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Abstract Adsorption is one of the best methods for
arsenic removal from water which is established in the
last few decades. Biosorption by natural biosorbents and
agricultural by-product is an environmental friendly
approach and has proved to be a cost-effective and
non-hazardous technology for the removal of heavy
metals from water. This paper describes batch test find-
ings conducted to evaluate the feasibility of using sug-
arcane bagasse (SCB) as an industrial by-product of
sugar industry to remove arsenic (As) from water and
compare the results with the efficiency of activated
carbon (AC) for arsenic (As) removal. The effects of
three parameters, such as pH, adsorbent dosage (C,),
and initial metal concentration (C) on the adsorption of
arsenic were evaluated by using response surface meth-
odology (RSM). It is discovered that AC and SCB
removed up to ~89 and ~98 % of arsenic, respectively.
The uptake capacities yielded from the batch experiment
were about 31.25 mg/g for AC atpH ~7.4 and 11.9 mg/g
for SCB at pH ~9. The equilibrium times achieved were
120 and 150 min for SCB and AC, respectively. This
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study shows that SCB is an efficient low-cost
biosorption for arsenic removal from water.
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1 Introduction

Groundwater is the main water resource for human
societies. Nearly 60 % of the annual water supply comes
out of groundwater sources. Arsenic contaminations of
groundwater and surface water have been reported in
many parts of the world, for example Bangladesh, India,
Argentina, Taiwan, New Zealand, Canada, America,
China, Japan, Chile, etc. (Mohan and Pitmann 2007).
Inorganic arsenic leads to phenomena such as kidney,
bladder, skin, and respiratory tract cancer. Effects of
arsenic exposure include as follows: irritation of the
stomach and intestines, heart failure, high blood pres-
sure, decreased production of red and white blood cells,
damage to DNA, and changes to the skin pigmentation
(Lee 2010).

Arsenic and respiratory cancer association studies
have proven. Therefore, the International Agency for
Research on Cancer (IARC) has categorized arsenic in
drinking water in the first group which means that it
causes cancer of the respiratory system. The condition
of aquatic systems such as oxidation—reduction, precip-
itation, and ligand exchange changes the chemistry of
arsenic in water (Baskan and Pala 2011). Arsenic
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compounds such as arsenite, arsenate, arsenic acid, ar-
senious acid, methyl arsenic acid, and dimethyl arsenic
are observed in the environment. Arsenic with +3 and +
5 capacities in aquatic environments has been observed.
The trivalent arsenic form is more toxic than pentavalent
and organic forms (Eljamal et al. 2011). Most of the
arsenics have been seen in both redox conditions. Two
forms of arsenic commonly found in natural polluted
water are arsenate and arsenite. In aerobic and oxidizing
conditions, predominant species are pentavalent species
and in anaerobic and moderately reducing conditions
are trivalent species (Mohan and Pitmann 2007; Maji
et al. 2008; Eljamal et al. 2011; Di Natale et al. 2008).

Different methods have been used in arsenic re-
moval such as precipitation, oxidation, ion exchange,
adsorption, and ultrafiltration (Pandey et al. 2009).
Adsorption is one of the best methods in contaminant
removal from water which is established in the last
few decades. Activated carbon is an organic sorbent
which is commonly used to remove different contam-
inants from water and has been widely used as an
adsorbent. Types of the activation processes can
change the functional groups. Because of high sur-
face area and different types of active groups (car-
boxylic acid, hydroxyl, carbonic, etc.), activated car-
bon (AC) has high adsorption capacity.

Low-cost adsorbents are used for heavy metal re-
moval because they are less expensive than membrane
separation and synthetic materials such as ACs.
Biosorption process by natural biosorbents and agricul-
tural by-product is an environmental friendly approach
and has been proved to be a cost-effective and non-
hazardous technology for the removal of heavy metals
from water. Some natural sorption materials such as
natural laterite, red mud, modified sawdust, coconut
husk carbon, and waste rice husk have been investigated
by other researchers (Manju et al. 1998; Urik et al. 2009;
Maiti et al. 2009; Amin et al. 2006). Some materials and
their maximum arsenite uptake are shown in Table 1.

We choose the raw sugarcane bagasse (SCB) for
arsenic removal because no study has been done on
the removal of arsenic by raw SCB and treated SCB as
biosorbents. Actually, SCB is a low-cost residue (by-
product) in sugar industry remaining after the sugar is
extracted and contains large quantities of cellulose and
lignin. Therefore, regarding the adsorptive sites such as
carboxylic, carbonyl, amine, and hydroxy! groups, SCB
can adsorb heavy metal ions especially arsenic from
water. SCB has been used as a natural adsorbent in the
following three main forms: fly ash, activated carbon,
and native or raw bagasse for the purposes of separation,
determination, or removal of different types of

Table 1 Some adsorbents of

arsenic Absorbent Arsenite uptake (mg/g) Reference
AC 29.9 (Mohan and Pitmann 2007)
Orange juice residue 70.43 (Akhter et al. 1997)

Fresh biomass

Red mud
Immobilized biomass
Tea fungal biomass
AC (olive pulp)
Green algae

Char carbon
Oxisol

Gibbsite

Bean pod AC
ZVI-AC
ZVI-sheep manure
Fly ash

Sugarcane bagasse
AC

128.1 (90 %)
0.884 (87 %)

