the, film diffusion seems to be the rate
controlling step as the value of Df is 2.292 � 10�6 cm2s�1, whereas
Dp is 5 � 10�6 cm2s�1 which does not fall in the specified range.
Thus the adsorption of arsenic on the PGAC granules is limited by
the film resistance surrounding the adsorbent particles and helps
in understanding the mass transfer rate from the solution to the
adsorbent.

4. Conclusion

Pottery granules coated with cyst of Azotobacter and Portland
cement has been shown to be an effective adsorbent for arsenic re-
moval. Arsenic preferentially binds to Pottery granules coated with
cyst of Azotobacter and Portland cement than only cyst of Azotobac-
ter. It is possible to remove arsenite almost 96% from drinking
water at pH 5.0–6.0. The adsorption mechanism best fitted with
Langmuir isotherm model and follows pseudo first order reaction,
further the mass transfer kinetics is best described by film diffu-
sion. This recently developed PGAC granule is cost-effective and
can be used at household level to mitigate the arsenic problem.
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