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Abstract—The worth of this work lies in giving the surface of starch a positive charge for removal of azo dyes. A
novel ethylenediamine/glutaraldehyde-modified starch (SEG) bioadsorbent was developed here, characterized by Fou-
rier infrared spectroscopy and scanning electron microscopy analyses, and then applied in removal of Direct Red 23
(DR23) and Acid Blue 92 (AB92) anionic dyes from aqueous solutions. The efficacy of the SEG as bio-based adsor-
bent was studied in terms of adsorption characteristics, including dye removal percent, adsorption capacity, adsorption
kinetic and adsorption isotherm, taking the initial dye concentration, adsorption time and SEG dosage as changing
variables. Overall, it was found that the SEG is an efficient bio-based adsorbent in removal of anionic dyes. Experimen-
tal analyses (Temperature=25°C & pH=2) revealed that either a pseudo-second-order kinetic or Langmuir isotherm
model can properly express the behavior of adsorption based on chemisorption phenomenon. For structural change
characterization, FT-IR analysis was performed. The highest adsorption efficiency belonged to the solution in which

0.035 g SEG was added to 30 mg/L water.
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INTRODUCTION

Several methods, such as photocatalysis and adsorption, were
found to be effective, as well as cheap for dye removal. Albeit with
some exceptions, activated carbon based adsorbents were found to
be the best choices for dye removal from industrial wastewater
effluents, but their cost restricts their use at large scale uses. The
use of non-conventional dye removal methods in the lab provides
investigators with a general basis for future trials in the quest for
cheap yet high efficiency adsorbents from natural candidates. Inter-
est in using adsorbents for removal of organic pollutants from waste-
water and water resources has steadily grown in recent years [1-8].
In this sense, the use of natural biopolymer adsorbents such as
starch, chitosan, and alginate has been extensively recommended
[9-12]. As the second low-cost biodegradable natural resource
after cellulose, starch has been widely applied in diverse fields such
as medicine, agriculture, and packaging industry [13-17]. Besides
being abundant in nature, starch has a low cost, but high biode-
gradability; high reactivity and chemical stability thanks to the pres-
ence of reactive hydroxyl groups in its structure, which makes it a
good candidate for adsorbent applications [18-21]. In the form of
branched homopolymers of glucose, starch appears as a polysac-
charide composed of linear long chains of amylose (10-30%) and
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highly branched backbone of amylopectin (70-90%) [22-26], which
is characteristic of reactive adsorbents.

The use of polysaccharides of cellulose, chitosan and starch as
adsorbent has received more attention in recent years in view of
their biocompatibility and biodegradability [27-30]. It provides the
user with an excellent selectivity towards aromatic compounds and
metals—the reason why it has the potential for chemical interac-
tion with a wide variety of molecules [31]. Nevertheless, poor physi-
cal properties of starch, including low mechanical properties and
limited dimensional stability, place limits on the use of starch [31-
33]. Chemical modification of starch gives this natural material the
potential for removal of pollutants from wastewater [34-36]. Removal
of diverse synthetic dyes or metal ions from textile and industrial
wastewaters could be considered as a hot area in which starch plays
the role of adsorbent, even in small amounts, to eliminate synthetic
dyes from the ecosystem [37-39].

Diverse adsorption techniques, including coagulation/floccula-
tion, membrane filtration, and oxidation, have been applied for re-
moval of dyes and color pollutants from chemical company waste-
water [40-42]. Biodegradation and biological decolorization have
received more attention in recent years for removal of dyestuffs [43].
The use of agricultural wastes and polysaccharides adsorbent has
also been practiced in dye removal thanks to their low cost and
acceptable adsorption abilities [25,44]. For instance, over an isotherm
temperature interval and by fitting model expressing kinetics, it
was found that cationized starch-based adsorbents are promising
in removal of Acid Blue 25 from aqueous solutions [38,45]. There
is agreement that generation of negatively charged groups in the
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starch-based adsorbents can strongly increase their interaction with
the positive charges from organic dyes [46]. However, the use of
modified starch with high removal ability towards inherently posi-
tively charged dyes has been rarely addressed in the literature.