(Kamala et al. 2005a, b)
(Altundogan et al. 2002)

7.4 (Mohan and Pitmann 2007)
1.11 (Murugesan et al. 2006)

1.39 (Budinova et al. 2006)

57.48 (Sari et al. 2011)

89.24 (Pattanayak et al. 2000)

2.6 (Ladeira and Ciminelli 2004)
33 (Ladeira and Ciminelli 2004)
13.5 (Budinova et al. 2009)

15 (Zhu et al. 2009)

30.96 (Wilopo et al. 2008)

74.4 (Polowczyk et al. 2010)

11.9 (This study)

31.25 (This study)
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pollutants. These include heavy metal ions (Gupta et al.
1998a, 1999; Gupta et al. 2003; Gupta and Ali 2004;
Ayyappan et al. 2005; Mohan and Singh 2002; Garg
et al. 2008; Rao et al. 2002; Gupta and Ali 2000; Rao
etal. 2009), dyes (Srivastava et al. 1995a, b; Gupta et al.
1998b, 2000, 2005; Gupta et al. 2009; Mane et al. 2007)
and pesticides (Gupta and Ali 2001; Gupta et al. 20006;
Akhtar et al. 2007; Gupta et al. 2003). In case of heavy
metal ions, several studies have been conducted towards
the separation and removal of one, two, or three metal
ions. Bagasse fly ash was used for the removal or uptake
of copper and zinc (Gupta and Ali 2000), chromium and
nickel (Rao et al. 2002), lead and chromium (Gupta and
Ali 2004), and cadmium and nickel (Gupta et al. 2003).
Bagasse activated carbon was also used for the removal
of Cd (II) and Zn (1) (Mohan and Singh 2002) and Hg
(ID) (Rao et al. 2009) and Pb (II) (Ayyappan et al. 2005).
However, few studies have been directed towards the
use of its raw or native form for the purpose of metal ion
removal (Garg et al. 2008; Rao et al. 2002).

The objectives of this study are to test and compare
AC and SCB as alternative suitable arsenic adsorbents.
In this study, we used an experimental design for the
optimization of arsenic removal tests by applying Box—
Behnken design under response surface methodology
(RSM) using Design Expert software (Version 7.0.0,
Stat. Ease. Inc., USA), and the experimental data were
analyzed with a second-order polynomial model vali-
dated by statistical analysis. To specify the surface mor-
phology, a scanning electron microscope (SEM) was
applied. Fourier transform infrared (FTIR) analysis
was done to identify different functional groups present
on the surface of the adsorbent.

2 Materials and Methods
2.1 Materials

All chemicals were of reagent grade. All glassware and
sample bottles were washed with a detergent solution,
rinsed with tap water, soaked with 10 % nitric acid for
at least 12 h, and finally rinsed with distilled water three
times. All aqueous solutions were prepared in double-
distilled water. Arsenic solutions were made from arsenic
trioxide (As,0O3) and NaOH which were both from Merck
Company. Standard arsenite solution (1,000 mg/L) was
prepared by dissolving 1.320 g of arsenic trioxide
(As;03) in a minimum volume of 20 % NaOH. It was

Table 2 The characterizations of AC

AquaCarb®820 Parameter

Bituminous Coal Type of AC
8*20 Particle size
>1,000 BET, m%/g
1,000 Iodine no., mg/g

then neutralized with nitric acid and diluted to 1,000 mL
(Budinova et al. 2009; Kamala et al. 2005a). The charac-
terizations of AC in this study are shown in Table 2. The
particle size of SCB was about 100-850 um, and its
density was about 344 Kg/m® with water adsorption about
70-75 %. Table 3 shows the lignocellulosic SCB
compositions.

2.2 Biosorbent Preparation

The SCB was boiled for 3 h and then washed several
times with double-distilled water to remove impure
particles and other soluble components such as coloring
agents. Then, it was dried at 80 °C in a convection oven
for 24 h (Khoramzadeh et al. 2013a, b).

2.3 Adsorption Procedure

For the experimental design and optimization, response
surface methodology (RSM) was employed. The Box—
Behnken designed experiment model was used for the
design of the required number of experiments. The pH,
initial concentration, and adsorbent dosage were consid-
ered as effective parameters on adsorption processes.
Batch tests designed by RSM were carried out by
mixing certain amounts of SCB and AC with 100 mL
of aqueous solution in a 250-mL conical flask, the batch
tests were conducted at room temperature (24+2 °C) by
a mechanical shaker at 180 rpm for 30 min. After
filtration, using 0.45-um filters, remaining arsenic (As)
ion concentrations in the solution were analyzed by an
atomic adsorption spectrophotometer at a maximum
adsorption wavelength (A\nx=193.7 nm). The ranges

Table 3 Lingocellulosic SCB compositions (% dry basis)

Biomass Cellulose ~ Xylan  Lignin  Other®

Sugarcane bagasse ~ 40.50 21.20 24.20 14.1

 Ash, non-structural sugars
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and levels of independent variables (pH, initial concen-
tration, and adsorbent dosage) are shown in Table 4. The
removal percentage of arsenic (As) from aqueous solu-
tion was calculated using Eq. (1) as follows:

(CO — Ce) x 100
R (%) =—+—— 1
emoval(%) o (1)
Where Cy is the initial arsenic concentration (mg/L), and
C. is the residual or final concentration of arsenic (mg/L).

