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In this work, alkali treated wheat straw (ATWS) materials were simply modified by triethoxysilylpropylamine
(TESPA) to prepare a novel adsorbent. The adsorption of methyl orange (MO) from aqueous solutions onto the
modified wheat straw was studied. The adsorbent was characterized by scanning electron microscopy (SEM) and
Fourier transform-infrared spectroscopy (FT-IR). FTIR results suggested that electrostatic interaction appears to be the
principle mechanism of MO adsorption. The adsorption isotherm data were fitted to Langmuir, Sips and Redlich-
Peterson equations, and the Langmuir adsorption capacity, Qu.x, reached 304.2 mgg_l, while a Q. value of 75.8
mgg_1 was found for unmodified wheat straw. Also, it was observed that the adsorption of MO increases with
increasing temperature from 303 to 323K, and the process is endothermic in nature. The removal of MO by TESPA-
ATWS followed pseudo-second order reaction kinetics based on Lagergren equations. Mechanism studies indicated
that the adsorption of MO onto the TESPA-ATWS was mainly governed by external mass transport, where particle

diffusion was the rate limiting step.
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INTRODUCTION

It is essential to remove dyes from industrial
effluents as wastewater containing dye leads to
serious environmental pollution.' Dyes are one of
the most important classes of pollutants, and dye
contaminated water is often difficult to treat, since
they have a synthetic origin and a complex
molecular structure, which makes them more
stable and difficult to biodegrade.”> The aromatic
rings in their structure impart harmful features to
them, such as carcinogenicity, inertia and
mutagenicity.’” The discharge of even small
amounts of dye effluent into natural rivers can
seriously affect the aquatic life, water bodies
contaminated by synthetic dyes have already
created  serious  environmental  problems
worldwide.*

Methyl orange (MO), an anionic dye, belongs
to the azo group of dyes. The presence of the azo
group (N=N) on MO and its low biodegradability

make it an issue of concern for environmental
science.” Azo dyes are well-known carcinogenic
organic substances. Like many other dyes of its
class, MO can enter the body through inadvertent
ingestion, and it can be metabolized into aromatic
amines by intestinal microorganisms.®

In spite of the availability of many methods for
wastewater treatment, such as adsorption,
coagulation, chemical oxidation, membrane
separation process, electrochemical, aerobic and
anaerobic microbial degradation, most of them
have not been very successful, because of their
numerous limitations. Among them, adsorption is
preferred due to its cheapness and the high quality
of the treated effluents, especially for well-
designed sorption processes.’

The removal of dyes and pigments from
aqueous solutions via adsorption processes is a
simple method known to be relatively low cost,
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and such effective technology has been widely
adopted by water treatment plants. The removal
efficiency of dyes via adsorption mainly depends
on the choice of the adsorbents employed.® Thus,
the production of cheaper adsorbents to replace
costly wastewater treatment methods, such as
chemical precipitation, ion-exchange,
electroflotation, membrane separation, reverse
osmosis, electrodialysis, solvent extraction etc.,
has attracted great research attention in recent
years.”'”

Wheat straw, as a type of renewable crop
wastes, is not only abundantly available, but also
rich in reactive groups existing in cellulose,
hemicelluloses and lignin structures. A promising
way to valorize this precious bioresource is to
turn it into an adsorbent. Although the adsorption
capacity of raw straw is unsatisfactory, various
chemical modifications, by introducing some
functional groups, can be applied to improve it."!
Alkali treatment is one of the widely employed
chemical treatment techniques for surface
modification of agricultural wastes for the
purpose of improving their adsorption properties.
The treatment of agricultural wastes with aqueous
sodium hydroxide (NaOH) solutions breaks the
covalent association between lignocellulose
components, hydrolyzing hemicelluloses and
depolymerizing lignin.>'> This treatment has a
substantial influence on the morphological,
molecular and supramolecular properties of
cellulose, causing changes in crystallinity, pore
structure, accessibility, stiffness, unit cell
structure and orientation of fibrils in the cellulosic
fibres.'>'* NaOH also improves the mechanical
and chemical properties of cellulose, such as
structural durability, reactivity and natural ion-
exchange capacity. The treatment with NaOH
removes natural fats and waxes from the cellulose
fiber surfaces, thus revealing chemically reactive
functional groups, such as —OH.'*'"> Wheat straw
has a vascular bundle structure, which will

