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Abstract In the present work, the possibility of using a

non-conventional finely ground (250 lm) Azadirachta

indica (neem) bark powder [AiBP] has been tested as a

low-cost biosorbent for the removal of arsenic(III) from

water. The removal of As(III) was studied by performing a

series of biosorption experiments (batch and column). The

biosorption behavior of As(III) for batch and column

operations were examined in the concentration ranges of

50–500 lg L-1 and 500.0–2000.0 lg L-1, respectively.

Under optimized batch conditions, the AiBP could remove

up to 89.96 % of As(III) in water system. The artificial

neural network (ANN) model was developed from batch

experimental data sets which provided reasonable predic-

tive performance (R2 = 0.961; 0.954) of As(III) biosorp-

tion. In batch operation, the initial As(III) concentration

had the most significant impact on the biosorption process.

For column operation, central composite design (CCD) was

applied to investigate the influence on the breakthrough

time for optimization of As(III) biosorption process and

evaluation of interacting effects of different operating

variables. The optimized result of CCD revealed that the

AiBP was an effective and economically feasible biosor-

bent with maximum breakthrough time of 653.9 min, when

the independent variables were retained at 2.0 g AiBP

dose, 2000.0 lg L-1 initial As(III) concentrations, and

3.0 mL min-1 flow rate, at maximum desirability value of

0.969.

Keywords Arsenic(III) removal � Low-cost adsorbent �
Biosorption experiments � Artificial neural network model �
Central composite design

Abbreviations

AiBP Azadirachta indica bark powder

ANN Artificial neural network

ANOVA Analysis of variance

CCD Central composite design

D–R Dubinin–Radushkevich

RSM Response surface methodology

Ag(–DDC) Silver diethyl dithiocarbamate

SEM Scanning electron microscopy

2FI Two factor interactions

Introduction

Arsenic contamination in aqueous environment has become

a global concern because of its serious environmental and

health hazards (Mamun et al. 2009; Ranjan et al. 2009) in
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several developing regions. Arsenic can enter into streams,

lakes, rivers, and groundwater (Mamun et al. 2009) through

natural and human activities (Maiti et al. 2010). The exis-

tence of arsenic in groundwater, and eventually in drinking

water can be dangerous because of the large quantity of

water consumed by the human beings in long term (Mohan

and Pittman 2007; Mamun et al. 2009).

High level of arsenic in drinking water sourced from

groundwater has been reported in 21 countries (Mohan and

Pittman 2007; Roy et al. 2014), especially Argentina,

Bangladesh, India, Mexico, Mongolia, Thailand, and Tai-

wan, where a large proportion of groundwater is contami-

nated with arsenic at levels from 100 to over 2000 lg L-1

(Guo and Chen 2005).

In groundwater, arsenic is typically present in one of the

two oxidation states: arsenite [As(III)] and arsenate

[As(V)] of which As(III) is predominant and is generally

more difficult to remove than As(V) (Kamala et al. 2005).

Furthermore, As(III) is more mobile in groundwater and

25–60 times more toxic than As(V) (Ratna Kumar et al.

2004).

Due to the high toxic and delirious effects on human

health (Guo and Chen 2005; Giri et al. 2011), the World

Health Organization (WHO) has revised the safe limit for

arsenic in drinking water from 50 to 10 lg L-1 (Maiti et al.

2010; Kamsonlian et al. 2012). This new regulation has

posed a challenge for researchers to develop new tech-

nologies capable of selectively removing arsenic present at

very low level, especially arsenic(III) [As(III)].

Development of effective technologies to remove

arsenic from water drew great attention over the last two

decades. Several physiochemical techniques, such as

adsorption, ion exchange, lime softening, reverse osmosis,

coagulation, and precipitation, have been applied to

remove arsenic from aqueous system (Bhakat et al. 2007;

Mohan and Pittman 2007; Ranjan et al. 2009; Giri et al.

2011; Kamsonlian et al. 2012). Among these removal

technologies, adsorption technology is mainly used

because it is very simple and cost effective (Bhattacharya

et al. 2006; Ranjan et al. 2009; Kamsonlian et al. 2012).

Besides, it is also popular due to availability of a wide

range of adsorbents.

Among all types of conventional and non-conventional

adsorbents, there has been an increasing tendency to use

numerous inactive biological materials, or biosorbents, for

the removal of arsenic from contaminated environment.

However, only a limited number of biosorbents (without

chemical modification) have been examined for their effi-

cacy to remove arsenic from contaminated solutions (Baig

et al. 2010; Sari and Tuzen 2010; Giri et al. 2011; Prasad

et al. 2011; Sari et al. 2011; Kamsonlian et al. 2012;

Pennesi et al. 2012; Wu et al. 2012; Giri et al. 2013; Nigam

et al. 2013; Raj et al. 2013; Saqib et al. 2013).

The powdered form of brown-colored mature stem bark

of the Azadirachta indica (neem) is an excellent example

of such type of a non-conventional biosorbent. In recent

years, this low-cost biosorbent has drawn much attention to

the investigators due to its wide availability all over the

world. The removal behavior of Zn(II) (Bhattacharya et al.

2006; Arshad et al. 2008; King et al. 2008; Naiya et al.