2.4 Experimental Design and Optimization by RSM

RSM is one of the tools for modeling the experimental
processes. This method is based on the statistical anal-
ysis of regression consisting of determining an optimal
model which minimizes the residual variations. RSM
was initially developed for the purpose of determining
optimum operation conditions in the chemical industry,
but it is now used in a variety of fields and applications
not only in the physical and engineering sciences but
also in biological, clinical, and social sciences. The
response surface design was used in this study to (1)
find how jar tests comprising of several levels of arsenic
removal factors can be simplified, (2) determine how
removal efficiencies (as responses) are affected by
changes in the level of adsorbent dose and pH and initial
concentration of arsenic (as factors), (3) determine the
optimum combination of adsorbent dose, initial concen-
tration, and pH that yields the best removal of arsenic
(Trinh and Kang 2010). The Box—Behnken designed
experiment model was used for the design of the re-
quired number of experiments. Box—Behnken design is
devised by George E. P. Box and Donald Behnken as the
experimental design in response surface methodology
(Myers and Montgomery 2002). Box—Behnken design
was used because it was highly efficient, and this design

Table 4 The levels and ranges of variables in Box—Behnken
statistical experimental design

Independent variables Symbol  Coded variable level

Low  Center  High

-1 0 +1
Adsorbent dosage (g/L) A 5 15 25
Arsenic initial B 55 65 75
concentration (ppm)
pH C 5 7 9

@ Springer

along with RSM was widely applied for the optimiza-
tion of various physical, chemical, and biological pro-
cesses (Zhang et al. 2010; Wang et al. 2011). The pH,
initial concentration, and adsorbent dosage were consid-
ered as effective parameters in adsorption processes.
The combined effect of these three factors on arsenic
removal was investigated through 17 sets of experi-
ments. The three selected experimental parameters were
optimized using RSM considering them as independent
variables and percent arsenic removal as response vari-
ables. RSM finally fitted the outcomes with an empirical
quadratic polynomial model expressed in Eq. 2:

Y = By + BiA + B2B + B5C + B, 4> + B, B
+ B53C* + B AB + B53BC + 35,CA - (2)

Where Y denotes the response variable; G, the inter-
cept; B1, Ba, B5 the coefficients of the independent
variables; 311, £, (33 the quadratic coefficients; [,
(3, (31 the interaction coefficients; and 4, B, C the
independent variables. The variables in this experiment
were the adsorbent dosage (4), arsenic initial concentra-
tion (B), and pH (C). A positive and a negative sign in
the equation show a synergistic effect of the variable and
an opposite effect of the variable, respectively.
Multivariate regression analysis and optimization pro-
cess are performed by means of RSM using Design
Expert software (version 7.0.0, Stat Ease Inc., USA).

2.5 Kinetics Test

For kinetics study, 1.5 g of adsorbents was added to
eight flasks containing 100 mL of polluted water with
arsenic. The initial concentration of arsenic was
55 mg/L. The containers were mixed using a mechan-
ical shaker at a speed of 180 rpm at room temperature
(24+2 °C). The samples were taken in 15, 30, 45, 60,
90, 120, 150, and 180 min and filtered through a
0.45-um filter. The filtrate was analyzed for arsenic.

2.6 Adsorption Isotherm Test

It is important to compare sorption performance under
the same pH since isotherms could vary with pH, so we
conducted our test at pH=9 for SCB and at pH=7 for
AC. Different dosages of adsorbents (0.1, 0.5, 1, 1.5 g)
were added to four flasks containing 100 mL of polluted
water with arsenic. The initial concentration of arsenic
was 75 mg/L. The containers were mixed using a
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Fig. 1 FTIR spectra of a SCB before adsorption process and b SCB after adsorption process
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mechanical shaker at a speed of 180 rpm at room tem-
perature (24+2 °C).

2.7 Adsorbent Characterization

The determination of the point of zero charge (pH,,.) was
conducted to investigate the surface charge of SCB and
AC adsorbents. For the determination of pHy,., 0.1 mol/L
of potassium chloride was prepared, and the pH was
adjusted between 2 and 12 using diluted hydrochloric
acid or sodium hydroxide solution. Then, 50 mL of
0.1 mol/L of potassium chloride solution was placed in
a 100-mL conical flask, and 0.1 g of adsorbent was added
to each solution. These flasks were kept for 48 h under
agitation at room temperature, and the final pH values of
the solutions were measured. Graph was plotted between
final pH and initial pH. The pH,, is the point where the
final pH versus initial pH curves cross the line equal to pH
final (Rivera et al. 2001). Scanning electron microscope
(SEM) was used to determine surface morphologies of
SCB and AC adsorbents. Properties of the reaction prod-
ucts were characterized by Fourier transform infrared
(FTIR) spectra which were obtained with a spectrometer
using a pellet (pressure disk) technique, and the analyses
were run using the KBr pellet. The spectral range covered
was 500-4,000 cm ™.

