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Abstract: Maleic anhydride-diethylenetriamine grafted on starch (St-g-(MA-DETA)) was synthesized
through graft copolymerization, and the different parameters (copolymerization temperature, reaction
time, concentration of initiator and monomer concentration) affecting starch graft percentage were
studied to achieve the maximum grafting percentage. The maximum grafting percentage was found
to be 29.17%. The starch and grafted starch copolymer were characterized using XRD, FTIR, SEM,
EDS, NMR, and TGA analytical techniques to describe copolymerization. The crystallinity of starch
and grafted starch was studied by XRD, confirming that grafted starch has a semicrystalline nature
and indicating that the grafting reaction took place typically in the amorphous region of starch. NMR
and IR spectroscopic techniques confirmed the successful synthesis of the St-g-(MA-DETA) copolymer.
A TGA study revealed that grafting affects the thermal stability of starch. An SEM analysis showed
the microparticles are distributed unevenly. Modified starch with the highest grafting ratio was then
applied to celestine dye removal from water using different parameters. The experimental results
indicated that St-g-(MA-DETA) has excellent dye removal properties in comparison to native starch.

Keywords: grafting modification; starch; water treatment; celestine blue

1. Introduction

Environmental contamination of natural resources has been rapidly increasing in
recent years, and it must be addressed as a top priority if the earth and its inhabitants are
to be sustained for future generations. Water is vital for all living beings in order to survive
and live. Providing safe, inexpensive, and/or clean drinking water is a huge environmental
challenge all around the world.

Water is used for a variety of purposes in various industries, such as growing fruits and
vegetables in agriculture, construction in civil engineering, pharmaceutical formulation and
development, electricity generation in power plants, and so on. However, drinking water is
an absolute necessity for living beings to survive. As a result, at present, environmentalists
are concerned about water pollution, since it has a direct or indirect impact on the health of
not only people but practically all species of life [1].

Many pollutants, such as heavy metals, dyes, pharmaceuticals, fertilizers, pesticides,
crude oil products, phenolics, radionuclides, and other chemicals, cause contamination of
surfaces and groundwater [2]. Dyes are toxic organic substances used as coloring agents
and are found in significant amounts in the effluents of food, pharmaceutical, leather, paper,
cosmetics, and textile industries, and they are one of the top three pollutants. The textile
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industry alone consumes roughly 700,000 tons of dye per year, making them major water
polluters [3,4].

Dye molecules decompose in the aquatic environment, resulting in toxic materials that
adsorb oxygen from the water, and this has increased to the point where it now poses a
serious threat to human life and the environment [5].

There are many techniques applied to isolate dyes and other contaminants from
polluted water such as adsorption, ion exchange, coagulation, precipitation, flocculation,
membrane filtration, chemical reduction, and electrochemical treatment [6–9]. Adsorption
is one of the most widely used techniques for removing pollutants from wastewater
resources due to its simplicity, efficiency, and low cost. The adsorption capacity depends
on the dye’s physical and chemical properties and chemical composition [10,11].

Several ways of developing cheaper and more effective adsorbents, including natural
polymers, have recently been proposed. Polysaccharides are one class of biomolecule
that have also been investigated as an effective biomolecule for the manufacturing of
bio-sorbents from biomass resources, and they can be found in almost all living things,
including seaweed, plants, microorganisms, and animals [12,13].

Starch is a natural polymer originating from different plant organs and is widely
used in industry for various applications. Native starch contains amylopectin (70–90%)
and amylose molecules (10–30%) which vary in their botanical origin [14,15]. The varia-
tion in percentage depends on the origin of the starch. Amylopectin is a more branched
macromolecular component that is present in starch (70–80%), possessing between one
and six additional glycosidic links. Starch use is very limited in industrial as it is partially
soluble in water. Thus, native starch is often modified with organic moieties to improve
its physicochemical, biodegradable, and physicomechanical properties. Chemically mod-
ified starch has a lot of industrial applications [16]. Starch is generally modified by four
methods, namely genetic, chemical, physical, and enzymatic. Among them, chemical
modification is preferred because modified starch has enhanced properties compared to
starch molecules. Starch has three -OH groups at the C2, C3, and C6 positions, which could
be graft polymerized by esterification and oxidation processes [17].

Grafted starch copolymers are becoming increasingly important because of their
potential applications in industry. They have been used as hydrogels, flocculants, ion
exchangers, superabsorbents, etc. Grafted starch copolymers can be made primarily by free
radical initiation. The aim of this work is the preparation and characterization of a grafted
copolymer by construction of organic moieties which possess active functional groups and
inserting them into a starch matrix. This material is adjusted for celestine blue removal
from aqueous solution, then its various parameters are examined that affect the grafting
process. The starch-grafted copolymer has been systematically characterized using XRD,
FT-IR, SEM, EDS, 13C NMR, and TGA analytical techniques. Furthermore, the prepared
grafted starch will be used to adsorb celestine blue (CB) dye, and the removal efficiency of
the grafted starch is compared with native starch. The effects of various conditions such
as pH, contact time, adsorbent dosage, initial solution concentration, and temperature are
also studied.