2009), Cd(II) (Tiwari et al. 1999; Naiya et al. 2009), Cr(VI)

(Bhattacharya et al. 2008; Kumar and Phanikumar 2013)

and dyes (Srivastava and Rupainwar 2010, 2011; Sad-

hukhan et al. 2014) from aqueous solutions on the A. indica

bark powder (AiBP) had previously been investigated but

not a single research has been reported on the removal of

arsenic by AiBP.

In view of these attributes, it is of great interest to study

the possibility for application of AiBP in the removal of

arsenic from aqueous environment. With this goal in mind,

the present study deals with a series of biosorption experi-

ments (batch and column) to assess the potentiality of AiBP

for removal of arsenic(III) from contaminated water. For

sensitivity analysis and optimization abilities, the biosorp-

tion experiments have been statistically modeled using

artificial neural network (ANN) and central composite

design (CCD). The models were also applied to study the

individuals as well as the combined effect of different

variables influencing the biosorption process. As a whole a

complete study for the economic, easy and eco-friendly

solution of catastrophic arsenic pollution has been done, that

can be implemented in the developing regions. Results

obtained from this study are presented and discussed.

Materials and methods

Reagents and apparatus

Chemicals of analytical grade were procured from M/S,

Merck India Ltd., and used in the study without further

purification. All reagents and standards were prepared

using double distilled water. Sodium arsenite (NaAsO2)

was used for the preparation of standard As(III) solution,

and the required As(III) concentrations for experiments

were prepared by serial dilution of standard solution on

daily basis. All borosil glassware were cleaned by being

soaked in 15 % HNO3 and rinsed with double distilled

water. Different pH of As(III) solution were generated by

the addition of 0.1 N H2SO4 or NaOH solutions whenever

necessary.

Preparation of biosorbent

The brown-colored neem (A. indica) bark used in the

present study was collected from the university campus,
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Burdwan University, Burdwan. The collected A. indica

bark was thoroughly washed with double distilled water to

remove muddy materials and soaked in 0.1 N NaOH to

remove lignin-based color materials followed by 0.1 N

H2SO4 (King et al. 2008; Naiya et al. 2009). The washed A.

indica bark was dried in sun for 15 days. The resulting

product was directly used as biosorbent. The dried bark

was then cut into small pieces and ground to powder with

kitchen grinder. For this experimental study, the powdered

materials were sieved to obtain particle size of 250 lm
prior to use as biosorbent without any further treatment.

The physiochemical characterization of the AiBP biosor-

bent has been reported elsewhere (Srivastava and Rupain-

war 2011; Sadhukhan et al. 2014).

Analytical determination of arsenic

Estimation of As(III) was done spectrophotometrically by

silver diethyl dithiocarbamate method (Gupta and

Sankararamakrishnan 2010; Kamsonlian et al. 2012; Roy

et al. 2013a) with minimum detectable amount of 1 lg
(Bhakat et al. 2007). This method is based on collection of

arsine, AsH3 generated, through hydride formation of

As(III), in silver diethyl dithiocarbamate [Ag(–DDC)] in

pyridine solution and on subsequent reaction of AsH3 with

Ag(–DDC) to form a colored As(–DDC)3 complex (Haut-

fenne 1980; Arbab-Zavar and Hashemi 2000).

AsH3þ6Ag �DDCð Þ! 6AgþAs �DDCð Þ3þ3Hð�DDCÞ

Each sample was analyzed thrice and the results were

found reproducible within ±3 % error limit. Calibration

was carried out daily with a freshly prepared arsenic

standard, before analysis. Experiment done with control

biosorbent indicated no release of arsenic by the

biosorbent. Blank experiments were also conducted to

ensure that no adsorption was taking place on the walls of

the apparatus used.

Experimental setup

In the batch operation, the effect of different parameters

(i.e., pH, contact time, initial concentration of As(III), dose

of biosorbent, stirring rate, and temperature) on biosorption

of As(III) was studied. The 100 mL solution of As(III) was

taken in each Erlenmeyer flask separately. After pH

adjustment, a known quantity of dried AiBP was added and

the As(III) bearing suspensions was kept under magnetic

stirring until the equilibrium was reached. After shaking,

the suspension was allowed to settle down and filtered

through a (Whatman No. 42 grade) filter paper. The filtrate

was collected and subjected for arsenic estimation using

Ag(–DDC) method. The arsenic concentrations before and

after biosorption were recorded, and then the percent

arsenic biosorption (removal) by the biosorbent was com-

puted by using the following equation:

Percent biosorption (Removal) = Ci � Ceð Þ=Ci½ � � 100

ð1Þ

where Ci and Ce are the initial and final concentration of

As(III) in the solution.

The arsenic uptake loading capacity (qe = lg g-1) of

AiBP for different concentrations of As(III) at equilibrium

was also determined as

qe ¼ Ci� Ce

M

� �
� V ð2Þ

where V is the volume of solution (L) and M is the mass of

the biosorbent (g) used.

The experimental datasets, which were obtained from

the batch operation, were used as inputs to the ANN model

to provide the reasonable predictive performance of the

biosorbent.

Fixed-bed column operation was conducted using bor-

osil glass columns of 3-cm internal diameter and 50-cm

length. The column was packed with different amounts of

AiBP, in order to achieve different bed heights, between

two supporting layers of 1-cm of glass wool to prevent the

floating of biosorbent.