2.8 Analytical Methods

Arsenic analysis was performed by a Varian (USA)
model AA-240 atomic absorption spectrophotometer
and pH of solution measured by a pH meter (model of
Microprocessor 537). A study of surface characteristics
of the adsorbents was conducted using scanning elec-
tron microscopy (SEM) (Model Leo, 43SVP) and
Fourier transform infrared (FTIR) (Nicolet Model
Avatar 370 Csl, Thermo Electron Corporation, USA).

3 Results and Discussions
3.1 Fourier Transform Infrared (FTIR) Spectra Analysis

To understand the chemical change in the structure of SCB
before and after the adsorption process, Fourier transform
infrared of SCB samples were obtained. Figure la, b
shows the FTIR spectra of SCB, before and after adsorp-
tion processes. The results from FTIR analysis showed the
presence of important chemical groups. The most visible

@ Springer

differences between the spectra of SCB before and after
adsorption processes were found within region 2,000 to
600 cm . By comparing the FTIR spectra of treated and
original sugarcane bagasse, a broad peak at around
3,400 cm ! represents a broad band of OH groups either
from cellulose or lignin. The absorptions of O-H
stretching usually occur in a 3,100-3,600 cm™' range
(Roberta et al. 1989). The peak at around 2,920 cm™'
represents the C—H asymmetric stretching in aliphatic
methyl. On the other hand, it could be attributed to CH,
and CH; groups from cellulose, lignin, and hemicellulose.
In the case of SCB before adsorption processes, the peaks
at 1,606 and 1,510 cm relating to aromatic skeleton
vibrations in lignin and the absorption located at
1,730 cm ', are referred to the acetyl groups which is
present in the hemicellulose; this indicates the C=0 stretch
in non-conjugated ketones, carbonyls, and ester groups.
The appearance of the band near 1,600 cm ' is a relative
pure ring stretching mode strongly associated with the
aromatic C-O—CH3 stretching mode. Band assignments
according to the literature and band shifts are listed in
Table 5. According to the FTIR spectra of untreated
SCB and SCB after adsorption process, the ester bond
signal at 1,730 cm ' was reduced after adsorption com-
pared to that of the untreated sample; this suggest that
some ester linkages between lignin and carbohydrate were
cleaved during adsorption processes. Two small bands at
1,605 and 1,632 cm ' are assigned to the absorbed water
and (3-glucosidal linkages between the sugar units,

Table 5 Relative absorbance of different groups in Bagasse
samples

Before After
adsorption adsorption

Assignment of FTIR absorption of
sugarcane bagasse

O-H stretching (H-bonded) 3,424 3,405
C-H cellulose, hemicellulose 1,374 -
C=0 stretching carbonyl 1,730 -
O-H vibration of phenolic group 1,248 1,253
O-H stretching of secondary alcohol 1,162 1,162
O-H stretching of primary alcohol 1,044 -
C-H aliphatic axial deformation methyl 2,921 2,920
and methylene groups
C—H aliphatic angular deformation 1,428 1,424;
CHj, cellulose, lignin 1,456
C=C aromatic 1,510 1,506
C—Ph vibration 1,606 1,600
C=C aromatic skeletal vibration 1,632 1,631
3-Glycisidic linkages 899 898




Water Air Soil Pollut (2014) 225:2028

Page 7 of 22, 2028

respectively. Weak absorptions between 1,500 and
1,400 cm ™" arise from the aromatic ring vibrations and
ring breathing with C-O stretching in lignin. A band
appearing at approximately 1,428 cm ' is due to the
bending vibration of C-H of the methylene group. The
strong band at 1,162 cm™" in pretreated sugarcane bagasse
is assigned to C—O stretching in cellulose, hemicellulose,
and lignin or C-O—C stretching in cellulose and hemicel-
luloses. The band at 896 cm ' is due to glucosidal linkage,
peak is at around 899 cm ™, which is due to B-glycosides
linkage, which is the same before and after the adsorption
process. The peak at 835 cm™ ' belongs to a C-H out-of-
plane vibration in lignin (Owen and Thomas 1989;
Hergert 1971; Naser et al. 2010; Bodirlau and Teaca
2009; Irfan et al. 2011).

A X Sna d

Fig. 2 SEM micrographs of (a) the activated carbon (b) the
sugarcane bagasse

3.2 Scanning Electron Microscope (SEM) Analysis

Scanning electron microscope photos for SCB and AC
are presented in Fig. 2a, b. The SEM photograph for AC
(Fig. 2a) indicates that large variety of pores is present in
AC. It is now generally known that porosity in activated
carbons is derived from three main sources, namely the
inherent cellular structure of the precursor material, the
conditions extant during the preparation of activated
carbons, and the composition of the precursor material
(Achaw 2012). According to SEM analysis, the
microcavities, the main reason for the adsorption power
of AC, were detected in its microstructure. Figure 2b
shows the presence of fibrous, rough, and irregular
surface morphology of SCB. The SEM photographs
present the pores of about 1 pm in diameter.

