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ABSTRACT

Batch scale studies were conducted to investigate biosorption potential of sodium hydroxide
treated pistachio shell (PS) biomass for methylene blue (MB). Fourier transform infrared
spectroscopy analysis confirmed interaction between acidic oxygen surface groups and MB
nitrogen atoms. Scanning electron microscopy, wide angle X-ray diffraction (WXRD) tech-
nique, energy dispersive X-ray spectroscopy and N, adsorption/desorption isotherm studies
were carried out to evaluate surface morphology, surface area and pore size of biomass.
Optimum MB biosorption (92.12%) was observed at pH 5.63. A drastic decrease in biosorp-
tion from 21.6 to 2.75mg/g was observed with increase in ionic salt (NaCl) concentration
from 0.05 to 0.25 M. Contact time study showed increase in biosorption capacity from 5.75
to 23.07 mg/g with MB concentration (25-100 mg/L). Equilibration time ranged between 60
and 240 min. Biosorption was endothermic and physical process obeying pseudo second
order kinetics model. Isotherm studies revealed applicability of Sips model. The MB recov-
ery was 99.8% with 0.15M oxalic acid (OA) within 15min. Regeneration study confirmed
almost constant recovery rate for four consecutive cycles.
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1. Introduction

The effluents discharge from textile, leather tan-
nery, paper and pulp, cosmetic and pharmaceutical
industries are generally characterized by high alkalin-
ity, biological oxygen demand (BOD), chemical oxygen
demand (COD), total dissolved solids (TDS) adding
undesirable color to water bodies [1] depleting
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dissolved oxygen content and interfere photosynthesis
of aquatic plants. More than 100,000 dyes are available
commercially and annually more than 7 x10° metric
tons dyes are produced globally [2]. Methylene blue
(MB), a cationic dye commonly used for dying cotton,
wool and silk [3]. Ingestion of MB may cause nausea,
vomiting, profuse sweating and mental confusion. In
addition, inhalation of MB creates difficulty in breath-
ing [4]. Concerning the hazardous effects, it is
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essential to treat effluents containing MB before being
discharged into the water bodies.

Several conventional techniques such photodegra-
dation, chemical coagulation, ion-exchange, chemical
oxidation, biodegradation and ozonation have been
reported for the removal of dyes from waste effluents.
However, these techniques scuffle with several disad-
vantages such as inefficiency at lower concentration,
high energy and chemical reagents requirement, gen-
eration of toxic sludge or other wastes as by-product
that need careful treatment and disposal, high capital
and operational costs, etc. [5]. Due to the aforemen-
tioned demerits it is urgent to come up with a process
which is economically feasible and ecologically safe.
Adsorption is an emerging and attractive method,
which involves the sorption of dissolved substances.
Moreover, the primary advantages of this method are
the reusability of adsorbent, simplicity in design, ease
of operation, low operation cost and efficient for the
removal of synthetic dyes from wastewater effluents
and aqueous solution [6,7].

Various synthetic adsorbents such as magnetic
rectorite/iron oxide nanocomposites and halloysite
nanotubes [8,9] and biomass (biosorbents) such as
succinylated sugarcane bagasse, Lemna minor, rice
hull ash, acron shell, lignocellulosic material, and
bamboo based activated carbon have been utilized
for the biosorption of MB from aqueous solution
[2, 10-14].

Pistacia vera L. (Pistachio) plant belongs to Ana-
cardiaceae family which is mainly cultivated in the
Middle East, Mediterranean countries and the
United States. According to Food and Agricultural
Organization’s (FAO'’s) statistical analysis, 30 million
metrics tons pistachio shell (PS) waste is generated
annually by pistachio nut processing industries [15].
Pistachio shell can be used for kindling, mulch for
shrubs and plants that requires acid soils, used at
the bottom of plant pot to help drainage and in
jewellery. Pistachio shell has already been utilized
for the removal of Hg(D [16], PbdD [17,18], Zn(II)
[19], phenol [20] from aqueous solution. Researchers
have also prepared activated carbon from PS as a
precursor material by various physico-chemical
treatment processes for the removal of dyes and
VOCs [15,21-23]. In this study, PS was modified
with NaOH (MPS). The biosorption potential of MPS
for the removal of MB from aqueous phase was
tested. Various experimental parameters such as
effect of contact time, initial MB concentration,
temperature, ionic salt (NaCl) solution and biomass
dosage were comprehensively studied. The economic
feasibility of biosorbent was tested by desorption
and regeneration studies.