H3C\N

CHs

provide additional surface for chemical
modification. It also has complicated components,
such as pectin, protein and fatty acid, in addition
to its major ones (lignin, hemicelluloses,
cellulose), besides, it abounds in hydroxyl
groups.”'®

Our literature survey revealed several reports
on chemical modification of wheat straw by
cetyltrimethyl ammonium bromide (CTAB),"”
ethylenediamine,®
hexadecylpyridiniumbromide,"” CPB and acrylic
acid, acrylic amide and dimethyl diallyl
ammonium chloride.” To the best of our
knowledge, the application of
triethoxysilylpropylamine (TESPA) coated alkali
treated wheat straw (ATWS) for methyl orange
(MO) removal from aqueous environment has not
been reported so far. The aim of this study has
been to investigate an efficient methodology to
face the current challenges of color treatment of
industrial textile wastewater effluents, using a
chemically designed adsorbent based on wheat
straw modified by triethoxysilylpropylamine
(TESPA), for the adsorptive removal of methyl
orange (MO) as an example of anionic dyes. The
optimization of all the experimental controlling
factors and conditions, such as reaction time, pH,
adsorbent dosage, initial dye concentration,
mechanism of adsorption and temperature, was
also explored.
EXPERIMENTAL
Materials

Wheat straw (WS) was obtained from a local wheat
field in Ardebil, Iran. Before grinding, the raw material
was cleaned and dried at 378 K for 24 h. The dried
wheat straw was then ground and sieved to a size range
of 100-500 pm. Finally, the resulting product was
stored in an air-tight container for further use. The
chemical composition of the wheat straw was
determined as follows: 43.1% cellulose (Kurshchner),
19.31% lignin, 72.12% holocellulose, 6.8% ash and
1.64% ethanol/dichloromethane extractables, on an
oven-dry weight basis (moisture content of 7.8%).
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Scheme 1: Molecular structure of methyl orange
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Methyl orange (MO) (Merck, No. 101322) was
selected as an anionic dye. Scheme 1 shows the
molecular structure of MO. Triethoxysilylpropylamine
(TESPA) (Merck, No. 821619) was used for chemical
modification of wheat straw. A stock solution of MO
was prepared by dissolving 1.0 g of MO in 1 L of
deionized water, and the concentrations of MO used
(50-500 mg/L) were obtained by dilution of the stock
solution. The pH of the solution was adjusted to the
desired value by adding a small quantity of 0.01 mol/L
HCl or 0.01 mol/L NaOH.

Preparation of alkali-treated wheat straw (ATWS)

Raw wheat straw (RWS) was prepared as described
previously. The dried RWS was treated in a 0.06 M
sodium hydroxide (NaOH) solution for 4 h at room
temperature. The sample was then washed thoroughly
with distilled water until the sample was neutralized
and dried in the oven at 333 K for 24 h. Finally, the
resulting adsorbent, alkali-treated wheat straw
(ATWS), was stored in an air-tight container until
further use in adsorption experiments.

Modification of ATWS by TESPA

In a typical reaction, 30 mL of TESPA was added
dropwise to a suspension of 15 g ATWS in 200 mL dry
toluene. The mixture was stirred at room temperature
for 30 min. The residue material was separated by
filtration, washed with dichloromethane and dried at
333 K for 24 h. This sample was denoted TESPA-
ATWS. Dichloromethane (Merck, No. 1.06050) and
toluene (Merck, No. 108-88-3) were used as solvents
for the modification reaction.