3.3 Statistical Analysis
3.3.1 Model Fitting

A three variable Box—Behnken design was adopted to
optimize and investigate the removal of arsenic by AC
and SCB. We used this design because it is very efficient
and requires minimum number of experiments (Wang

Table 6 Box—Behnken experiments along with actual values of
responses

Std Run A:pH B:Cy C:C, Actual value Actual value

mgl gl  SCB% AC %
1 7 s 5515 62 72
2 17 9 55 15 965 83
305 5 7515 69 79
4 13 9 75 15 98 85

5 10 5 65 5 65.3 70
6 16 9 65 5 90 78.6
7 2 s 65 25 60 75
8 9 9 65 25 925 84
9 12 7 55 5 62.7 78
10 11 7 75 5 77 75
1 3 7 55 25 685 80
12 7 75 25 65 86
13 7 65 15 79 88.5
14 15 7 65 15 78 88
15 14 7 65 15 713 86.5
16 8 7 65 15 78 89
7 1 7 65 15 761 88
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et al. 2011). In this study, experiments were planned
using the Box—Behnken design of RSM to achieve a
quadratic model consisting of 12 trials plus five-center
points. It is a spherical design containing all points lying
on a sphere of a radius square root of two. It does not
contain any point on the vertices of the cubic region
formed by the upper and lower limits of each variable

(Myers and Montgomery 2002; Hergert 1971; Sahoo
and Gupa 2012). Table 6 presents the designed experi-
ments by the program with experimental values of the
response for AC and SCB. Following the experimental
design, the quadratic equations are developed for arsenic
removal percentage in terms of the three independent
variables as is expressed in Egs. 3 and 4:

COD removal%(SCB) = —98.42125—11.11000 * pH + 4.62700 * C + 4.15700 * C,—0.068750x
pH * Cy + 0.098750 * pH * C,—0.044500 * Co * C, + 1.54625 x pH2—-0.024900 * C¢2—0.068900 * C,2 (3)

COD removal%(AC) = —141.80000 + 25.57500  pH + 3.76000  Cy + 0.46000  C,~0.062500
PpH % Co + 5.00000E—003  pH * C, + 0.022500 * Co % C,—1.38750 % pH2—0.027000 * Co>—0.055500 * C,2 (4)

Where, C, and C, are the adsorbent dosages and
initial concentration, respectively. The coefficients with
one factor (the ones in front of C,, Cy, and pH) represent
the effects of that particular factor, while the coefficients
with two factors (the ones in front of C, * C,, etc.) and
those with second-order terms (the ones in front of C,2,
etc.) represent the interaction between the two factors
and the quadratic effects. The positive sign in front of
the terms indicates a synergistic effect, while the nega-
tive sign indicates an antagonistic effect. Consequently,
the optimum conditions for the maximum percentage
removal of arsenic by AC and SCB were found and
shown in Table 7.

3.3.2 Validation of the Models

It is necessary to check the fitted model to ensure its
provision to an approximate of the real system adequate-
ly. There are some graphical and numerical methods for
checking the models. The graphical method character-
izes the nature of the residual models. A residual is
defined as the difference between an observed value Y
and its fitted Y. The first plot, residuals versus the fitted

values (predicted value), as shown in Fig. 3a, was used
to test the sufficiency of the functional part of the model.
As shown in Fig. 3b, each residual is plotted against an
index of observation orders of data which was used to
check for any drift in the process. As previously shown
in Fig. 3a, b, the graphical residual analysis indicated no
obvious pattern, implying that the residuals of the
models were randomly distributed. The normal proba-
bility plot (scatter diagram) for the studentized residuals
is illustrated in Fig. 3c. Points on this plot lie reasonably
close to the straight line, confirming that the errors have
a normal distribution with a zero mean and a constant
value. According to Fig. 3d, the data points were well
distributed close to a straight line, which indicated an
excellent relationship between the experimental and
predicted values of the response for both adsorbents.
The results also represented that the chosen quadratic
model was appropriate in assuming the response vari-
ables for all ranges of the experimental data. The curva-
ture p value <0.0001 indicates that there is a significant
curvature (as measured by the difference between the
mean center points and the mean factorial points) in the
design space. Besides, plots of the residuals in Fig. 1
reveal that they have no obvious pattern and their

Table 7 Optimum conditions selected for the maximum possible COD removal percentage

No. of solution A, catalytic B, initial arsenic C, pH Arsenic Desirability
dose (g/L) concentration (ppm) removal (%)
SCB 1 23.68 63.74 8.98 98 1
AC 2 17.55 67.15 7.63 89 1
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structure is rather abnormal. Moreover, they indicate
equal scatters above and below the x-axis, implying

the proposed model’s adequacy, so there is no reason

to suspect any violation (Sahoo and Gupa 2012).
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Fig. 3 (continued)
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The results were also analyzed by applying the coef-
ficient of determination and then calculated as shown in
Egs. 5 and 6 (Sahoo and Gupa 2012):

Ssresi u
RP=1- dual (5)
SSmodel + Ssresidual
2 n—1 2
Radjfl—n_p(l—R) (6)

where SS is the sum of the squares, n the number of
experiments, and p the number of predictors (term) in
the model, not counting the constant term. To show that
the model has good ability to fit the data, higher R
predicted and R? adjusted are necessary. The more R?
close to 1, the better the model fits the experimental
data. The R? for both adsorbents is found to be 0.99,
which is close to 1 and significant, this shows that the
model can describe about 99 % of the changes in the
data.