The column studies were conducted to evaluate the

effects of different variables [initial As(III) concentration,

flow rate, and biosorbent dose] on the breakthrough time of

As(III) biosorption by the biosorbent using CCD in

response surface methodology (RSM). As(III) solution

having the desired initial concentration was adjusted to the

optimum batch pH for the maximum removal of arsenic,

and pumped through the column bed at the desired flow

rate in an up-flow mode. The flow rates were chosen to

have sufficient amount of effluent per 30 min for the

practical purpose of analyzing arsenic concentration.

Operation of the column was stopped when the break-

through time is achieved, the time at which the arsenic

concentration in the effluent reached below 50 lg L-1. All

of the experiments were carried out in triplicate at room

temperature (30 �C) and the mean values were taken for

analysis.

Results and discussion

Batch operation

Effect of initial As(III) concentration

The biosorption behavior of arsenic(III) was studied in the

concentration range of 50–500 lg L-1 initially at pH 6.0.
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In general, the removal percentage of As(III) on AiBP

biosorbent was initially increased with the increasing initial

concentration of arsenic reaching the optimum level of

46.99 % at 100 lg L-1 arsenic concentration. Thereafter,

the percentage of removal showed sharp decrease (Fig. 1).

But the actual amount of arsenic adsorbed per unit mass of

biosorbent was increased with increasing initial concen-

tration in the test solution. This increase was probably due

to decrease in resistance to the uptake of solute from

solution with increasing initial arsenic concentration

(Bhaumik et al. 2011; Suresh et al. 2012; Das et al. 2013).

Effect of pH

Figure 2 represents the percentage removal (or uptake

capacity) as a function of the pH at optimum concentration

(100 lg L-1) of As(III). The optimum removal of 46.99 %

(31.32 lg g-1) was obtained at the pH of 6.0. In the

experimental pH range of 4.0–10.0, the predominant

arsenite species are H3AsO3 and H2AsO3
- (Ratna Kumar

et al. 2004; Guo and Chen 2005; Kamala et al. 2005; Giri

et al. 2011). At optimum pH of 6.0, arsenite is probably

absorbed through specific adsorption between the neutral

species (H3AsO3) and positively charged surface sites as

the zeta potential: pHZPC of AiBP = 6.80 (Srivastava and

Rupainwar 2011). And the reduced trend of removal at

higher pH might be attributed to an increase of negatively

charged arsenite species (H2AsO3
-) and negatively charge

surface sites (Giri et al. 2011).

Effect of biosorbent dose

In studying the influence of the dry weight of AiBP bio-

mass on the removal efficiency at pH 6.0 with initial

As(III) concentration of 100 lg L-1, it was found that the

removal efficiency of As(III) increased steadily (Fig. 3)

with increasing biosorbent doses (0.05–0.30 g). No

remarkable increment in the removal tendency was noted

thereafter on further increasing the biosorbent dose.

Increasing removal with biosorbent dose might be attrib-

uted to increase in biosorbent surface area with subsequent

increment of more active binding sites (King et al. 2008;

Kamsonlian et al. 2012; Das et al. 2014).

Effect of contact time

The effect of contact time on the biosorption of As(III) on

AiBP biosorbent (0.25 g dose) was studied in the duration

of 10–30 min at pH 6.0 with initial As(III) concentration of

100 lg L-1. The percentage removal of arsenic showed a

rapid and steady increase up to 20 min, and thereafter, no

significant increase was recorded. It seems possible that an

equilibrium had set up in 20 min (Fig. 4). The fast

biosorption rate at the initial stage may be explained by the

abundant availability of active binding sites on the

biosorbent surface (Srivastava and Rupainwar 2011; Das

et al. 2013; Saqib et al. 2013). However, with a lapse of

time, the remaining unsaturated sites cannot be occupied

because of repulsive force between the solute (arsenic) on
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Fig. 1 Effect of initial arsenic(III) concentration on the biosorption

of As(III) by AiBP. Dose = 0.15 g, contact time = 20 min,

pH = 6.0, temperature = 30 �C, stirring rate = 500 rpm
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Fig. 2 Effect of pH on the biosorption of As(III) by AiBP. Initial

arsenic(III) concentration = 100 lg L-1, dose = 0.15 g, contact

time = 20 min, temperature = 30 �C, stirring rate = 500 rpm
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the solid and bulk phases (Rajesh Kannan et al. 2010; Roy

et al. 2014).

Effect of temperature

The influence of temperature on the removal of As(III)by

AiBP was measured at different temperatures ranging from

30 to 50 �C. Figure 5 displays that the percent removal of

As(III) was increased with temperature, from 67.63 to

78.24 % when temperature was increased from 30 to

40 �C. The removal probably reached equilibrium at 40 �C
and thereafter slight decrease was noted. This explains that

at very high temperature AiBP loses its biosorption power

through denaturation (Rajesh Kannan et al. 2010; Kam-

sonlian et al. 2012).

Effect of stirring rate

The effect of different stirring rate was studied with

varying speeds from 50 to 500 rpm, and it appears that the

percentage of As(III) removal was increased with

decreasing stirring rate (Fig. 6). An increasing stirring rate

did not give enough time for adsorbate and biosorbent

surfaces to interact with each other and also resulted in

detachment of loosely bounded adsorbates. However,

maximum removal of 89.96 % occurred as below as

100 rpm, while no increment was noted thereafter. This is

because all the binding sites have been utilized and no

binding sites were left for further biosorption (Kanwal et al.