2. Materials and methods
2.1. Chemicals and reagents

Methylene blue (MB), hydrogen peroxide (H,O,),
hydrochloric acid (HCI) and NaOH were purchased
from Sigma-Aldrich, Germany. Nitric acid (HNO3),
sulphuric acid (H,SO4), acetic acid (CH;COOH), for-
mic acid (HCOOH), oxalic acid (H,C,O,) and citric
acid (C¢HgO;) were purchased from Winlab Labora-
tory Chemicals, UK and Merck, Germany. The chemi-
cals and reagents used in this study were of analytical
reagent grade or as specified. The stock solution of
MB (1,000 mg/L) was prepared by dissolving 1,000 mg
of MB in 1L deionized (DI) water. The standard flask
containing MB solution was wrapped with aluminium
foil and kept in dark to avoid the photo-degradation
of MB solution.

2.2. Preparation of biosorbent

Pistachio shells were collected from the local dry
foods supplier. Pistachio shells were washed with DI
water to remove dust and dirt. Pistachio shells were
dried in oven at 60°C for 24h. The dried PS were
grounded with grinder and sieved to 0.2-0.4 mm par-
ticle size. Biomass (PS, 1.0g) was treated with 100 mL
hydrogen peroxide (30% w/w) and the resulting
mixture was kept in a water bath shaker at 50°C for
60 min with constant stirring at 100 rpm to oxidize the
organic content. Afterwards, the biomass was washed
several times with DI water to remove the traces of
hydrogen peroxide. The oxidized biomass was again
treated with 0.10M NaOH in a water bath shaker at
25°C for 24 h with constant stirring at 100 rpm. Lower
environmental load in its life cycle, less corrosive abil-
ity and economic feasibility [24] are the major merits
of using NaOH as a modifying agent. The NaOH trea-
ted biomass was washed several times with DI water
to achieve neutral pH. Resultant biomass was dried in
oven at 65°C for 24h to get constant weight and the
modified pistachio shell (MPS) biomass was kept in
sealed plastic bags and stored in a desiccator to the
avoid moisture contamination. Similar treatment
procedure was adopted for the modification of PS
biomass with 0.10 M HCIl and 0.10 M HCIO,.

2.3. Characterization of biomass

The FTIR spectra of biosorbent were recorded using
a Varian 3100 spectrometer, USA. The spectra were
recorded in the range from 600 to 4,000 cm™" with an
average of 32 scans at a +4.0cm ™' resolution. Scanning
electron microscope coupled with energy disperse
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X-ray (SEM-EDX) (Quanta 400 FEG, Czech Republic) at
an electron acceleration voltage of 15kV was used to
evaluate biomass surface morphology and elemental
content. The wide angle X-ray diffraction (WXRD) pat-
tern of biosorbent was recorded using a Philips Xpert
WXRD with nickel-filtered CuKa radiation (1.54056).
The biomass surface area was analyzed at 303 K using
a static volumetric system ASAP 2020 surface area and
pore size analyzer (Micromeritics Inc., USA). The spe-
cific surface area of biosorbent was determined from
N, adsorption isotherm at 77.35 K.

2.4. Experimental methodology

Batch biosorption studies were carried out in
100 mL stopper cork conical flasks. The 25mL MB
solutions of known concentrations were equilibrated
with 0.25g of MPS for 24 h in a temperature controlled
water bath shaker with constant stirring at 120 rpm.
At equilibration, the samples were filtered using
Whatman filter No. 40 and the concentration of MB in
supernatant solution was measured by UV-vis Spec-
trophotometer (Thermo Scientific Evolution 600, UK).
The percentage of biosorption and biosorption capac-
ity (g.) were calculated using the Eqgs. (1) and (2),
respectively.

(CO — Ce)
0

1%
9e(mg/g) = (Co = Ce) x - 2)

%Biosorption = x 100 (1)

where, Cy and C, are the initial and equilibrium con-
centrations of MB (mg/L), V is the volume of solution
(L) and m is the mass of MPS (g).

The pH study was carried out at 25mg/L initial
concentration of MB solution. The initial pH of MB
solution was adjusted from 2.32 to 10.98 by adding
0.10M HCI and 0.10M NaOH solutions. The contact
time study was performed by varying the initial con-
centration of MB solution from 25 to 100mg/L. The
isotherm study was conducted through varying the
initial concentration of MB solution from 25 to 200
mg/L and reaction temperature from 298 to 333 K.
Dosage study was carried out by varying the amount
of MPS from 0.2 to 1.0 g at 100 mg/L initial concentra-
tion of MB. The effect of NaCl solution of various
concentrations (0.05-0.25M) on MB biosorption was
also tested. Desorption and regeneration studies were
carried out by batch mode. The 0.25 g biosorbent was
initially saturated with 25 mL MB solution (Cy, 50 mg/L).
The equilibration reaction continued for 24h in a