Table 8 ANOVA for response surface reduced quadratic model—analysis of variance table

Adsorbent type Source Sum of squares DF?* Mean square F value® p value (Prob>F)°

SCB Model 2353.03 9 261.45 157.97 <0.0001*
A-pH 1062.20 1 1062.20 641.79 <0.0001*
B-C, 114.70 1 114.70 69.30 <0.0001*
C-C, 92.08 1 92.08 55.64 0.0001*
AB 7.56 1 7.56 457 0.0699*
AC 15.60 1 15.60 9.43 0.0181*
BC 79.21 1 79.21 47.86 0.0002*
A 161.07 1 161.07 97.32 <0.0001*
B? 26.11 1 26.11 15.77 0.0054%**
c? 199.88 1 199.88 120.77 <0.0001*
Residual 11.59 7 1.66 - -
Lack-of-fit 7.00 3 2.33 2.03 0.2518%**
Pure error 4.59 4 1.15 - -
Cor total 2364.61 16 - - -

AC Model 583.02 9 64.78 51.01 <0.0001*
A-pH 149.64 1 149.64 117.83 <0.0001*
B-C, 18.00 1 18.00 14.17 0.0070*
Cc-C, 68.45 1 68.45 53.89 0.0002*
AB 6.25 1 6.25 4.92 0.0620%*
AC 0.040 1 0.040 0.031 0.8642%*
BC 20.25 1 20.25 15.94 0.0052*
Ve 129.69 1 129.69 102.12 <0.0001*
B? 30.69 1 30.69 24.17 0.0017*
c 129.69 1 129.69 102.12 <0.0001*
Residual 8.89 7 1.27 - -
Lack-of-fit 5.39 3 1.80 2.05 0.2491**
Pure error 3.50 4 0.88 - -
Cor total 591.91 16 - - -

# Degree of freedom

® Test for comparing model with residual (error) variance

¢ Probability of finding the observed F value when the null hypothesis is true

*Significant at p<0.05
**Not significant at p>0.05
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Analysis of variance (ANOVA) of the regression
model was performed to find the significance and
interacting effects of parameters on arsenic adsorption
procedure. ANOVA table shows the statistical analysis
of experimental data for arsenic removal. The results are
presented in Table 8. The significance of the coefficient
term is proved by values of F and p, and the larger value

79 a- Sugarcane Bagasse

7475
70.5
Removal %

66.25

62

h

89 ] b: Activated Carbon

855

Removal % 82

785

C:Ca

of F and smaller value of p indicate that most of the
variation in the response can be explained by regression
equation. The p<0.05 indicates that the model is statis-
tically significant. The ANOVA of the quadratic model
for both responses (for both adsorbents) indicates that
the models are highly significant as the F' values for the
models are 157.97 for SCB and 51.01 for AC and the

25

Fig. 4 Three-dimensional response surface plot for the effects of a and b adsorbent dosage and initial arsenic concentration, ¢ and d
adsorbent dosage and pH, and e and f initial arsenic concentration and pH on the adsorption of arsenic (As) by SCB and AC
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Fig. 4 (continued)

corresponding p values are <0.0001, i.e., there is only a
chance of 0.01 % of occurrence of the model’s £’ value
due to the noise. The ANOVA regarding the regression
models’ coefficient of arsenic removal is presented in
Table 8 as an extra tool to check the final model’s
adequacy.

“Adequacy precision” measures the signal to
noise ratio. It represents that a ratio greater than

‘ﬁ .
o 'l' ‘. "?, ",,,,@.
S e Oy Ty ey Sor

7>
L7 {7
L7 AT AL T
N e Y e Y
L7

77K LZAL AT
2SI AL 7
I, A TATT
o g

9.00

5.00 5.00

9.00

500 500

4 is desirable. The ratios of 39.247 and 21.115 for
SCB and AC, respectively, show an adequate sig-
nal, so this model can be used to navigate the
design space. The lack-of-fit p value of 0.2518
for SCB and 0.2491 for AC suggests that the
lack-of-fit is not significantly relative to net error;
thus, this is desirable since we look for a model
that fits.
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Fig. 4 (continued)

3.4 Effects of Interactive Variables

To determine the adsorption efficiency of arsenic re-
moval from water over interactive variables, 3D surface
plot was used. These plots are illustrated in Fig. 4. While
the pH of solution was kept constant on 7, the effects of
initial arsenic ion concentrations and adsorbent on the
adsorption capacity of SCB and AC are shown in

@ Springer
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Fig. 4a, b, respectively. The maximum arsenic (As)
removal of 89 and 98 % were obtained for SCB and
AC, respectively. According to Fig. 4a, b, arsenic re-
moval efficiency slightly increased with an increase in
the amount of adsorbents, and maximum arsenic (As)
removal efficiency was obtained with the adsorbent
dosage of 15 g/L for both adsorbents. In the case of
AC in the amounts more than 15 g/L, the adsorption
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efficiency decreases. The decrease of the adsorption
efficiency at a higher dosage of AC may be due to
competition among available binding sites. As the
amount of AC and SCB increases, the number of surface
active sites rises. Increasing the adsorbent dosage pro-
vided greater surface area and availability of more metal
binding sites; therefore, the rate of arsenic adsorption
increased even when the initial arsenic concentration
remained constant.