2. Materials and Methods
2.1. Materials

Starch (Analar BHD chemie Ltd., Poole, UK), acetic acid (East Anglia Chemicals, Faken-
ham, UK), potassium persulphate (≥99.0%—Sigma-Aldrich, St. Louis, MO, USA), sodium
bisulfate (99.0%—Sigma-Aldrich), diethylene triamine 99% (Sigma Aldrich), maleic anhy-
drate (99%—Acros Organics, Somerville, NJ, USA), sodium acetate 99% (Sigma Aldrich),
ethanol absolute 99% (Fisher Chemical, Waltham, MA, USA), and analytical grade chemi-
cals and solvents were used in all the experiments.
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2.2. Methods
2.2.1. Preparation of Maleamic Acid Monomer

Maleamic acid was synthesized via the interaction between maleic anhydride (MA)
and diethylenetriamine (DETA). DETA (0.05 mol) was added slowly to 20 mL of deionized
(DI) water in a three-neck flask. Then, MA (0.05 mol) was slowly added to the above
solution and stirred for 10 min at room temperature. After that, the mixture was heated
at 95 ◦C for 1 h, and the obtained maleamic acid was stored in a clean glass vial for
further studies.

2.2.2. Preparation of St-g-(MA-DETA)

An amount of 2 g of starch was dissolved in 100 mL DI water and charged into a
three-neck flask, then 3 mL acetic acid was added to the mixture and maintained at 30 ◦C.
Then, various concentrations of redox system initiator (potassium persulphate) (0.05, 0.3,
0.6, 0.8, 1, and 2 mol/L) were added to the slurry and left for one hour to form a free
radical on the starch backbone. After that, an amount of monomer (0.15, 0.2, 0.45, 0.9,
and 1 mol/L) was mixed with the above solution. Then, the reaction was carried out
under an inert gas environment at various temperatures (30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C,
80 ◦C, and 90 ◦C) and reaction times (3, 6, 9, 12, and 15 h). Figure 1 illustrates a schematic
description of the starch grafting process. Then, the grafted starch was precipitated in
a mixture of 70 mL ethanol and 40 mL deionized water. The precipitated grafted starch
was washed with DI water and dried at 45 ◦C for one day to get persistent weight [18,19].
Finally, the homopolymer was separated from the grafted copolymer by a Soxhlet system
using methanol.
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Figure 1. Schematic description of the St-g-(MA-DETA) synthesis.

2.2.3. Calculation of Grafting Percentage and Grafting Efficiency

The effects of different parameters were described by Equations (1)–(3) [20].

Grafting percentage (GP%) =
W2 − W1

W1
× 100 (1)

Grafting efficiency (GE%) =
W2 − W1

Wmon
× 100 (2)

Conversion (%C) =
W2

Wmon
× 100 (3)

where W1 (g) is the mass of pure starch, W2 (g) is the mass of grafted starch, and Wmon (g)
is the mass of the monomer.

2.2.4. Determination of Carboxyl Content

An acid-base titration was performed to estimate the number of carboxyl groups in
the different samples of starch. In the first step, 0.5 g of adsorbent was submerged in
25 mL of 0.1 M HCl, then stirred with a magnetic stirrer for 30 min. In the second step, the
mixture was washed with 40 mL of DI water to remove the hydrochloric acid. In the third
step, the starch samples were transferred to 500 mL beakers and 30 mL of DI water was
added, then the mixture was heated for 15 min with continuous stirring to ensure complete
gelatinization. Finally, 0.1 mol/L of standardized NaOH and hot starch was titrated using
phenolphthalein as indicator. The number of carboxyl groups per anhydroglucose unit was
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used to calculate the carboxyl content and the degree of substitution was estimated using
Equation (4) [21,22]:

Meq o f acidity/100 g starch =
[(Vs − Vb)](mL)× CNaOH × 100

Sample weight (dry basis) in gram
(4)

where Meq is the milliequivalent, Vs and Vb are the volumes of sodium hydroxide consumed
by the sample and the blank, respectively, and CNaOH is the concentration of NaOH in mg/L.

% carboxyl = [
Meq o f acidity
100 g o f starch

]× 0.045 (5)

DS =
0.162 (A × N)/W

1 − [0.101 × (A × N)/W]
(6)

where A is the volume of NaOH in mL, N is the normality of sodium hydroxide, and W is
the mass of the sample in grams.

2.2.5. Preparation of Dye Solution

To make the dye stock solution (250 mg/L), 0.25 g of celestine blue dye was dissolved
in deionized water. Then, a series of various concentrations was obtained by diluting the
stock solutions as follows:

M1V1 = M2V2 (7)

where M1 and M2 (mg/L) are the initial and final concentrations, respectively, and V1 and
V2 (L) are the initial and final volumes, respectively.