Characterization

Fourier transform infrared (FTIR) analysis was
applied to determine the surface functional groups,
using an FTIR spectroscope (FTIR-2000, Bruker),
where the spectra were recorded from 3500 to 500
em™'. Surface morphology was studied using scanning
electron microscopy (Vegall-Tescan Company).

Point of zero charge (pH,,.) determination

In point of zero charge (pH,,.) determination, 0.01
M NaCl was prepared and its pH was adjusted in the
range of 2-11 by adding 0.01 M NaOH or HCI. Then,
50 mL of 0.01 M NaCl was put in a conical flask and
then 0.1 g of TESPA-ATWS was added to the solution.
The flasks were kept for 72 h and the final pH of the
solution was measured using a pH meter.

Batch adsorption experiments

Equilibrium studies were carried out by contacting
a fixed amount of TESPA-ATWS (0.2 g) with 100 mL
of MO solution with different initial concentrations
(50, 100, 200, 300, 400 and 500 mg/L) in 250 mL
stopper Erlenmeyer flasks at a temperature of 303 K

Wheat straw

and pH 2. The procedure was repeated for
temperatures of 313 and 323 K. MO concentrations
were determined by spectrometry at the wavelength of
maximum absorbance, 492 nm, using a double beam
UV-Vis spectrophotometer (Shimadzu, Model UV
2100, Japan).

The adsorption capacity (q.) was calculated according
to Equation 1:

Qe =(Co—CoVIW ey
where Cy (mg/L) and C. (mg/L) are the initial and the
final or equilibrium MO concentration, respectively. V

(mL) is the volume of the MO solution, and W is the
mass (g) of the dry adsorbent (TESPA-ATWS) used.

Kinetic studies

Adsorption kinetics experiments were performed
by contacting 200 mL MO solution of different initial
concentrations ranging from 50 to 200 mg/L with 0.4 g
TESPA-ATWS in a 250 mL stopper red conical flask
at room temperature. At fixed time intervals, the
samples were taken from the solution and were
analyzed by spectrometry at the wavelength of
maximum absorbance, 492 nm.

Isotherm modeling

The non-linear forms of the Langmuir, Freundlich,
Temkin, Sips and Redlich-Peterson isotherm models
were used to analyze the equilibrium isotherm data.”'
The fitness of these models was evaluated by the non-
linear coefficients of determination (Rz). The Matlab
(version 7.3) software package was used for the
computing.

The Langmuir adsorption isotherm assumes that
adsorption takes place at specific homogeneous sites
within the adsorbent and has found successful
application for many processes of monolayer
adsorption.”> The Freundlich isotherm is derived by
assuming a heterogeneous surface with a non-uniform
distribution of sorption heat over the surface.” The
Sips model is an additional empirical model that has
the features of both the Langmuir and Freundlich
isotherm models. As a combination of the Langmuir
and Freundlich isotherm models, the Sips model
contains three parameters, Q.x, K and 1/n, which can
be evaluated by fitting the experimental data.**

Similar to the Sips isotherm, Redlich and Peterson
proposed an isotherm compromising the features of the
Langmuir and the Freundlich isotherms. The Temkin
isotherm was first developed by Temkin and Pyzhev,
and it is based on the assumption that the heat of
adsorption would decrease linearly with the increase of
coverage of adsorbent. The Temkin isotherm equation
was applied to describe adsorption on heterogeneous
surfaces.”
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Kinetic models

The Lagergren rate equation® is one of the most
widely used adsorption rate equations for the
adsorption of a solute from a liquid solution. In this
work, we used the linear form of the pseudo-first order
and pseudo-second order kinetic models.

Statistical analysis

All experiments were performed in duplicate and
the mean values were presented. The data were
analyzed by one-way analysis of variance (ANOVA),
using SPSS 11.5 for Windows. The data were
considered statistically different from the control at P <
0.05.