According to Fig. 4a, b, the effect of initial metal ion
concentration in the range of 55-75 mg/L on removal
efficiency was significantly increasing up to 75 mg/L.
At lower arsenic ion concentration, the ratio of the
number of moles of arsenic ions in a solution to the
available surface area is low; hence, adsorption is inde-
pendent of the initial concentration. At higher concen-
tration, the number of available sites for adsorption
decreases; hence, arsenic removal is dependent on the
initial concentration.

While the arsenic ion concentration of solution was
kept constant at a value of 55 mg/L, the effects of pH
and adsorbent dosage on the adsorption capacity of SCB
and AC is shown in Fig. 4c¢, d.

In general, pH is one of the most important parame-
ters influencing the adsorption process. In the present
study, initial pH values of aqueous metal solutions were
adjusted from pH 5 to 9, before the addition of the
adsorbents. The pH can change the surface properties
of adsorbent (AC and SCB). It was found that the
removal percentage of arsenic by SCB increased with
an increase in pH up to 9, and the optimum pH was
found to be 9. In the case of SCB, it was found that the
initial pH (7 and 9) had a decrease in the end of exper-
iments, so it is proposed that in these pH levels, arsenite
ion is transferred to the surface of SCB, then deproton-
ation occurs, and finally a surface complex is formed

4

(Wang et al. 2011). H3AsOj is the predominant species
for As (IIT) in the neutral and acid ranges, and neutral
molecules were not removed either by adsorption or
precipitation onto the positive or neutral surface of the
adsorbent so a physical adsorption occurred (Manju
et al. 1998).

The nature of the carbon surface was determined
from the pH value corresponding to the point of zero
charge (pHpyc). In case of AC, The adsorption removal
percentage of arsenic was found to increase with an
increase in pH up to 7.2, and then it decreased with a
further increase of the pH amount. In a case of SCB, the
adsorption removal percentage of arsenic was found to
increase with an increase in pH up to 9. This behavior is
attributed to the changes in the AC and SCB surfaces.
The pH pzc of AC and SCB in this study were
obtained 7.2 and 10, respectively. When the pH is
below pHpzc, the surfaces’ charge is predominantly
positive; and in pH above the pH pyzc, negative
charges appear on the surface. In the case of As
(IIT) species, however, in acidic pH up to 9,
H;As04° is the predominant one. Below pH 6, it is
only H3AsOj3. The H;As05° is also associated with
some amount of H,AsO;  and H,AsO; 2 in the pH
range of 6-9, and the amount of these species in-
creases with an increase in pH (Zhang et al. 2010;
Wang et al.2011). It seems that adsorption in this
study is a combination of physical and chemical
adsorption which high efficiency was obtained.

Experiments for arsenic removal by SCB and AC
adsorbents were also performed at different initial metal
ion concentrations (55—75 mg/L). The 3D surface plots
(Fig. 4e, f) were drawn to depict the effects of initial
metal ion concentration (mg/L) and solution pH on
arsenic removal efficiency while the adsorbents dosage
were kept constant at 15 g/L, being the central level. As

Fig. 5 Effect of contact time on
the arsenic adsorption on AC and
SCB (temperature=24=+2 °C,
pH=7 for AC and pH=9 for SCB,
dosage=15 g/L, Cy=55 ppm) 3.5

- —o— sugarcane bagasse

'g' -m- AC

T 3

25 . T : .
0 50 100 150 200

Time(min)
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Table 9 Estimated kinetic model parameters for arsenic
adsorption *

Pseudo-first-order kinetic ~ Pseudo-second-order kinetic

parameter parameter

K, R K? R,
SCB  0.06909 0.996 0.07720 0.998
AC  0.07830 0.98 0.269 1

a. g adsorbed As (mg/g) at time 7 (min). The initial As addition was
55 mg As/L, and pH was maintained at 9, and absorbent dosage
was 15 g/L

Time(min)

shown in Fig. Se, f, the adsorption potential of SCB and
AC was increased by increasing the solution pH from 5
to 9 when metal ion concentration slightly increased
from 55 to 75 mg/L.

3.5 Kinetic Studies

In order to obtain kinetic data for arsenic adsorption
on the SCB and AC, the time variation of the arsenic
concentration was measured. Kinetic study is very
important to find out the efficient contact time and

0 T T T
40 60

y=-0034x-
RZ2=10.979

y=0.274x+0.929 ,
R?=NQcRr

80 100

y=-0.030x+ 0.268
R*=0.896

¢ AC

m sugarcane bagasse

3E-05
L 4

y=0.270x + 0.257
R®=1

¢ AC

A sugarcane bagasse

100
Time (min)

150

200

Fig. 6 a Pseudo-first-order and b pseudo-second-order adsorption kinetic model for arsenic adsorbed on AC and SCB (temperature=24+

2 °C, pH=7 for AC and pH=9 for SCB, dosage=15 g/L, Cy=55 ppm)
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Fig. 7 a Langmuir and b a 03 -
Freundlich adsorption isotherm ’ _
for arsenic adsorbed on AC and y=0141x+ 0084
SCB (initial concentration= 0.25 1
75 ppm, temperature=24+2 °C,
pH=7 for AC and pH=9 for SCB, o 0.2 A
and dosage=1, 5, 10, 15 g/L) g 4 AC
0.15 4
v=0.133x4 0032 B sugarcane bagasse
R*=0.968
01 1
005 4
*
0 T T 1
0 05 1 15
1/Ce
b
4 -
y=0.599x+1.758
3.5 - R*=0.999
3 -
25 ¢+ AC
2 y=0.381x+ 1.478 B sugarcane bagasse
R?=0.990
&
rf
1 .
0.5 A
-1 0 1 2 3 4
for evaluating reaction coefficients. The rate of ar- t_ 1 +it (8)
senic uptake by AC and SCB from aqueous solution q kg2 q.