The focus of this work is on surface modification of starch with
ethylenediamine/glutaraldehyde and applying it as a bioplatform
in removal of two kinds of azo dyes, namely Acid Blue 92 (AB92)
and Direct Red 23 (DR23), from wastewater. Since the surface of
starch has a negative nature, it was attempted to make it positive to
use it for removal of azo dyes. Surface characterization of starch was
viewed by Fourier transform infrared (FTIR) spectroscopy, while
its surface topology was observed by scanning electron micros-
copy (SEM) before and after dye adsorption on ethylenediamine/
glutaraldehyde-modified starch (SEG). Dye removal, adsorption
capacity, and kinetics of adsorption were measured by different iso-
therm models to find the best model imitating adsorption capac-
ity of as-received and surface-modified starch towards AB92 and
DR23 as a function of temperature, initial dye concentration in
model wastewater, adsorbent dosage and pH. The main advantage
of the developed adsorbent over previously reported starch-based
adsorbents is its fast adsorption kinetics that follow the pseudo-
second order model working on the basis of chemisorption phe-
nomenon.

MATERIALS AND METHODS

1. Material

Starch in the form of powder was provided by Merck Chemi-
cal Co. (Germany). Ethylenediamine, glutaraldehyde, and HCI 37%
(for PH adjustment) were similarly purchased from Merck. AB92
(Ae=588 nm) and DR23 (4,,,=507 nm), with chemical structures
shown in Fig. 1, were provided from local market. Distilled water
was utilized in preparing solutions containing different types and
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Fig. 2. Ideal view of SEG molecule from an optimistic viewpoint.
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Fig. 1. Chemical structure of AB92 and DR23 azo dyes used in this
study.
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concentrations of dyestuffs.
2. Synthesis of SEG

First, 2 g of starch was weighed and transferred into a 100 mL
vessel. Then, 1 mL ethylenediamine and 1 mL glutaraldehyde were
concurrently added dropwise into the container. The reaction be-
tween the amino groups attached to the surface of starch and the
aldehyde groups of glutaraldehyde took place in the aqueous solu-
tion. The mixture was then continued for 14 h at 70 °C to assure
reaction completion. Fig. 2 displays a very ideal molecule which we
were wishing for, but we can hardly accept that grafting and cross-
linking could take place so perfectly. The resulting powder, SEG,
was washed several times with distilled water, dried at 80 °C for
24, and eventually collected for dye removal.
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3. Adsorption of AB92 and DR23 Using the Modified Starch

The batch experiments were performed using 250 mL beaker
with different amounts of SEG and 200 mL azo dyes (AB92 and
DR23 solutions with different adsorbent dosage) for 1 hour at room
temperature under magnetic stirring (300 rpm). The amount of
dyes adsorbed on SEG bioplatform surface was accordingly mea-
sured at specified times. The effects of pH of solution, the contact
time and the initial concentration of adsorbent on the adsorption
efficiency were consequently studied. The mixtures were centri-
fuged under 5,800 rpm speed for 10 min, and the residual concen-
tration of AB92 and DR23 dyes remained in the solution was de-
termined according to the calibration curve by a UV-Vis spectro-
photometer (Cecil 2021) at 588 nm and 507 nm, respectively. The
adsorption capacity and dye removal efficiency of samples were
calculated by the following equations:
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where q; is the adsorption capacity in the adsorbent at equilibrium
(mg/g), C, is the initial dye concentration in the solution (mg/L),
C, is the equilibrium dye concentration at any time t (mg/L), V is
the volume of solution (L), and W is the weight of the adsorbent
used (g).
4. Characterization

The concentration of the AB92 and DR23 in the solution was
measured utilizing a UV-Vis spectrophotometer (Cecil 2021) at 588
and 507 nm according to the calibration curves. Fourier transform
infrared (FTIR) spectra of the pristine starch and SEG (or modi-
fied starch), were collected on a Matson FTIR spectrophotometer
working in the range of 400-4,000 cm™ using the KBr pellet method.
A field-emission scanning electron microscope (FE-SEM; Mira
TESCAN) working at an accelerating voltage of 15kV was also
utilized to observe the morphology of powders as well as surface
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Fig. 3. FE-SEM micrographs of (a) starch granules, (b) starch granules at higher magnification, (c) SEG and (d) SEG at higher magnification.
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of adsorbents before and after adsorption.
RESULTS AND DISCUSSION