water bath shaker at 120rpm at 303K temperature.
The saturated biomass was then washed several times
with DI water to remove unadsorbed MB traces form
biomass surface. Different acids (hydrochloride, HA;
nitric acid, NA; sulphuric acid, SA; acetic acid, AA;
formic acid, FA; oxalic acid, OA; citric acid, CA) of
0.10 M concentration, alcohols (ethanol, EeOH; metha-
nol, MeOH) and acetone (Ac) were used to elute the
adsorbed MB from MPS biomass. After the selection
of the best eluent, experiments were conducted at var-
ious eluent concentrations for optimum MB elution.
For regeneration study, 0.10 g biosorbent was initially
equilibrated with 25 mL MB solution (C, — 100 mg/L)
for 24h in a water bath shaker at 120rpm at 303K
temperature. Afterwards, saturated biosorbent was
washed several times with DI water to remove unad-
sorbed MB traces, and then treated with 0.15M OA
for the elution of MB. The same procedure was
repeated for four consecutive cycles.

3. Results and discussion

The biosorption of MB onto unmodified PS (UPS)
was 57%, while optimum MB biosorption (92%) was
achieved on MPS. Biosorption on HCl and HCIO,
treated PS was 70.7 and 65.1%. Thus, NaOH treated
PS (MPS) biomass was selected for further MB bio-
sorption studies.

3.1. Characterization of biomass

The presence of oxygen and nitrogen atoms is
mainly responsible for acidic and basic functionalities
of the biosorbent. The increase in acidic oxygen sur-
face groups (carbonyl and hydroxyl) is expected to
enhance the uptake capacity of the biosorbents. The
FTIR studies revealed functional groups present on
the surface of PS biosorbent before and after NaOH
treatment (Fig. 1(a)). The broad absorption bands at
3336cm ! and 2,897 cm”! were attributed to O-H
stretching vibration and aliphatic ~CH, groups pres-
ent on UPS biomass [25]. The major constituents of
Pistachio shell biomass are hemicellulose, cellulose
and lignin [26]. These constituents were confirmed
from the obtained peaks in 1,750-1,500 cm™!, which
are attributed to the stretching vibrations of keto -C=0O
groups (1,732cm™") and C=C stretching vibrations of
aromatic rings (1,597 and 1494cm™) in lignin. The
peaks in 1,500-1,314 cm™! were observed due to bend-
ing vibrations of O-H and aliphatic deformation vibra-
tion of ~CH; and —CH, groups present in cellulose
and lignin. The absorption bands in 1,300-1,000 cm !
were assigned to stretching vibration of C-O in
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Fig. 1. FT-IR spectra of PS biomass (a), Schematic presentation for MB biosorption onto MPS (b), WXRD pattern of PS

biomass (c), and BET isotherm plot of PS biomass (d).

linkages present in the modified PS [25]. In addition,
the intensities of absorption bands at 3,311 and
1,026 cm ™! (due to the presence of -CH,OH and -OH
groups) were enhanced after NaOH treatment of PS
(MPS) confirming enhancement in extent of these
functionalities on the surface of MPS. The existence of
cellulose in MPS biosorbent was confirmed from the
relatively high intensity peak at 1,026 cm™" due to the
stretching vibration of C-O in alcohols and phenol
[26]. The obtained results proved that cellulose
constituent was left in MPS biosorbent and other
constituents like lignin and hemicellulose were
dissolved after treatment with NaOH. The FTIR
spectra of MPS biosorbent after MB biosorption and
desorption were also recorded (Fig. 1(a)). The reduc-
tion in the intensity of absorption bands at 3,311 and
1,026cm™ was observed after biosorption. Subse-
quently, these peaks were appeared again with rela-
tively less intensity after MB desorption from MPS.
This confirmed that MB biosorption on the MPS was

occurred through a hydrogen bonding between the
acidic oxygen groups (O-H and phenolic) on MPS
and nitrogen atoms present in MB. Schematic presen-
tation of MB biosorption onto MPS biosorbent was
depicted in Fig. 1(b). The possible mechanism for MB
biosorption on the MPS biosorbent, which was also
occurred by MB—hydrogen ion-exchange process as
follows:

Pistachio — OH « Pistachio — O~ + H"

Pistachio — O~ + MB™ < Pistachio — O — MB + H"

The SEM images of PS biosorbent before and after
NaOH treatment is shown in Fig. 2. The surface
roughness of PS biomass enhanced after treatment
with NaOH because hemicelluloses and lignin were
dissolved [27]. In addition, energy dispersive X-ray
(EDX) study was conducted to investigate the
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Fig. 2. SEM and EDX of PS unmodified (a), NaOH modified (b).

influence of NaOH treatment on the elemental
composition of MPS. The extent of oxygen, hydrogen
and carbon atoms on MPS was enhanced after
treatment with NaOH. This revealed that the extent
of C=0 and O-H groups on the MPS was increased.
The WXRD patterns of PS before and after NaOH
treatment are depicted in Fig. 1(c). The intensity of
peak for PS biosorbent after treatment with NaOH
was reduced, which confirmed that amorphous
nature of MPS biosorbent was improved because
lignin and hemicellulose constituents were leached
out.