RESULTS AND DISCUSSION
Characterization of TESPA-ATWS
FTIR analysis

Figure 1 shows the FTIR spectra of WS,
ATWS, TESPA-ATWS before and after MO
adsorption, respectively. In Figure la and b, the
board peak around 3440 cm™' is the characteristic
peak of WS, corresponding to bonded hydroxyl
groups of cellulose and lignin.”® The strong C—-O—

C band at around 1044 cm™ also confirms the
cellulose and lignin structures. The weak band at
2890 cm™' was assigned to the stretch vibration of
C-H bond in methylene groups.”’ The peak at
1625 cm” in Figure Ic is due to the bending
frequency of the amino group of TESPA anchored
to the chain backbone.*® This band shifts to lower
frequency, 1682 cm’, in TESPA-ATWS after
MO adsorption (Fig. 1d). In the FTIR spectrum of
MO, —C=C- stretching is observed at 1599 cm'l, -
S=0 stretching at 1120 cm™, -C=N stretching at
1314 cm™, and -N-H stretching at 3209 cm™ .

In this work, the —S=0O stretching vibration
band (1120 cm™) shifts to lower frequency, 1182
cm'l, in the spectrum of TESPA-ATWS after MO
adsorption (Fig. 1d). These observations clearly
provide evidence that ATWS was modified by
TESPA and MO was anchored to TESPA-ATWS.
Scheme 2 shows our proposed mechanism for
modification of wheat straw by
triethoxysilylpropylamine and MO adsorption on
TESPA-ATWS.

3900 3400 2900

Wavenumber (1/¢cm)

Figure 1: FTIR spectra of a) WS, b) ATWS and TESPA-ATWS c) before and d) after MO adsorption
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Figure 2: SEM micrographs of a) WS, b) ATWS and TESPA-ATWS c) before and d) after MO adsorption

SEM analysis

The surface morphologies of WS, ATWS,
TESPA-ATWS before and after MO adsorption
were observed, as shown in Figure 2. It was found
that the irregular superficial layer of protective
silica and natural resins on WS (Fig. 2a) were
removed after the alkali treatment,”’ which was
beneficial to the modification in the following
step. In addition, after modification by
triethoxysilylpropylamine, the surface of wheat
straw became rough, which increased the specific
area of the adsorbent and contributed to
enhancing the adsorption capacity.

Study of MO adsorption
Point of zero charge (pH,,) studies and the
effect of pH on MO adsorption

The linear range of pH sensitivity, the type of
surface active centers and the adsorption ability of
the surface can be determined by the point of zero
charge (pH,,) factor.’’ Many researchers studied
the point of zero charge of adsorbents prepared
from agricultural solid wastes in order to better
understand  their  adsorption  mechanism.”
Cationic dye adsorption is favored at pH > pH,,.,
due to the presence of functional groups, such as
OH™ and COO™ groups. Anionic dye adsorption is
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favored at pH < pngc, where the surface becomes
positively charged.’

Figure 3 shows the graph of pHgy vs pHipga in
this work. The intersections of the curves with the
straight line are known as the end points of the
pH,., and this value is 3 for TESPA-ATWS.
Figure 4 shows the effect of pH on the adsorption
of MO. The experiments were conducted at 100
mL of 100 mg/L initial MO concentration and
0.20 g TESPA-ATWS dose. It was observed that
pH has a significant influence to the adsorption
process. MO is an anionic dye, which exists in
aqueous solution in the form of negatively
charged ions. As a charged species, the degree of
its adsorption onto the adsorbent surface is
primarily influenced by the surface charge on the
adsorbent, which in turn is influenced by the
solution pH. As shown in Figure 4, the
equilibrium concentration (q.) was maximum at
pH 2 (48 mg/g). Higher adsorption of MO at
acidic pH (pH < pH,,.) is due to the presence of
excess H' ions, and the adsorption of positively

14 -

~=ATWS

—A—TESPA-ATWS

—<pHinitial vs pH final

charged dye anions is enhanced through
electrostatic forces of attraction. At higher
solution pH (pH > pH,,), it is possible that
negatively charged hydroxyl anions (OH)
compete with the anionic groups on the dye for
adsorption sites. We selected pH=2 for adsorption
and kinetic experiments.