1. Structural and Surface Morphology Analyses

The morphology of pristine starch and SEG was observed by
FE-SEM technique. Fig. 3(a) shows granules of starch in elliptical
shape different in size. A closer view of the lateral surface of parti-
cles is shown in Fig. 3(b). It is evident that the surface morphology
of starch was clearly changed by modification with ethylenediamine/
glutaraldehyde. Moreover, Fig. 3(c) and Fig. 3(d) show the amor-
phous irregular structure of the SEG obtained in different magnifi-
cations.

Fig. 4 shows SEM micrographs of SEG after azo dyes were ad-
sorbed on it. It can be seen the spherical shape of SEG adsorbent
remained unchanged, and no obvious conclusion can be drawn
from comparison between AB92- and DR23-adsorbed SEG. This
highlights the need for further investigations to infer the sufficiency
of SEG adsorbent from chemical bonding and chemical kinetics
points of view.

2. FTIR Analyses

The FTIR spectra were used to probe into functional groups

attached to the surface of starch after functionalization through com-

parison between pristine starch and SEG (Fig. 5). The characteris-
tics broad peaks appeared at 3,428 and 3,414 cm™', respectively,
corresponding to as-received starch and SEG, can be corresponded
to O-H stretching vibration of polymeric compounds, while the
one at 2,932 cm™" represents the presence of -CH; [47]. Since the
peak of N-H of primary amine normally appears in the interval of
3,350-3,310 cm ", it was difficult to detect and assign such a peak
to surface functionalization effect. It was also possible to have
overlapping of N-H, C-H, and O-H stretching in the aforemen-
tioned zone [48]. The two peaks at 1,467 and 1,385 cm ! are also
assigned to the -CH bending vibration, whereas the ones observed
at 1,654 and 859 cm™ show the first and third overtone C-H stretch-
ing, respectively. Moreover, the bands at 1,160 and 763 cm ' are
attributed to the asymmetric and symmetric C-O-C stretching
vibration, respectively [49]. The FTIR spectrum of the SEG shows
some new bands indicative of the presence of amine groups on
the surface of starch. The bands at 2,886 and 2,885 cm™ are related
to asymmetric and symmetric N-H stretching, respectively. Fur-
thermore, the peaks observed at 812 and 861 cm™ can be attributed
to the out-of-plane N-H bending vibrations and C=N stretching
vibration, respectively. The peak at 1,654 cm ™" for pristine starch
can be related to the adsorbed moisture water content of pristine
starch. On the other hand, looking at SEG spectrum suggests that
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Fig. 5. FTIR spectra of the pristine and SEG-modified starch applied in this study.
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the peak in the assigned region is broadened with a slight shift in
the range from 1,690 to 1,640 cm ™', which can be ascribed to the
imide bond formed during the crosslinking amine and aldehyde
groups.

FTIR spectra of AB92 and DR23 dyes in the as-received form
and after being adsorbed on SEG are provided in Fig. 6. The band
at ca. 2920 cm™" in AB92 FTIR spectrum has been intensified in
the spectrum of SEG-modified starch, demonstrating the presence
of this dye on the surface of adsorbent, as reflected in C-H hydro-
gen bonds. Moreover, the peak at 1,738 cm™" ascribed to C=0O car-
bonyl group was significantly brushed up in case of SEG on which
AB92 was adsorbed, which was further approved around 1,035
cm” through broadening. In case of DR23, a peak at 2,965 cm™
was observed in SEG adsorbed DR23 spectrum, which means that
DR23 was removed by the SEG from model wastewater. The peak
at 1,017 cm ™' was also due to C-O stretching, which was strongly
affected by adsorption onto SEG-modified starch.