The nitrogen adsorption/desorption isotherm
experiments were performed to determine BET surface
areas, pore volumes and pore sizes of PS biosorbent
before and after NaOH treatment and MB biosorption
(Table 1 and Fig. 1(d)). The BET surface area of MPS
was higher than UPS because pore volume and pore
size were enhanced after treatment with NaOH.
In addition, BET surface area of MPS after MB

biosorption decreased, confirming MB biosorption on
the MPS.

3.2. Effect of ionic salt

The domestic and industrial discharges generally
contain higher concentration of ionic salts, so it is
essential to test the performance of biosorbent in pres-
ence of ionic salts. In this study, the biosorption per-
formance of MPS was evaluated in presence of NaCl
at various concentrations. Drastic decrease in MPS
biosorption capacity from 21.6 to 2.75mg/g was
observed with increase in NaCl concentration from
0.05 to 0.25M (Fig. 3(a)). This could be attributed to
the competitive effect between MB and Na* to occupy
the available sites on MPS surface [28]. Another prob-
able reason for decreasing in biosorption capacity of
MPS in presence of ionic salt may be slight increase
in dissociation of adsorbate and an enhanced aqueous
solubility. Similar effect for MB biosorption from
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Table 1
Surface characteristics of biomass
BET surface area Pore volume Pore size
Biosorbent (m*/g) (cm?/g) (nm)
UPS 23.71 0.102 1.03
MPS 35.57 0.282 1.69
After MB biosorption 18.48 0.178 0.97
(@ 2 (b) 100
o
g‘ 20 80
4
%‘ 15 _g 60 | 10
© a {
o = 8
© o
e 10 S 5
$ g O i,
12 F .
3 :
s ° 2 i| I
o 0 2 4 6 8 10 12
pH;
0 0
0 005 01 015 02 025 0.3 0 3 6 9 12
Concentration of NaCl (M) Initial pH
() s (d) 14 96.5
o 12| |
2 | S 96
£
» 10}
. z 1955 o
51 2 4l o]
] g g
= S 195 o
n (] —
= (3} 6F '9._
5o E g
4 pH; g b = 1945 3
2 a4t
9
at 0 4
@ 2f o
2 0 ' ' s s 935
0.2 0.4 0.6 0.8 1

Biosorbent dose (m, g)

Fig. 3. Effect of ionic salt on MB biosorption on MPS (a), Effect of pH on MB biosorption on MPS (b), Point of zero charge
(pHpzc) plot of MPS using NaCl (0.10 M) (c), and Effect of MPS dose on MB biosorption (d). Conditions: (a) C,~100 mg/L,
temperature-298 K, agitation speed-120rpm, contact time-24h. (b) Co-25mg/L, temperature298K, agitation
speed—120 rpm, contact time—24 h. (d) Co-100 mg/L, temperature-298 K, agitation speed—120 rpm, contact time-24 h.

aqueous solution on the biosorbent was reported else- solution pH may affect the surface charge of
where [29]. biosorbent, degree of ionization of adsorbate, dissocia-
tion of functional groups onto the active sites of the

biosorbent and the structure of the adsorbate

3.3. Effect of pH molecule. In this study, a profound effect of solution
The solution pH is a critical parameter which gov- pH was observed on MB biosorption onto the MPS
erns the biosorption efficiency of biosorbent because biosorbent. Biosorption of MB onto the MPS
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biosorbent increased from 14.68 to 92.12% as initial
solution pH increased from 2.32 to 10.98 (Fig. 3(b)).
Optimum biosorption of MB [92.12%] was observed at
pH: 5.63. Surface charge studies for determining point
of zero charge [pHpzc] of MPS were carried out by
solid addition method (Fig. 3(c)) [30]. The observed
pHpzc of MPS was ~6.0. At lower pH values, the sur-
face of biosorbent was highly protonated and electro-
static repulsive forces dominate between MB and
MPS. However, the surface of MPS was positively
charged below pHpzc [pHpzc 6.0] opposing MB bio-
sorption. The biosorption of MB onto MPS biosorbent
improved with increase in solution pH due to the
reduction in the number of proton in aqueous med-
ium. It was observed that the final pH [pHf was
higher than the pH; at equilibrium for initial pH
(pHy): 2.32-7.72 range, whereas the pHf was lower
than the pH; 8.27-10.98 range at equilibrium
(Fig. 3(b)). This indicates that MPS has buffering
capacity in acid and alkaline mediums [10].