Effect of adsorbent dosage

Adsorbent dosage is an important parameter
that strongly influences the adsorption process by
affecting the adsorption capacity.”® Therefore, the
influence of adsorbent dosage on MO adsorption
by TESPA-ATWS was investigated in the range
of 0.01-0.3 g (Fig. 5). The adsorption efficiency
increased from 34% to 99% as the adsorbent
dosage was increased from 0.01 to 0.2 g. The
increase in the percentage of MO removal with
increasing adsorbent dosage could be attributed to
an increase in the adsorbent surface area,
augmenting the number of adsorption sites
available for adsorption, as already reported.”
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Figure 3: Plot for determination of point of zero charge pH of TESPA-ATWS

9. (mg/e)

0 2 4 6 8 10 12
pH

Figure 4: Effect of solution pH on adsorption of MO

on TESPA-ATWS
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Figure 6: Effect of temperature on removal of MO at different initial concentrations

Table 1
Isotherm parameters for MO adsorption by TESPA-ATWS
Isotherm Temperature (K) 303 313 323
Quax (Mg/g) 250.1 304.2 273.1
Langmuir qe = uK.Ce/1+K,C, ki (L/mg) 0.0985 0.0762 0.0521
R’ 0.9998 0.9941 0.9952
Freundlich ki 11 w0l % 06
reundlic Je = Kple 3 1/n . . .
(mg/ g)((ﬁ? mg™ 09605 09788 0.9623
B/RT 0.0198 0.0222 0.0158
Temkin g = RT/B(Ink;C,) kr (L/mg) 1.229 1.785 0.5936
R? 0.9923 0.9318 0.9882
i Qunax (mgg™) 247.1 308.5 273.3
Sips a0 qmbCe K, ((mg™"H)™™ 0.097 0.0837  0.0441
1+ bC,M" 1/n 1.020 0.860 1.152
R? 0.9999 0.9952 0.9993
Ky (LKgh 24.48 23.46 14.74
Redlich- _aCe Orp (Kgmg'l) 0.09621 0.1195 0.03462
Peterson 1= T+1C.” B 1.004 09207  1.079
R’ 0.9998 0.9944 0.9956

Effect of temperature on MO adsorption

Figure 6 shows the effect of temperature on
the adsorption rate of MO onto TESPA-ATWS,
investigated at three different temperatures (300,
313 and 323 K), using the initial concentration of
50-500 mg/L. It is observed that the removal
percentage of MO increases with increasing
temperature at all concentrations studied. An
increase in temperature increases the rate of
diffusion of the adsorbate molecules across the
external boundary layer and within the internal
pores of the adsorbent particles, due to a decrease
in the viscosity of the solution.® The obtained
results revealed that an increase in temperature
from 300 to 313 K increased the TESPA-ATWS
monolayer adsorption capacity from 250.1 to
304.2 mg/g (Table 1). This phenomenon indicates
that the adsorption process is endothermic in
nature.” This may be due to the mobility of

molecules, which increases generally with a rise
in temperature, thereby facilitating the formation
of surface monolayers.”

Effect of initial concentration and contact time
on MO adsorption

Figure 7 shows the effect of the initial dye
concentration (50-200 mg/L) on the adsorption of
MO. It was observed that the amount of MO
adsorbed was rapid during the first 10 min and
thereafter it proceeded at a slower rate (10-100
min), until saturation was finally reached. The
equilibrium adsorption increases with an increase
in the initial MO concentration from 50 to 200
mg/L. The findings are explained by the fact that,
as the initial concentration increases, the mass
transfer driving force becomes larger, hence
resulting in higher MO adsorption.”’ Also, Figure
7 highlights that the contact time needed for MO
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solutions with initial concentrations of 50-200
mg/L to reach equilibrium was 100 min. The
initial concentration provides an important driving
force to overcome all mass transfer resistances of
the MO between the aqueous and solid phase.
However, the experimental data were measured at
120 min to be sure that full equilibrium was
attained.