is shown in Fig. 5 which indicates that the amount
of arsenic adsorption increases with the increase in
shaking time; and after certain operating time, it
tends to approach a constant value. It was found
that the initial adsorption of arsenic was rapid for
both AC and SCB. However, arsenic adsorption on
SCB was slightly faster than adsorption on AC at a
fixed time. The achieved equilibriums were 120 min
for SCB and 150 min for AC. Two popular kinetic
models, pseudo-first-order and pseudo-second-order,
were used to fit the kinetic data by linear regression
(Maji et al. 2008; Polowczyk et al. 2010; Biswas
et al. 2008). The linear forms of these models can be
expressed as follows in Eqgs. 7 and 8.

k.t

log(q. — q)

Where k; and k, are rate constants for the pseudo-
first-order (1/min) and the pseudo-second-order adsorp-
tion [g/(mg min)], respectively, while ¢, and ¢, are the
amounts of arsenic adsorbed (mg/g) at any time ¢ and at
equilibrium, respectively. These model equations and
estimated parameters with R* and K are tabulated in
Table 9. Based on R* and K, the kinetics of arsenic
adsorption on SCB adsorbent can be best fitted by
pseudo-first-order and pseudo-second-order equations

Table 10 Langmuir and Freundlich isotherm constants

Adsorbent Langmuir isotherm Freundlich isotherm

parameters parameters

Gmax b V2 RL k n }"2
AC 3125 024 0968 0.052 58 1.669 0.99
SCB 11.9 059 0985 0.022 44 27 0.985
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while the pseudo-first-order rate equation did not truly
reflect the experimental results. However, the kinetic
data for arsenic adsorption on AC could be well fitted
by pseudo-second-order equation with a R? value ~1.
(Fig. 6a, b)

3.6 Adsorption Isotherms

Adsorption isotherms for SCB and AC were shown in
Fig. 7a, b, respectively. Langmuir and Freundlich
models are used to investigate the maximum adsorption
capacity of both AC and sugarcane bagasse. The
Freundlich isotherm model assumes a heterogeneous
sorption surface and supposes different energies for the
active sites. The Langmuir theory assumes that sorption
takes place at specific homogeneous sites within the
sorbent. It is assumed that no further adsorption can take
place in a site when a molecule occupies a site.
Consequently, the sorbent has a finite capacity for
the sorbets (Lee 2010; Wilpo et al. 2008). The
results show that the arsenic adsorption fits well
with Langmuir and Freundlich isotherm models
(R*>0.98) for both absorbents. Adsorption constants
evaluated from the linearized Langmuir (1918) ad-
sorption isotherm are as follows:

1 1 1 1
1oty L (9)
ge gmb \ Cy qm

And the Freundlich (1906) isotherms are the
following:

Ln(q,) = Ln(k) +%ane (10)

Langmuir and Freundlich parameters are listed in
Table 10. The ¢p,ax is the maximum adsorption capacity
and can also be explained as the total number of binding
sites which are available for adsorption, b is the adsorp-
tion constant related to the enthalpy of adsorption. n and
k are constants depending upon the nature of adsorption
and adsorbent. K indicates the adsorption capacity and
the strength of the adsorptive bonds, and # is the het-
erogeneity factor which represents the bond distribution
and adsorption intensity and varies with the heterogene-
ity of the material. The heterogeneity factor describes
reversible adsorption and is not restricted to the forma-
tion of the monolayer (Al-Khatib et al. 2012). Arsenic
adsorption capacity was ~35.25 mg/g and 11.9 mg/g
for AC and SCB, respectively. These are in the

@ Springer

range of the adsorption capacity of most reported
adsorbents (Di Natale et al. 2008; Budinova et al.
2009; Zhu et al. 2009).

Adsorption type can be evaluated by Ry as follows
(Hall et al. 1966):

1

R ——
S RN ASGN

(11)

In this study, Ry lies in the range of 0 to 1, for both
AC and SCB, which infers a favorable adsorption of
arsenic at the studied conditions.

4 Conclusions

In general, most types of AC have high ability for
arsenic and other toxic material removal from water.
The SCB has good removal efficiency for As (III)
aqueous solution with 98 % sorption efficiency of
65 mg/L As (III) solution by 25 g/L adsorbent
dosage at pH=9. In the case of AC, the maximum
efficiency was obtained at pH=7. Arsenic adsorp-
tion on bagasse was slightly faster than adsorption
on AC at a fixed time. The equilibrium time was
120 min for SCB and 150 min for AC. Isotherm
studies showed that arsenic adsorption capacity was
~35.25 and 11.9 mg/g for AC and SCB, respective-
ly. As a result, SCB is an efficient low-cost
biosorbent for arsenic removal from water and can
be a good alternative for synthetic adsorbent mate-
rial suchas AC.
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