3.4. Effect of biosorbent dose

Biosorption of MB onto MPS was tested by varying
the amount of MPS from 0.20 to 1.0 g at 100 mg/L ini-
tial MB concentration and pH ~6.0. Increase in MB
biosorption from 94.66 to 96.08% was observed with
increase in MPS dose (Fig. 3(d)). The increase in per-
centage of biosorption of MB is due to the increase in
active sites onto the surface of biosorbent and the high
surface area [30]. Moreover, the decrease in biosorp-
tion capacity of MPS was observed from 11.83 to
2.4 mg/g with increase in MPS dose. This might be
due to the fact that some of the biosorption sites may
remain unsaturated during the process.

3.5. Effect of contact time and biosorption kinetics

Contact time studies were conducted by varying
initial MB concentrations (25-100 mg/L). The increase
in biosorption capacity from 5.75 to 23.07mg/g for
aforementioned MB concentration range was observed
(Fig. 4). Initially, MB biosorption at various initial MB
concentrations on MPS surface was very fast as
revealed from the steep slope. The probable reason for
the fast biosorption of MB onto the MPS at the initial
stage of process might be the availability of more
binding sites onto the surface of MPS. Biosorption of
MB on MPS gradually decreases and attains plateau
zone at equilibrium with increase in contact time. Sat-
uration of binding sites on MPS surface and steric
repulsion between the solute molecules could ensue
and slow down MB biosorption [31]. The equilibration
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Fig. 4. Effect of contact time on MB biosorption on MPS.
(Conditions: temperature—298 K, agitation speed—120
rpm, pH; ~6).

time for MB biosorption on MPS at various initial MB
concentrations varied between 60 and 240 min.

Pseudo-first-order and pseudo-second-order kinetic
models were applied to kinetics data. Pseudo-first-
order kinetic model [32] in linearized form is given by
Eq. 3):

log(qe — b]f) = lOgE]t — m X t (3)

where, g, and g; (mg/g) are the biosorption capacities
at equilibrium and at any time #(min) and K; (1/min)
is pseudo-first-order rate constant. The pseudo-
second-order kinetic model [33] in linearized form is
expressed by using Eq. (4):

t 1 1
—=— 4+ —xt 4)
7 Kog? g

where, K, is pseudo-second-order rate constant
(g/mg-min). The normalized standard deviation (Aq%)
was calculated to testify the quantitative accuracy of
kinetics data. The normalized standard deviation is
given by Eq. (5):

Aq(%) = 100\] (E [(qfvew - qf-Cal)/qt,exp] ) 5)

N -1

where, the g;exp and gy ca are experimental and calcu-
lated biosorption capacity values at time t and N is the
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number of data points. Biosorption kinetics results
showed that pseudo-second-order kinetic model was
better applicable to biosorption data as revealed from
higher correlation coefficient (R?) values (Table 2) and
nearer feexp and g.c. at different concentrations. The
validity of pseudo-second-order kinetic model was fur-
ther confirmed from lower Ag(%) values compared to
pseudo-first-order model at different concentrations.

3.6. Effect of MB concentration and biosorption isotherms

Biosorption of MB as a function of concentration
onto MPS at various temperatures (298-328 K) was
studied. L-type isotherm was obtained at various tem-
peratures (Fig. 5) for MB biosorption onto MPS [34].
Biosorption of MB increases with temperature suggest-
ing the endothermic nature of the process. Biosorption
of MB onto MPS rapidly increases with initial MB con-
centration as observed from steep slope of curves
finally attaining equilibrium. This observation reveals
that the surface saturation of the biomass was depen-
dent on the initial concentration of MB solution. The
biosorption of MB onto biosorption sites was rapid at
low concentration of adsorbate (MB). However, at
high concentration, adsorbate needs to diffuse into the
biomass surface through intraparticle diffusion and
hydrolysed ions were diffused into the biomass sur-
face at slower rate [35]. Non-linear Langmuir, Freund-
lich, Redlich-Peterson (R-P) and Sips isotherm models
were applied to biosorption data as in certain cases
linearized isotherm models would alter the regression
results, influencing its accuracy and consistency.
Moreover, linear models assume that the scatter verti-
cal points around the line follow a Gaussian distribu-
tion, and the error distribution is uniform at each
value of the liquid phase residual concentration (X-
axis). The equilibrium relationship is impossible as the
isotherm models have non-linearized in shapes and
the error distribution tends to get altered after
transformation into a linearized form [36].

Langmuir isotherm is an empirical model and
assumes monolayer biosorption onto biosorbent

Table 2
Kinetics data for MB biosorption onto MPS

153

surface. The biosorption occurs at a finite number of
localized sites which are identical and equivalent with
no lateral interaction and steric hindrance between the
adsorbed molecules even onto adjacent sites. Lang-
muir isotherm in non-linearized form is given as
follows (Eq. (6)) [37]:

%nbce
9 =111C, 6)
where, g,, (mg/g) and b (L/mg) are Langmuir con-
stants which represent maximum monolayer biosorp-
tion of MB onto MPS biosorbent and adsorption
energy. The favourability of biosorption process was
determined from a dimensionless constant known as
separation factor (Ry) given as (Eq. (7)):

1

Ry ——
LT 140G,

@)

If, Ry, > 1—unfavourable adsorption, 0 < R, < 1- favour-
able, Ry = 0—irreversible and R; = 1—linear.