Adsorption equilibrium isotherm

Isotherm data analysis is important to develop
equations that correctly represent the results and
could be used for design purposes. Figure 8 and
Table 1 show the fitting parameters for the
measured isotherm data for MO adsorption onto
TESPA-ATWS on the non-linear forms of the
Langmuir, Freundlich, Temkin, Sips and Redlich-
Peterson models. The values of R*> for the

250 -

200 - =

Qe (mg/g)
5

Langmuir, Sips and Redlich-Peterson isotherm
models indicate a good fit with the three models.
The applicability of the Langmuir, Sips and
Redlich-Peterson isotherms shows that there was
effective monolayer sorption and a homogeneous
distribution of active sites on the surface of
TESPA-ATWS. Among all the isotherm
equations, at all the temperatures, the Freundlich
isotherm presented the poorest fit to the
experimental data. The value of exponent 1/n for
the Sips model is close to unity, indicating that
adsorptions are quite homogeneous. The
monolayer capacity (Quu) is 304.2 mgg™, as
calculated from the Langmuir isotherm at 313 K
(Table 1). Also, there is similarity between Qux
values obtained from the Langmuir and Sips
models at all the temperatures.
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Figure 7: Effect of contact time and initial concentration on the adsorption of MO on TESPA-ATWS

Kinetics of adsorption

The dynamics of the adsorption can be studied
by the kinetics of adsorption in terms of the order
of the rate constant.*"** The adsorption rate is an
important factor for a better choice of the material
to be used as an adsorbent; the adsorbent should
have a high adsorption capacity and a fast
adsorption rate.” Most adsorption studies use
pseudo-first-order and  pseudo-second-order
models to study the adsorption kinetics. For the
pseudo-first-order model, the adsorption rate was
expected to be proportional to the first power of
concentration, where the adsorption was
characterized by diffusion through a boundary.
The pseudo-first-order model sometimes does not
fit well for the whole range of contact time, when
it fails theoretically to predict the amount of dye
adsorbed and thus deviates from the theory. In
this case, the pseudo-second-order equation used
was based on the sorption capacity of the solid
phase, where the pseudo-second-order model
assumes that chemisorption may be the rate-
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controlling step in the adsorption processes.”*

The transient behavior of the MO adsorption
process was analyzed by using the pseudo-first
and pseudo-second-order kinetic models. Plotting
In (qe-q,) against t permits the calculation of k;
(Fig. 9a). The rate constant, k;, evaluated from
these plots with the correlation coefficients
obtained are listed in Table 2. Plotting t/q against
t (Fig. 9b) gives a straight line, where k, can be
calculated. Usually, the best-fit model can be
selected based on the linear regression correlation
coefficient R? values. Generally, the kinetic
adsorption is better represented by the pseudo-
second-order model for anionic and cationic dye
adsorption.

The R? values listed (in Table 2) for the
pseudo-first-order kinetic model were between
0.956 and 0.980. The R* value for the pseudo-
second-order model was 0.999, which is higher
than the R* values obtained for the pseudo-first-
order model. Therefore, the adsorption kinetics
could be more favorably described by the pseudo-
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Figure 9: Kinetic models for adsorption of MO onto TESPA-ATWS; (a) pseudo-first-order and
(b) pseudo-second-order rate equations

Adsorption mechanism of MO
It is now well established that, during the
adsorption of dye onto a porous adsorbent, the
following three consecutive steps take place: *>*
(1) Transport of the ingoing adsorbate ions to
the external surface of the adsorbent (film
diffusion);
(i1) Transport of the adsorbate ions within the
pores of the adsorbent, except for a small
amount of adsorption, which occurs on the
external surface (particle diffusion);
(iii) Adsorption of the ingoing adsorbate ions
onto the interior surface of the adsorbent.*’
Out of these three processes, the third process
is considered to be very fast and is not the rate

limiting step in the uptake of organic compounds.
The remaining two steps impart the following
three possibilities:

Case 1: External transport > internal transport,
where the rate is governed by particle diffusion.