2012; Roy et al. 2013a).
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Fig. 3 Effect of biosorbent dose on the biosorption of As(III) by

AiBP. Initial arsenic(III) concentration = 100 lg L-1, contact

time = 20 min, pH = 6.0, temperature = 30 �C, stirring

rate = 500 rpm
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Fig. 4 Effect of contact time on the biosorption of As(III) by AiBP.

Initial arsenic(III) concentration = 100 lg L-1, dose = 0.25 g,

pH = 6.0, temperature = 30 �C, stirring rate = 500 rpm
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Fig. 5 Effect of temperature on the biosorption of As(III) by AiBP.

Initial arsenic(III) concentration = 100 lg L-1, dose = 0.25 g, con-

tact time = 30 min, pH = 6.0, stirring rate = 500 rpm
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Fig. 6 Effect of stirring rate on the biosorption of As(III) by AiBP.

Initial arsenic(III) concentration = 100 lg L-1, dose = 0.25 g, con-

tact time = 30 min, pH = 6.0, temperature = 40 �C

Appl Water Sci (2017) 7:1307–1321 1311

123



Artificial neural network (ANN) modeling

In the last decade, ANN modeling has been successfully

applied for estimating and predicting biosorption properties

that are function of many variables and parameters. ANN is

a statistical or computational model for processing of

information based on the connectionist approach. This

model has the ability to learn from existing data and adopt

to map a set of input parameters into a set of output

parameters, without knowing the intricate relationship

among them. ANN can be trained to identify patterns and

extract trends in imprecise and complicated non-linear data

(Giri et al. 2011; Roy et al. 2013a, 2014). As biosorption is

a complex non-linear process, neural network is found

suitable for prediction of arsenic biosorption properties.

Neural network toolbox of SPSS–17 mathematical soft-

ware was used to predict the biosorption properties of

AiBP under batch operation. Figure 7 shows the ANN

model used in this study.

A total of 21 experimental datasets, which were obtained

from batch operation, were used to develop a three-layer

feed-forward neural network model by applying hyperbolic

tangent function under the standardized method. Out of

these 21 datasets, 66.7 %were used to train the network, and

remaining 33.3 %were used for testing and validation of the

ANNmodel. There were six neurons [viz., pH, initial As(III)

concentration, biosorbent dose, contact time, stirring rate

and temperature] in the input layer whereas two neurons in

the output layer (removal efficiency and uptake capacity).

The 7-4-2 ANN (including bias neuron) model is found to be

working satisfactorily with an average relative error of 0.352

and sum square error of 10.065 during testing phase, indi-

cating that the model is able to predict the biosorption pro-

cess with reasonable accuracy.

The performances of optimized ANN are shown in

Figs. 8 and 9. In these Figures, experimental and ANN-

predicted values are compared for both uptake capacity and

removal of As(III), respectively. The values of R2 (0.961;

0.954) very close to 1 for each case show an excellent

agreement between the experimental and the ANN-pre-

dicted values.

Fig. 7 Neural network architecture of As(III)

Fig. 8 Comparison of As(III) uptake for the experimental data and

the simulation results in the training step of batch operation

Fig. 9 Comparison of As(III) removal for the experimental data and

the simulation results in the training step of batch operation
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The importance analysis for the developed network was

also performed in order to determine the most significant

parameter (Raj et al. 2013; Roy et al. 2014). It is reveled

from the importance analysis (Fig. 10) that the initial

concentration was the most significant parameter followed

by biosorbent dose, temperature, stirring rate, contact time,

and pH. The influence percentages of these parameters on

the output were 100.0, 74.2, 30.5, 16.3, 8.0, and 3.7 %,

respectively.

Equilibrium isotherms and kinetics study

An adsorption (biosorption) isotherm represents the equi-

librium relationship between the adsorbate concentration in

the liquid phase and that on the adsorbents surface at a

given condition. A number of isotherms have been devel-

oped to describe equilibrium relationships. In the present

study, the Langmuir, Freundlich, Temkin, and Dubinin–

Radushkevich (D–R) models were used to describe the

equilibrium isotherms. The illustration of the equilibrium

adsorption plots and the summarized isotherm models are

shown in Fig. 11 and Table 1.
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isotherm. Dose = 0.15 g,

contact time = 20 min,

pH = 6.0,

temperature = 30 �C, stirring
rate = 500 rpm
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From Table 1, it is observed that the Langmuir isotherm

showed good fit to the experimental equilibrium data than

the Freundlich, Dubinin–Radishkevich, and Temkin iso-

therm equation for arsenic(III) biosorption according to the

values of R2. It is also seen from Table 1 that the Langmuir

maximum biosorption capacity qmax (lg g-1) is 166.7 and

the equilibrium constant KL (L lg-1) is 0.009. The sepa-

ration factor (RL) values are 0.695, 0.532, 0.275, and 0.185

while initial As(III) concentrations are 50, 100, 300, and

500 lg L-1, respectively. All the RL values were found to

be less than one and greater than zero indicating the

favorable biosorption of As(III) by AiBP. The Freundlich

constant KF indicates the adsorption capacity of the

biosorbent and the value of KF is 2.679 lg g-1. Further-

more, the value of ‘n’ at equilibrium is 1.757. The value of

n lies in between 1 to 10 also represents a favorable

biosorption. From Temkin constant, bT related to adsorp-

tion binding energy for As(III) is found 111.4 J mol-1,

clearly denying to follow the ion-exchange mechanism. In

addition, D–R isotherm shows the value of the adsorption

energy (E) of 54.72 J mol-1. The estimated value of

E (\8 kJ mol-1) has been indicated toward the

physisorption process (Baig et al. 2010; Das et al. 2014;

Roy et al. 2014).