Freundlich model is applied to multilayer biosorp-
tion process. The distribution of biosorption heat and
affinities over the heterogeneous surface is non-uni-
form. Non-linearized form of Freundlich isotherm is
given as (Eq. (8)) [38]:

e = KFCel/n ®
where, K (mg/g)(L/mg)"’" and n are Freundlich con-
stants measuring the biosorption capacity and biosorp-
tion intensity. The magnitude of Freundlich constant
(n) determines the favourability of biosorption process.
The value of 1/n between 0 and 1 indicates favourable
adsorption and the approach of values towards zero
implies an increase in heterogeneity of surface.
Redlich—Peterson (R-P) is a three parameter empir-
ical model, a hybrid isotherm featuring both Langmuir
and Freundlich isotherms. The R-P model has a linear
dependence on concentration in the numerator and an

Pseudo-first-order kinetics

Pseudo-second-order kinetics

Kl qc,cal K2
Co (mg/L)  Geexp (MZ/8)  Gecal (Mg/g) (1/min) R Ag (%) (mg/g) (g/mg-min)  R? Aq (%)
25 5.75 4.52 0.0631 09572 21.39 5.93 0.0161 0.9932  3.03
50 12.42 14.08 0.1073 0.9830 13.36 13.81 0.0020 09149 11.19
100 23.07 46.74 0.0649 0.9480  102.60 24.33 0.0021 09971 546
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Fig. 5. Non-linear biosorption isotherm at different temperatures: 298 K (a), 308 K (b), 318 K (c), and 328 K (d).

exponential function in the denominator to represent
biosorption equilibrium over a wide range of concen-
tration. This model can be applied in homogeneous or
heterogeneous systems and mathematically it is
expressed as follows (Eq. (9)) [36, 39]:

KrC,

- G ©
1+ achﬂ

e

where, Kz (mg/g) and ar (mg/gP) are R-P constants
and g is the R-P isotherm exponent, lies between 0
and 1. If B=1, R-P isotherm will covert to Langmuir
isotherm, azCP>>1, R-P isotherm will be changed to
Freundlich isotherm and azC,P< <1, R-P isotherm will
be reduced to Henry’s law.

Sips isotherm, a conjugation of Langmuir and
Freundlich isotherm deduced for predicting the

heterogeneous adsorption systems and circumventing
the limitation of the rising adsorbate concentration
associated with Freundlich model. At low concentra-
tions, it reduces to Freundlich isotherm while, at high
concentrations, it predicts a monolayer adsorption
capacity characteristic of Langmuir isotherm [36]. Sips
isotherm in non-linear form is given as (Eq. (10)) [40]:

QSKSCEnS
G =11 K.C™ (10)
where Q; (mg/g) and K, (L/mg)" are Sips maximum
biosorption capacity and Sips equilibrium constant
and n, is Sips model exponent. Non-linear isotherm
parameters for aforementioned models were evaluated
using Microsoft Excel SOLVER software. The
optimization procedure requires an error function for
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evaluating the fit of equation to the experimental data.
The residual or sum of squares error (SSE) used as an
error function to measure the fit of equation is given
as (Eq. (11)):

2
SSE — (M) an

N

where, N is number of data points, geexp (Mg/g) is
adsorbed amount of adsorbate at equilibrium obtained
from experiment and g, ., (mg/g) is adsorbed amount
of adsorbate at equilibrium obtained from the models
(mg/g).

Biosorption isotherm parameters are tabulated in
Table 3. Sips model fits well to the experimental data
at various temperatures as obtained high value of R
(Fig. 5). The suitability of Sips model confirms that
biosorption MB onto MPS was both homogeneous and
heterogeneous. The obtained values of 1/n were in
between 0 and 1 at various temperatures favour the
suitability of the biosorption process. Moreover, the
surface heterogeneity increased with temperature as
confirmed from decrease in 1/n values. The R; values
in between 0 and 1 support the favourable biosorption

Table 3
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process. The maximum monolayer biosorption capac-
ity obtained was compared with other biosorbents
(Table 4).