Case 2: External transport < internal transport,
where the rate is governed by film diffusion.

Case 3: External transport _ internal transport,
which accounts for the transport of the adsorbate
ions to the boundary and may not be possible
within a significant rate, which later on gives rise
to the formation of a liquid film surrounded by the
adsorbent particles with a proper concentration
gradient.
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Table 2
Kinetic parameters for adsorption of MO onto TESPA-ATWS based on Lagergren rate equation

. . . G 2 k Qe
Kinetic model Equation Linear form (mg/L) R (1/min) (me/e)
50 0.974 0.032 58.079
Pseudo-first order dq/qe.-q = k;dt In(qge-q) = Inqe-k;t 100 0.956 0.036 116.026
200 0.980 0.027 229.684
C() R2 k2 ) e
(mg/L) (mg/g.min) (mg/g)
50 0.999 0.0041 62.5
Pseudo-second order dq/(qe—ql)2 = kydt 1/(qe-q)-1/q &= kot 100 0.999 0.0012 125
200 0.999 0.0004 250
s -
5 4 450 ppm
4 4 100 ppm
&= 3 A A 200 ppm
27
1 4
o ; . . | .
Q 0.5 1 1.5 2 25

Time (h)

Figure 10: Plot of B, vs time for different initial concentrations of MO
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In order to predict the actual slow step
involved in the adsorption process, the kinetic
data were further analyzed using the Boyd model
given by Equation 2:*

B, =-0.4977 — In(1-F) (2)
where F represents the fraction of solute adsorbed
at any time, t (h), as calculated using Equation 3:

F=q/qc 3)
where g, and . are amounts adsorbed after time t
and after infinite time (160 min), respectively.
The calculated B, values were plotted against time
t (h), as shown in Figure 9.

The plot of B, vs time distinguishes between
the film-diffusion and  particle-diffusion-
controlled rates of adsorption. The linear lines for
all MO initial concentrations did not pass through
the origin and the points were scattered. This
indicated that the adsorption of MO onto the
TESPA-ATWS was mainly governed by external
mass transport, where particle diffusion was the
rate limiting step.*’

Desorption studies of MO

Desorption studies can provide an insight into
the mechanism of an adsorption process. If the
dye adsorbed onto the adsorbent can be desorbed
by water, it can be concluded that the adsorption
occurred by weak bonds. If strong acids, such as
HCI, can desorb the dye, it can be said that the
attachment of the dye onto the adsorbent is by ion
exchange.” Hence, neutral distilled water was
used in the elution of MO molecules from the
TESPA-ATWS, followed by HCI solution. The
percentage of desorption obtained was 2 and 10%,
when using neutral distilled water and 0.1 M HCl
solution, respectively. The fact that Ilow
desorption occurred with distilled water and much
higher desorption with the HCI solution suggests
that the adsorption of MO onto TESPA-ATWS
was carried out significantly by ion exchange. As
presented in Scheme 2, the MO dye was adsorbed
onto the TESPA-ATWS surface through strong
electrostatic interaction.

CONCLUSION

The current study demonstrates that wheat straw
modified by triethoxysilylpropylamine can be
used effectively for adsorption of methyl orange
(MO) dye from aqueous solutions. The adsorption
of MO onto TESPA-ATWS strongly depended on
the solution pH level, initial MO concentration
and temperature. Non-linear isotherm analyses
indicated that the equilibrium isotherm data are

Wheat straw

best described by the Langmuir model. The
adsorption capacity was found to be 304.2 mgg™'
at 313 K. We obtained a Langmuir adsorption
capacity, Qmax, Oof 75.8 mgg™ for unmodified
wheat straw. MO adsorption follows pseudo-
second order kinetics, which obeys the monolayer
chemical adsorption mechanism.
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