3. UV-Vis Analysis

The UV-Vis spectra of DR23 and AB92 show main bands rep-
resenting maximum wavelengths at 507 and 588 nm, respectively
(Fig. 7). The sudden fall in adsorption peaks of DR23 and AB92 at

the assigned maxima suggests a fast removal of the anionic azo dyes.
4. Effect of pH of Solution

It is well-known that the pH of aqueous solution affects the ad-
sorption efficiency of the adsorbent. In the case of starch, the capac-
ity of adsorption was increased from 8 mg/g (for cationic dyes) to
167 mg/g (for anionic dyes) as the pH of the solution decreased
from 5.0 to 2.0. From the lesson learned by the pH analysis, all the
experiments were performed at pH acidity of 2.0 adjusted by a
2N HCI solution. Surface treatment of starch changed its adsorp-
tion capacity, where a cationic nature was given to starch upon
decreasing pH value, which gave the starch potential for removal
of anionic dyes. At a lower pH, more NH; groups would present
on the surface of SEG adsorbent with considerable tendency towards
anionic dyes [22,44,50].
5. Effect of Contact Time, Adsorbent Dosage and Initial Con-
centration of Solution

Time-dependent dye removal percent and adsorption capacity
of the SEG bioplatform as a function of SEG dosage at ambient
temperature and acidic pH of 2.19 for DR23 and AB92 dyes are
shown in Fig. 8 and Fig. 9, respectively. Overall, a fast adsorption
was detected for both AB92 and DR23 during the first quarter of
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Fig. 6. FTIR spectra of AB92 and DR23 dyes in the pristine form and after being adsorbed onto SEG-modified starch.
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Fig. 7. UV-Visible adsorption spectra of DR23 and AB92 on SEG.
Adsorbent dosage: 0.035 g, concentration: 30 mg/L, pH: 2.19
at room temperature.

exposure, then the adsorption experienced as equilibrium state until
the end of test after 1 hour. Moreover, increase of adsorbent con-
centration in the solution caused increase in both removal percent
and sorption efficiency towards DR23. On the other hand, adsorp-
tion capacity of SEG adsorbent towards DR23 was limitedly im-
proved upon increase of SEG dosage. The availability of exchange-
able sites from SEG at higher dosages of SEG adsorbent could be a
reason behind this observation [51]. Moreover, the presence of
amino groups on the surface of adsorbent as well as the nature of
the dye could play a key role in determining the adsorption capac-
ity [52]. There is also some evidence that starch may appear with a
different character under various circumstances. Accordingly, a
modification route has its own impacts on adsorption capacity of
the starch-based sorbents. For instance, it was reported that crys-
talline regions in the starch structure are supposed to be converted
into amorphous regions during acid-catalyzed hydrolysis of starch,
where the enzyme in the starch can be depolymerized [53]. More-
over, starch is potent to be converted into its constituent, glucose
in the presence of water through bifunctional mechanisms.

Since SEG was synthesized in the absence of hydrolysis or etha-
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Fig. 8. Effect of contact time on (a) dye removal and (b) adsorption
capacity of SEG towards DR23 at different adsorbent dos-
ages and constant pH of 2.19 at ambient temperature.

nol, a mono-functional mechanism would describe well the ad-
sorption of dyes, where SEG might remain active during the test.
Introduction of SEG to the aqueous solution of dyes could lead to
a rise in dye removal capacity of adsorbent towards, but in an oppo-
site manner would deteriorate reaction by increasing the concen-
tration of adsorbent in an acidic media (Fig. 10). The surface of ad-
sorbent suffers from a repulsive force between OH™ groups attached
to the surface of starch and negative charges contributing from
dyes in the solutions. This may unavoidably lead to a greater ten-
dency between starch and amine groups in the case of AB92 anionic
dye.
6. Adsorption Kinetics
6-1. Analysis of Kinetics of Dye Removal

The kinetic parameters of adsorption provide useful informa-
tion to be applied in design of adsorption processes as well as pre-
diction of adsorption efficacy [37,54]. The kinetics of adsorption
using the developed SEG natural adsorbent was analyzed to give
rise to a mechanistic description of AB92 and DR23 removal by
the SEG from aqueous phase. Inspired by previous investigation of
this group, two kinetic models of pseudo-first- and pseudo-sec-
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Fig. 9. Effect of contact time on dye removal (a) and adsorption
capacity, (b) of the SEG towards AB92 at different adsorbent
dosages and constant pH of 2.19 at ambient temperature.

ond-order were utilized for the analysis of experimental data. The
linearized pseudo-first- and pseudo-second-order kinetic models
are described through Egs. (3) and (4), respectively:

In(q.—q)=Inq,— kit ©)
qt kzqe qe

In the above equations, the q, and q, respectively, stand for the
adsorption capacity of dyes (mg/g) at equilibrium and at time t
(min), while k; (1/min) and k, (g/mg min) are, respectively, the
pseudo-first- and pseudo-second-order rate constants. Normally,
at low concentrations, e.g., 15 mg-L™", adsorption capacity and dye
removal efficiency were both increased quickly after 10 min. After
such a trial, the initial concentration of SEG was changed to mg/L
to track its ability for dye removal. It was because fast adsorption
of pollutants from wastewater is a very important factor determin-
ing the properness of the adsorbent in practical applications [22].

Fig. 11 and Fig. 12 show the kinetics behavior, while Table 1
gives detailed statistics of adsorption kinetics. The correlation coef-
ficient (r*) value of pseudo-first-order kinetic model was very poor
(0.1516), while pseudo-second-order model with r* of 0.9998 could
propetly state adsorption capability of SEG adsorbent for removal
of anionic AB92 and DR23 azo dyes from contaminated solutions.
The main advantage of the pseudo-second order model lies in its
fast adsorption kinetics based on the chemisorption phenomenon
[46]. There are reliable reports to revise error analyses [55,56], but
the linear least-squared method is a very simple way applied in
analysis of kinetics data to give a wide spectrum of readers the sense
that they can simply judge the worth of kinetic models when using
linear methods.

As in Table 1, the q, 4 calculated using pseudo-second-order
model matches closely with the experimental value (q,.,) (167.57
very close to 169.49 for DR23; and 141.17 very close to 142.86 for
AB92 obtained at SEG dosage of 0.035 g). Thus, adsorption behav-
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Fig. 10. Suggested mechanism for performance of SEG-modified starch.
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Fig. 12. Pseudo-first-order (a) and pseudo-second-order, (b) models
applied in adsorption kinetics evaluation of AB92 (30 mg/
L) onto SEG at pH of 2.19 and room temperature.

Fig. 11. Pseudo-first-order (a) and pseudo-second-order, (b) mod-
els applied in adsorption kinetics evaluation of DR23
(30 mg/L) onto SEG at pH of 2.19 and room temperature.

Table 1. Statistics of pseudo-first- and pseudo-second-order models applied for DR23 and AB92 elimination from wastewater by SEG

Pseudo-first-order Pseudo-second-order

SEG

dosage Gete) et (ME/E) k, (min ) R’ Qe (Mg/R) k, (g/(mg min)) R’
DR23

0.035 167.571 10.85425449 0.1480829 0.1923 169.4915254 0.023206667 0.9998

0.030 152.257 18247.35831 0.131271 0.9006 161.2903226 0.001875122 0.9949

0.025 133.907 1888.426125 0.1800946 0.6216 136.9863014 0.008074242 0.9995

0.020 132 5043.128103 0.1066289 0.6961 131.5789474 0.0046208 0.9984
AB92

0.035 141.169 2854.959817 0.1448587 0.7189 142.8571429 0.006712329 0.9989

0.030 134.46 20081.67804 0.1536101 0.941 138.8888889 0.002187342 0.9978

0.025 139.39 7239.357102 0.1639736 0.7607 142.8571429 0.004537037 0.9989

0.020 145.95 5985.494003 0.1407133 0.8035 147.0588235 0.004867368 0.9995

interaction between SEG adsorbent and DR23 or AB92 dyes, which
has been noticed via valence force acting to exchange electrons

ior could be reliably simulated by a pseudo-second-order model,
assuming that chemisorption was the mechanism explaining the

September, 2019
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between the adsorbent and the adsorbed specimen [46].
7. Adsorption Isotherms