The pseudo-first-order and pseudo-second-order kinetic

models were tested to investigate the rate of biosorption of

As(III) by AiBP (Baig et al. 2010; Chattoraj et al. 2014).

The linearized form of adsorption kinetics and their con-

stants are presented in Table 2.

From the table, it is confirmed that the arsenic(III)

biosorption followed the pseudo-second-order reaction. It

is also clear from Table 2 that the pseudo-second-order

kinetic model showed excellent linearity with high corre-

lation coefficient (R2 = 0.999) at 100 lg L-1 As(III)

concentration in comparison to the first-order kinetic

model. Furthermore, the calculated qe value also agrees

with the experimental value (31.3 lg g-1) in the case of

pseudo-second-order kinetic model.

Thermodynamic parameters

In order to describe thermodynamic properties of the

biosorption of As(III) by AiBP; enthalpy change (DH8),
Gibbs free energy change (DG8), and entropy change (DS8)
were calculated by using equations as shown in Table 3.

From Table 3, it is clear that the biosorption process is

thermodynamically feasible and spontaneous in nature as

DG8 values are negative at all the temperature studied. The

more negative value of DG8 with increasing in temperature

suggests that higher temperature makes the biosorption

easier. Again, the positive DH8 value implies the

endothermic nature of the biosorption. The type of

biosorption can be explained in terms of the magnitude of

DH8. The enthalpy or the heat of adsorption ranging from

Table 1 Isotherm data for biosorption of As(III) by AiBP

Adsorption isotherms Equations Parameters (unit) Values R2

Langmuir isotherm 1
qe
¼ 1

qmax KL Ce
þ 1

qmax
qmax (lg g-1) 166.7 0.977

KL (L lg-1) 0.009

Freundlich isotherm log qe ¼ logKF þ 1
n
logCe KF (lg g-1) 2.679 0.955

n 1.757

Temkin isotherm qe ¼ RT
bT

lnAT þ lnCeð Þ AT (L lg-1) 14.15 0.930

bT (J mol-1) 111.4

D–R isotherm
ln qe ¼ ln qmax � 1

2E2 � RT ln 1þ 1
Ce

� �h i2 qmax (lg g-1) 169.8 0.908

E (J mol-1) 54.72

qmax is the maximum biosorption capacity; KL, KF, AT and bT are different biosorption constants; n is the heterogeneity factor; E is the mean free

energy of biosorption per mole of the adsorbate; T is the temperature (K), and R is the ideal gas constant (8.3145 J mol-1 K-1)

Table 2 Kinetic parameters for biosorption of As(III) by AiBP

Kinetic Models Equations Parameters (unit) Values R2

Pseudo-first-order ln qe � qt ¼ ln qe � k1t qe (lg g-1) 4.93 0.875

k1 (min-1) 0.546

Pseudo-second-order t
qt
¼ 1

k2 q2e
þ t

qe
qe (lg g-1) 33.2 0.999

k2 (g lg-1 min-1) 0.969

qt is the biosorption capacity at time t; k1 and k2 are the first-order and second-order rate constant, respectively
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2.1 to 20.9 kJ mol-1 corresponds to physical adsorption

whereas ranging from 20.9 to 418 kJ mol-1 is regarded as

chemical adsorption. Therefore, the DH8 value

(19.95 kJ mol-1) confirms that the biosorption process of

As(III) by AiBP occurred due to physisorptions. Further-

more, the positive DS8 value also corresponds to an

increase in the degree of freedom of the adsorbed species

during the biosorption process (Baig et al. 2010; Prasad

et al. 2011; Das et al. 2014).

Column operation

Central composite design (CCD)

The RSM was applied to determine the optimized set of

operational variables in the arsenic(III) biosorption process

for the column study. The CCD in RSM was designed for a

set of three independent variables, viz., initial As(III)

concentration, flow rate, and biosorbent dose, to investigate

their influence on the breakthrough time for continuous

fixed-bed biosorption of As(III) by AiBP. The experi-

mental range of the variables with their unit and notation

used in CCD is given in Table 4.

The central composite design was developed by ‘‘De-

sign–Expert’’ software. According to this design, a total of

20 experiments were performed in duplicate to the CCD

matrix as per Table 5.

Evaluation of the fitting process model and ANOVA

To detect and suggest a valid model, the actual responses

were fitted with existing linear, two factor interactions

(2FI), cubic and quadratic model by CCD. Based on sug-

gestion, the quadratic model was selected to continue the

progress (Table 6).