3.7. Biosorption thermodynamics

Thermodynamics studies were conducted out by
varying reaction temperature in range 298-328 K and
initial MB concentration (25-200mg/L). The increase
in biosorption of MB onto MPS with rise in tempera-
ture confirms that biosorption process was endother-
mic process (Fig. 6(a)). The increase in biosorption
with rise in reaction temperature might be due to: (i)
the reduction in aqueous phase viscosity (increasing
mobility of MB molecules), and (ii) an increase in dif-
fusion rate of MB molecules across the external
boundary layer and the internal pores of MPS bio-
mass. In addition, swelling in internal structure of
MPS biomass might be another probable reason for
increase in biosorption capacity [47]. The increase in
biosorption capacity of MPS with temperature was
significantly observed at high concentrations of MB
(ie. 150 and 200mg/L). Analysis of variance
(ANOVA: Single Factor) using Analysis tool Pack of
Microsoft Office 2010 was carried out to justify the

Non-linear isotherms parameters for MB biosorption onto MPS

Temperature (K)

Isotherms Parameters
298 308 318 328
Langmuir b(L/g) 0.1372 0.1497 0.2235 0.2420
Gm(mg/g) 16.174 16.742 16315 16.510
SSE 2.3646 4.8694 2.3024 2.6715
R. 0.035-0.226 0.032-0.210 0.022-0.152 0.020-0.142
R? 0.9770 0.9550 0.9814 0.9789
Freundlich K{mg/g)(L/mg)""" 3.7064 4.0621 4.7823 4.9861
1/n 0.3429 0.3312 0.3026 0.2978
SSE 14.86 21.70 16.19 18.39
R? 0.8556 0.8016 0.8580 0.8434
R-P Kr(mg/g) 1.1972 1.6894 1.4226 3.0306
ag(mg/g”) 0.8507 0.0246 0.0015 0.1048
B 1.0000 1.3506 1.0000 1.1434
SSE 148.1 0.6891 14.579 1.6514
R? 0.6268 0.9941 0.9241 0.9878
Sips Q.mg/g) 14.2688 14.6967 15.9465 15.9882
K(L/mg)" 0.0783 0.0785 0.2122 0.2247
1, 1.5021 1.5765 1.0727 1.1200
SSE 0.0967 1.0388 2.2014 2.4326
R? 0.9991 0.9913 0.9826 0.9814
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Table 4
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Comparison of MB maximum monolayer biosorption capacity with different biomass

Maximum monolayer biosorption capacity

Biosorbent Experimental conditions (G, mg/g) Refs.
Hazelnut shell activated carbon 150 rpm, 24 h 8.82 [41]
Corncob activated carbon 30°C, 5days 0.84 [42]
Lemon peel 305K 33.17 [43]
Wheat shells 60 min, 303 K 16.56 [44]
CaCl, treated Beech sawdust 23°C, 14 days 13.02 [45]
Cereal chaff 100 rpm, 298 K 20.3 [46]
MPS 308K, 120rpm, 24 h 16.74 This study
18 4
(a) 00 298 K (b) & 25 mg/L B 50 mg/L A 75 mg/L
16 B 308K a5 x 100 mg/L x 150 mg/L @ 200 mg/L
S m 318K ' ’ .
o 14 B 328K 3
E A A
. x 3
S 12 x 3
> 25 .  d *
S 10 o x .
8 X 2
3 8 - X
c
o 15
'é'_ 6
2 1 ° °
m ) *
2 0.5
0 11 L1101 | 0
75 100 150 200 0.003 0.0031 0.0032 0.0033 0.0034
Initial MB concentration (C,, mg/L) 1T
Fig. 6. Effect of temperature on MB biosorption (a), Van't Hoff plot for MB biosorption on MPS (b).
accuracy to obtained biosorption capacity values at C
different temperature. An alpha (a) level of 0.05 was f, = CAL’ (13)
e

set to determine the statistical significance in analysis.
Results showed F and P-values as 0.0105 and 0.9985,
respectively. These values were well less than F
value (3.0984) confirming significance of data.

Thermodynamics parameters such as standard
enthalpy change (AH"), standard entropy change (AS°)
and standard free energy change (AG®) were deter-
mined. The AH® and AS° values were calculated with
the help of Van't Hoff plot (Fig. 6(b)). The equation is
expressed as follows (Eq. (12)):

AS' AHC
R RT

Ink. = (12)

where R (8.314]/mol-K) is the universal gas constant,
T(K) is the absolute temperature and k. is a constant,
given as (Eq. (13)):

where, C4, and C, are MB equilibrium concentration
on the biosorbent and in the solution, respectively.