Adsorption isotherms describe how an adsorbent can interact
with an adsorbent. Such interactions are principally described by
the Langmuir and Freundlich isotherms, where an optimized amount
of adsorbent could be utilized. Thus, adsorption isotherms help to
establish a relationship between the amount of dye adsorbed by
the adsorbent and the amount of dye in the solution under an
equilibrium condition [57]. The Langmuir isotherm works under
the assumption that adsorption takes place in a monolayer onto
the adsorbent surface with a fixed number of adsorption sites homog-
enously distributed in the adsorption area. It is also assumed that
each site is able to adsorb only one molecule. Thus, all adsorption
sites have the same value, and there is no interaction between ad-
sorbates. On the other hand, the Freundlich isotherm describes the
adsorption process on an amorphous surface considering the pos-
sible formation of various monolayers [46]. Therefore, it can be
used for non-ideal adsorption in a heterogeneous system [57].
Since these models are successful in describing isotherms of ad-
sorption, they were applied in this study to fit the experimental
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Fig. 13. Langmuir (a) and Freundlich (b) isotherm plots for the ad-
sorption of DR23 (30 mg/L) onto SEG at pH of 2.19 and
room temperature.

data. The Langmuir and Freundlich isotherms can be expressed
by Egs. (5) and (6), respectively:

1
Ing,=InK + -1
nq,=InK+ - ogC, (5)
C 1 C
—¢_ + —_¢ (6)
qe KLqm qm

where q, stands for the adsorption capacity (mg/g) at equilibrium
state and q,, is the maximum adsorption capacity (mg/g), C, is the
equilibrium concentration in the solution (mg/L), k; is the Lang-
muir constant (L/mg), k;is Freundlich constant (L/g) and the dimen-
sionless parameter 1/n is the intensity of adsorption on the surface
heterogeneity.

As shown in Fig. 13 and Fig. 14, the coefficients of determina-
tion (r°) of the Langmuir isotherm for DR23 and AB92 onto the
SEG adsorbent are higher than of Freundlich isotherm (Table 2).
This suggests that the Freundlich model cannot describe well the
adsorption process. By contrast, the Langmuir model can appro-
priately describe the adsorption of DR23 and AB92 onto the SEG
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Fig. 14. Langmuir (a) and Freundlich (b) isotherm plots for the ad-
sorption of AB92 (30 mg/L) onto SEG at pH of 2.16 and
room temperature.
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Table 2. Calculated quantities of the Langmuir and Freundlich models applied on DR23 and AB92 dyes

Langmuir Freundlich
Sample > >
K; (L/g) q. (mg/g) R R, k, n R
DR23 2.081081081 129.8701299 0.9968 0.015764806 165.234222 13.9082058 0.8739
AB92 1942857143 147.0588235 0.9921 0.01686747 135.6125867 67.56756757 0.0416

adsorbent. Armed with the separation factor (R;) concept and its
value calculated using Eq. (7), we can predict the adsorption of
anionic dyes used in this work on the SEG adsorbent developed in
this work, as follows:

1
R, =
I71+KC,

@)

The quantity of R; is a criterion suggesting the type of the isotherm
to be favorable (0<R;<1), unfavorable (R;>1), linear (R;=1) or irre-
versible (R;=0) [46]. Based on this criterion and considering the
separation factors calculated for SEG (Table 2), the adsorption of
both DR23 and AB92 dyes on the SEG seems to be favorable.

CONCLUSION

This study assessed the ability of as-received and ethylenediamine/
glutaraldehyde-modified starch (SEG), as a bioplatform, in removal
of two kinds of industrial dyes from wastewater. The two anionic
dyes used were AB92 and DR23, whose chemical structure is well-
known. The cationic nature of starch surface was changed into an
ionic structure after modification, where amine functional groups
enabled effective removal of anionic dyes. The effects of adsorption
parameters including initial dye concentration, adsorbent dosage
and contact time on dye removal percent and adsorption capacity
were thoroughly discussed. The prepared bioplatform led to a very
high removal of anionic azo dyes (AB92 and DR23), that was
0.035 g per 1 g adsorbent. Changes in chemical structure of starch
after modification with the assigned precursor were studied by
FT-IR technique and FE-SEM, so that formation of new chemical
bonds was signaled by new peaks in FT-IR spectra and ellipsoidal
structure of starch changed into an amorphous irregular shape.
Adsorption kinetics and adsorption isotherm models were applied
and the kinetics of adsorption was fitted well by a pseudo-second-
order kinetic model and Langmuir isotherm model, respectively.
The results confirmed that SEG can be used for wastewater treat-
ment as a biosorbent.
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