The selected quadratic model was validated by a few

numbers of statistical evidences in the analysis of variance

(ANOVA). The evidences were Fisher variation ratio

(F value), probability value (p value), lack of fit, coefficient

of determination R-squared (Rd
2), adjusted R-squared(RAdj

2 ),

predicted R-squared (RPred
2 ), and adequate precision. Ade-

quate precision is a signal to-noise ratio, which compares

the range of the predicted values at the design points to the

average prediction error. The ratios greater than 4 indicate

adequate model discrimination. RAdj
2 and the RPred

2 are

measurements of the amount of variation around the mean

and new explained data, respectively. The p value repre-

sents the degree of significance of each variable while

F value is a statistically valid measure of how well the

factors describe the variation in the data about its mean

(Abdollahi et al. 2012; Kumar and Phanikumar 2013;

Chattoraj et al. 2014; Roy et al. 2014; Sadhukhan et al.

2014).

The selected model was validated by ANOVA which

provided evidences such as high F value (20202.14), very

low p value (\0.0001), non-significant lack of fit, the high

coefficient of R-squared (0.9999), adjusted R-squared

(0.9999), predicted R-squared (0.9998), and the adequate

precision (491.63). Moreover, Fig. 12 shows the actual

values versus predicted values of the As(III) biosorption for

column study, which indicates an excellent agreement

between actual and predicted values. As observed, the

validity (significance and adequacy) of the model was

confirmed by the reasonable evidence.

The empirical relationships relating the breakthrough

time to the tested independent variables have been

expressed in terms of unit less regression coefficient by the

quadratic model is given by the following equation:

Breakthrough time minð Þ ¼ þ629:87� 161:24A

� 201:96B þ 230:59C � 90:64AB � 106:44AC

� 53:89BC þ 3:14A2 þ 38:89B2 þ 27:97C2 ð3Þ

where A: initial concentration, B: flow rate, and C:

biosorbent dose are in coded factors.

A regression analysis of the model equation (Table 7)

shows that the main as well as the interaction effects of

initial As(III) concentration, flow rate, and biosorbent dose

were highly significant (p\ 0.0001). Also, the square

effect of flow rate and biosorbent dose was highly signif-

icant (p\ 0.0001).

Table 3 Thermodynamic parameters for biosorption of As(III) by

AiBP

Thermodynamic parameters Equations Values (kJ mol-1)

Standard free energy DG0 ¼ �RT lnKC

303 K -1.857

308 K -2.538

313 K -3.330

318 K -3.297

323 K -3.263

Standard enthalpy change lnKC ¼ DS0
R
� DH0

RT
19.95

Standard entropy change 72.9 9 10-3

KC is the equilibrium constant, T and R are as defined in previous

equation

Table 4 Independent variables and their levels employed in the CCD

Variables Units Notations Level of variables

Low High

Initial concentration lg L-1 A 500.0 2000.0

Flow rate mL min-1 B 3.0 7.0

Biosorbent dose g C 2.0 6.0
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Interaction effect of biosorption process variables

Contour plots: In order to study the interaction among the

different independent variables and their corresponding

effect on the response, contour plots were drawn (Figs. 13,

14, 15). Contour plot is the projection of the response

surface as a two-dimensional plane. This analysis gives a

better understanding of the influence of variables and their

interaction on the response.

The combined effect of initial As(III) concentration and

flow rate on breakthrough time is shown in the contour plot

of Fig. 13. The breakthrough time decreases with increase

in both the initial As(III) concentration as well as the flow

rate within the experimental range. Such behavior can be

explained by the fact that all biosorbents have a limited

number of active sites which become saturated at a certain

concentration. With increasing inlet arsenic(III) concen-

tration, the active sites on the biosorbent surface become

more quickly saturated and hence the breakthrough time is

decreased (Bhakat et al. 2007; Ranjan et al. 2009; Das et al.

2014). Also at higher flow rates, the residence time of the

arsenic(III) solution in the column decreases. The insuffi-

cient residence time decreases the biosorption efficiency of

As(III) on the biosorbent surface or diffusion into the pores

of the biosorbent, leaving the column before equilibrium

has reached with result in earlier breakthrough time (Gupta

and Sankararamakrishnan 2010; Chowdhury et al. 2013;

Saha et al. 2012; Roy et al. 2013a).

Table 5 CCD for three used

independent variables and the

observed response

(breakthrough time: min) for

As(III)

Standard

order

Run

order

Factor 1 Factor 2 Factor 3 Response

A: initial

concentration

(lg L-1)

B: flow

rate (mL min-1)

C: biosorbent

dose (g)

Breakthrough

time (min)

4 1 500.0 3.0 2.0 581.0

18 2 500.0 3.0 6.0 1366.3

15 3 500.0 5.0 2.0 483.8

2 4 500.0 5.0 6.0 1159.4

13 5 500.0 7.0 2.0 466.2

14 6 500.0 7.0 6.0 1032.2

3 7 1250.0 3.0 2.0 615.8

7 8 1250.0 3.0 6.0 1174.8

11 9 1250.0 5.0 2.0 428.2

10 10 1250.0 5.0 6.0 890.6

5 11 1250.0 7.0 2.0 320.2

20 12 1250.0 7.0 6.0 673.0

1 13 2000.0 3.0 2.0 652.2

8 14 2000.0 3.0 6.0 1013.0

9 15 2000.0 5.0 2.0 374.2

17 16 2000.0 5.0 6.0 623.4

16 17 2000.0 7.0 2.0 175.8

6 18 2000.0 7.0 6.0 315.4

19 19 500.0 3.0 4.0 943.0

12 20 500.0 3.0 4.0 945.4

Table 6 Sequential model sum of squares

Source Sum of squares df Mean square F value p value, Prob[F

Mean vs total 10130195 1 10130195

Linear vs mean 1862252 3 620750.6 38.51 \0.0001

2FI vs linear 251448.7 3 83816.23 169.3 \0.0001

Quadratic vs 2FI 6319.651 3 2106.55 180.7 \0.0001 Suggested

Cubic vs quadratic 58.73597 5 11.74719 1.015 0.4937 Aliased

Residual 57.86444 5 11.57289

Total 12250332 20 612516.6
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Figure 14 depicts the interaction effect of initial As(III)