Gibb’s free energy change (AG®) was calculated
using the following relation (Eq. (14)):

AG® = —RT Inkc (14)
The calculated thermodynamic parameters are given
in Table 5. The negative AG” values indicate that the
biosorption of MB onto MPS was spontaneous. More-
over, the decrease in AG° values observed with
increase in temperature which favors the biosorption
of MB biosorption onto MPS at high temperature. The
positive AH® values confirm that the biosorption pro-
cess is endothermic. The positive AS” values reflect the
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Table 5
Thermodynamics parameters for MB biosorption onto MPS
-AG” (k 1
AH® (iJ /mol) (J/mol)
AS’ (J/mol-K) 298K 308K 318K 328K
25 119.38 29.63 6.17 6.49 8.95 9.34
50 101.26 23.67 6.63 7.15 8.90 9.42
75 54.05 9.68 6.45 6.92 7.52 8.05
100 55.43 10.61 5.97 6.31 7.11 7.56
150 69.79 16.30 4.36 5.38 5.93 6.48
200 27.25 6.11 2.02 2.25 2.61 2.81

affinity of MPS towards MB. Similar observation for
MB biosorption was reported elsewhere [39]. To
evaluate the nature of biosorption process, Dubinin—
Radushkevich (D-R) isotherm was applied to biosorp-
tion thermodynamics data. D-R isotherm in linearized
form is given as (Eq. (15)) [47]:

Ing, = Ing,, — pe (15)

where, f and ¢ are activity coefficient constants, which
are related to biosorption energy (mol®/J?) and Poly-
anyi potential.

The activity coefficient constant is given as (Eq.

(16)):

1
¢ — RTIn (1 n 6) (16)

The gq,, and f values were calculated from the inter-
cept and slope of a plot between In g, and ¢ (figure

(@)

100 B %Adsorption

O%Desorption

8 8 g

Adsorption/desorption

w
o

0 . . . . 1
MeDH EeOH Ac 01IM 01IM Q1M O0IM O01IM O1M O1M
HA NA SA AA FA O0OA CA

Eluents

not shown). The mean free energy (E,, kJ]/mol) can be
calculated as (Eq. (17)):

1

V(=2p)

The magnitudes of E, at various temperatures were in
range 7.071-7.905 k] /mol, reflecting physical nature of
biosorption. The physical nature of biosorption process
was further confirmed from the obtained AH® values at
different MB concentrations (i.e. <40 kJ/mol) [48].

E,= (17)

3.8. Desorption and regeneration studies

It is essential to perform desorption and regenera-
tion studies to elucidate the economic feasibility of
biosorption process by retaining adsorbate for its
reusability and biosorbent repeatedly. In this study,
MB optimum elution (93.5%) was observed in 0.10M
OA (Fig. 7(a)) while, 14.6, 6.4, and 49.7% MB was
recovered in MeOH, EeOH and Ac, respectively. To

(b)

B %Adsorption O%Desorption
100 +
c 80 -
o
2
o
s 60
-
~
c
°
s 40
H
o
< 20 -
0 . L 1 1 L | -
0.025 0.05 0.1 0.15 0.2 0.25
Concentration of OA (M)

Fig. 7. Desorption of MB using different eluents (a), and at various concentrations of oxalic acid (b).
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Fig. 8. Regeneration studies plot.

evaluate the effect of OA concentration on MB recov-
ery from MPS experiments were conducted by varying
the concentration of OA in the range 0.025-0.25M
(Fig. 7(b)). The 99.8% MB was recovered in 0.15M OA
in 15min. Regeneration studies showed almost con-
stant recovery rate for four consecutive cycles which
confirms the economic feasibility of MPS as biosorbent
for the removal of MB from aqueous solution and
wastewater. The drastic drop in biosorption rate from
94.6 to 36.5% was observed after first cycle (Fig. 8).
This might be due to the loss in active sites of MPS
after acid treatment, which are responsible for MB bio-
sorption. In addition, biosorption rate was further
stagnant for consecutive cycles.

4. Conclusions

Batch mode MB biosorption onto MPS was investi-
gated. Studies revealed decrease in PS crystallinity after
NaOH treatment and biosorption of MB enhanced from
57 to 92%. The NaOH treated PS (MPS) biosorbent had
greater BET surface area (35.57 m?/g) and more active
sites for MB biosorption from aqueous solution. The
biosorption of MB onto MPS occurred through a
hydrogen bonding between acidic oxygen surface
groups and MB nitrogen atoms. The profound effect of
ionic salt, solution pH and biosorbent dose was
observed on MB biosorption onto MPS. Contact time
studies at various initial MB concentrations showed
variation in equilibration time from 60 to 240 min. The
MB biosorption from aqueous solution followed the
pseudo second order kinetic model. Biosorption
isotherm experiments revealed that MB biosorption
from aqueous solution was well fitted for Sips model.

Freundlich constant (1) and separation factor (R;) val-
ues indicated favourable biosorption process. Thermo-
dynamics study showed endothermic and physical
process. The MB recovery was 99.8% with 0.15M OA
in 15min. Regeneration studies showed almost
constant recovery rate for four consecutive cycles
which confirms the economic feasibility of MPS as
biosorbent for MB removal from aqueous solution and
wastewater.
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