concentration and biosorbent dose on the breakthrough

time. Within the experimental range, the response function,

i.e., the breakthrough time decreases with increasing initial

As(III) concentration. On the contrary, the breakthrough

time increases with increasing biosorbent dose. The

observed trend can be attributed to the fact that increase in

biosorbent doses in larger beds provides a greater number

of active sites for As(III) with increase in the surface area

of biosorbent (Bhakat et al. 2007; Ranjan et al. 2009; Roy

et al. 2013a). The arsenic(III) has more time to contact with

the biosorbent resulting in delayed breakthrough (Chowd-

hury et al. 2013; Saha et al. 2012; Roy et al. 2014).

The contour plot in Fig. 15 shows the combined effect

of flow rate and biosorbent dose on the breakthrough time

for continuous biosorption of As(III) by AiBP. The inter-

active effect of flow rate and biosorbent dose showed a

significant impact on the breakthrough time. The break-

through time decreases with increasing flow rate while it

increases with increasing biosorbent dose. Such break-

through pattern can be explained in terms of residence time

of the arsenic ion in the column as well as the availability

of active sites, as already mentioned.

Actual

Pr
ed

ic
te

d
Predicted vs. Actual

100.0

425.0

750.0

1075.0

1400.0

175.8 473.4 771.0 1068.7 1366.3

Fig. 12 Plot of actual response versus predicted response for column

operation of As(III) biosorption by AiBP

Table 7 Regression Analysis using CCD

Model

terms

Coefficient

estimate

Standard

error

F value p value,

Prob[F

A -161.24 0.986 26757 \0.0001

B -201.69 0.986 41866 \0.0001

C 230.59 0.805 82086 \0.0001

AB -90.64 1.207 5636 \0.0001

AC -106.44 0.986 11660 \0.0001

BC -53.89 0.986 2989 \0.0001

A2 3.14 1.707 3.386 0.0956

B2 38.89 1.707 518.9 \0.0001

C2 27.97 3.244 74.31 \0.0001
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Fig. 13 Contour plot showing the combined effect of initial

arsenic(III) concentration and flow rate on the breakthrough time

for column operation of As(III) biosorption by AiBP. Biosorbent dose

of 4.0 g
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Fig. 14 Contour plot showing the combined effect of initial

arsenic(III) concentration and biosorbent dose on the breakthrough

time for column operation of As(III) biosorption by AiBP. Flow rate

of 5.0 mL min-1
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Perturbation plot: The effects of initial As(III) con-

centration, flow rate, and biosorbent dose on the break-

through time were evaluated. The individual effect of

independent variables including initial As(III) concentra-

tion (A), flow rate (B), and biosorbent dose (C) was found

by perturbation plot. A perturbation plot does not show the

effect of interactions and it is like one factor-at-a-time

experimentation. The perturbation plot as in Fig. 16 helps

comparing the effect of all independent variables at a

particular point in the design space. The response is plotted

by changing only one factor over its range while holding

the other factors constant. A steep slope or curvature in a

factor shows that the response is sensitive to that factor

(Kumar and Phanikumar 2013; Roy et al. 2014; Sadhukhan

et al. 2014). A relatively flat line shows insensitivity to

change in that particular factor. The present result revealed

that breakthrough time is more sensitive to biosorbent dose

followed by flow rate and initial concentration.

Optimization using the desirability function

The possible goals in the Design–Expert software’s are to

maximize, minimize, target, in range and set to an exact

value (factors only). In numerical optimization, the desired

goal was preferred for each variable and response from

menu.

Figure 17 demonstrates the desirability values of opti-

mization procedure in which the criterion was set as

‘‘minimum’’ for AiBP dose, ‘‘maximum’’ for initial As(III)

concentration, ‘‘in range’’ for flow rate and the goal was set

as ‘‘maximum’’ to analyze economically viable optimal

condition. The objective of this process was to find the

maximum breakthrough time by utilizing less amount of

biosorbent dose. In this, the desirability value ranges from

0.913 to 1 for individual variables and 0.969 for combi-

nation of all the variables.

By seeking from 100 starting points in the response

surface changes, the best local maximum breakthrough

time out of 34 solutions was found to be 653.9 min when

the independent variables retained at 2.0 g AiBP dose,

2000.0 lg L-1 initial As(III) concentrations, and

3.0 mL min-1 flow rate at maximum desirability value of

0.969. The optimized result obtained from CCD coincides

well with experimental value, suggesting that the AiBP

may be an effective and economically feasible biosorbent

for the removal of As(III) from water.
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Fig. 15 Contour plot showing the combined effect of flow rate and

biosorbent dose on the breakthrough time for column operation of

As(III) biosorption by AiBP. Initial arsenic(III) concentration of

1250.0 lg L-1
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Scanning electron microscopy (SEM) analysis

SEM analysis is a useful tool for the study of the surface

morphology of the biosorbent. The SEM micrographs

(20 kV; 10 lm) at 1,000 magnifications for AiBP surface

before and after As(III) biosorption at the optimization

conditions of column operation are shown in Figs. 18 and

19, respectively. Figure 18 clearly shows the presence of

porous, rough, and irregular surface morphology of the

unloaded AiBP. The surface roughness of an unloaded

biosorbent indicated the availability of a tremendous sur-

face area of AiBP meant for high adsorption capacity in the

biosorption process (Kamsonlian et al. 2012; Das et al.

2014; Roy et al. 2014). Contrary to this, after biosorption,

the biosorbent surface seemed to have decreased porosity

due to the heavy impregnation of As(III) onto the surface

of the AiBP biomass (Fig. 19).

Fixed-bed column performance using real

contaminated groundwater (CGW)

The proposed indigenous biosorbent AiBP was satisfacto-

rily tested for the removal of arsenic from real CGW

sample. Hundred ten natural CGW samples were collected

from an arsenic polluted region of Purbasthali Block-II in

the district of Burdwan, West Bengal, India (Roy et al.

2013b). Out of 110 tubewell water samples, the maximum

concentration of inorganic arsenic (total) was 261 lg L-1

as recorded in our earlier study. Removal of arsenic from

the CGW sample (total arsenic = 261 lg L-1,

As(III) = 112 lg L-1, and As(V) = 149 lg L-1) by fixed-

bed column experiment was performed at optimal condi-

tion of 3.0 mL min-1 flow rate and 2.0 g AiBP dose. After

treating 15 L of CGW through the proposed column

operation, the results on water quality before and after

biosorption under study are shown in Table 8. The results

Fig. 18 SEM micrograph of AiBP before treatment of As(III)

Fig. 19 SEM micrograph of AiBP after treatment of As(III) in

column operation

Table 8 Physico-chemical parameters of water and removal of

As(III) by AiBP

Parameters (Unit) Before

biosorption

After

biosorption

pH 7.2 6.9

Electrical conductivity (lS cm-1) 3.8 3.4

Total dissolve solid (mg L-1) 536.8 455.7

Carbonate (mg L-1) 40.5 29.6

Bicarbonate (mg L-1) 220.3 176.3

Calcium (mg L-1) 126.2 87.6

Magnesium (mg L-1) 43.4 25.9

Chloride (mg L-1) 30.2 21.8

Sodium (mg L-1) 38.4 36.6

Potassium (mg L-1) 2.7 2.3

Iron (mg L-1) 14.6 5.1

Sulfate (mg L-1) 3.8 2.4

Phosphate (mg L-1) 1.4 0.3

Fluoride (mg L-1) 0.5 BDL

Antimony (mg L-1) 0.3 BDL

Total arsenic (lg L-1) 261 33.2

Arsenic(III) (lg L-1) 112 12.3

Arsenic(V) (lg L-1) 149 20.9

BDL below detection limit
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of column operation using real CGW sample, containing

both As(III) and As(V) ions, showed that biosorbent is

effective to remove both arsenic species from natural

CGW. However, the concentration of arsenic (33.2, 12.3,

and 20.9 lg L-1) in treated sample was higher than the

safe level recommended by WHO. An additional biosorp-

tion step can be employed when single-stage biosorption is

not enough to reduce the concentration of a pollutant to the

recommended safe limit. Therefore, the present study rec-

ommends a two-stage biosorption by use of AiBP to reduce

the arsenic concentration below 10 lg L-1.

Conclusion

AiBP was found to be efficacious in the removal of

arsenic(III) from water. The effect of different process

parameters (i.e., solution pH, contact time, initial concen-

tration of As(III), AiBP dose, stirring rate, and tempera-

ture) in batch operation were studied for the biosorption of

As(III) on AiBP. ANN model was applied upon batch

experimental values to archive the reasonable predictive

performance of the biosorbent; additionally the importance

analysis of ANN provided that the initial concentration was

the most significant parameter for the batch operation. The

model was also found to be working satisfactorily as evi-

denced with average relative error of 0.352 and sum square

error of 10.065 during testing phase to predict the

biosorption efficiency with reasonable accuracy. The study

on equilibrium biosorption of batch operation revealed that

Langmuir isotherm model gave the best fit to experimental

data. The nature of biosorption of As(III) by AiBP was

physisorption as inferred from the D–R isotherm model.

The biosorption is pseudo-second-order, endothermic, and

spontaneous. For column operation, CCD was applied to

investigate the influence on the breakthrough time for

optimization of As(III) biosorption process and evaluation

of interacting effects of three different operating variables.

A correlation coefficient (R2) value of 0.999, model

F value of 20202.14, and its low p value (\0.0001) along

with higher adequate precision (491.63) indicated the fit-

ness of the response surface quadratic model developed in

the present study. The optimized result of CCD revealed

that the AiBP was supposed to be an effective and eco-

nomically feasible biosorbent for the removal of As(III)

from the aqueous system. The effectiveness of the biosor-

bent is also critically examined by treating a contaminated

groundwater sample collected form an arsenic affected area

of Purbasthali Block-II, Burdwan, West Bengal, India.

Overall, it is concluded that the data presented in this

investigation can be further extrapolated for designing and

establishing an efficient arsenic removal scheme while

treating the groundwater that might have contaminated.
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