2.2.6. Dye Sorption by Grafted Starch Adsorbent

Sorption of the cationic dye by the grafted adsorbent was performed in a batch system
with different parameters. A dye solution with a 15 mg/L concentration was prepared and
a certain amount of adsorbent (0.05 g) was added to glass containers with 50 mL of dye
solution stirred in a shaker at 25 ◦C, 100 rpm, and a contact time 4 h. After that, the solution
was centrifuged for 20 min at 6000 rpm, then filtered. The filtrates were analyzed using
a UV spectrophotometer at the maximum wavelength of λmax = 644 nm. The adsorption
capacity and removal percentage were estimated using the following equation:

Qe =
(Co − Ce)× V

m
(8)

RE % =
Co − Ce

Co
× 100 (9)

where Qe (mg/g) represents the equilibrium adsorption capacity; Co and Ce (mg/L) repre-
sent the initial and equilibrium concentrations, respectively; V (L) represents the volume of
solution; and m (g) represents the mass of the adsorbent.

2.2.7. Regeneration Experiments

Adsorption–desorption cycles were used in the regeneration experiments on adsor-
bents. For each adsorption cycle, 50 mL of dye with an initial concentration of 10 ppm
was applied to 0.03 g of adsorbent and shaken for 180 min. Then, the concentration of
CB in the solution was estimated by using a UV/Vis spectrophotometer. The dye-loaded
adsorbent was filtrated, collected, and dried at 45 ◦C, then dispersed in 10 mL of 0.2 M HCl
and desorbed for 1 h at 1000 rpm and 25 ◦C, where the concentration of CB was determined
by a UV/Vis spectrophotometer. The adsorbent was then recovered and reused in the
subsequent adsorption cycle experiment [11].

% Desorption =
(CDVD)100

qem
(10)
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where CD (mg/L) and VD (L) are the dye concentration and volume of desorbed solution
used, respectively. The mass of the adsorbent utilized for desorption is m (g) and the
adsorption capacity of the CB loaded adsorbent is qe (mg/g).

2.2.8. Characterization

The structural properties of starch and modified starch were obtained using X-ray
diffraction, XRD (Shimadzu-XRD-7000, Columbia, NY, USA). Nuclear magnetic resonance
spectroscopic measurements of monomers and polymeric samples were carried out on
Bruker Advance-600 MHz spectrometers. The 13C NMR spectra of 20–50 mg purified
samples dissolved in 450–500 microliters of deuterated DMSO were recorded by (Bruker
spectrometer, Zurich, Switzerland). Fourier transform infrared spectroscopy (FT-IR) data
were obtained on a (Shimadzu-FT-IR IRSpirit, Kyoto, Japan). The spectra were recorded in
the absorption mode in the range of 4000–500 cm−1 with a 4 cm−1 resolution using KBr
pellets made from a mixture of polymer (1 wt%) and KBr. pH measurements were obtained
by a pH meter (Electronic Instruments Limited-7020, Columbus, OH, USA). The morphol-
ogy of the prepared samples was examined using scanning electron microscopy (SEM)
(VEGA3 TESCAN, Brno, Ceske Republic). Thermal gravimetry analysis was performed on
a TA-Q500 (Mettler-Toledo). The adsorption efficiency of the bio-sorbent was determined
using a UV/vis spectrophotometer (UH5300-HITACHI, Japan).

3. Results and Discussion
3.1. Synthesis of Grafted Starch

The synthesis of modified starch was carried out in two steps. First, the monomer was
prepared via the acylation of DETA with MA to produce maleamic acid (I, Figure 2) [23].
The second step was the graft copolymerization process via three stage free radical mecha-
nism, initiation, propagation, and termination [19]. The graft copolymerization reaction
began with the initiation step, which includes the formation of free radicals through the
addition of chemical initiators. The chemical initiators were added first to ensure the
formation of unstable sites (macro radicals) on the starch backbone, followed by the ad-
dition of the prepared monomer (diethylenediamine maleamic acid) to initiate the graft
copolymerization by building organic branches on the main chains of starch. The successive
growth of the side chains by adding the organic moieties took place during the propagation
step. Each addition creates a new active center of the free radical, as shown in Figure 3.
Finally, the side chain growth can be terminated through combination or disproportion
reactions [19].
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Figure 2. Reaction of malic anhydride (MA) with diethylenetriamine (DETA).

3.2. Characterization Results of the Samples
3.2.1. XRD Analysis

The XRD patterns of pure and chemically modified starch are presented in Figure 4.
Native starch has a semi-crystalline structure with substantial reflection intensities at angles
2θ of 15◦, 17◦, 18◦, 21◦, and 23◦ [24]. These are typical diffraction patterns of A-type starch.
Short chain amylose tends to form an A-type structure, while long chain amylose tends to
form a B-type structure. It can be seen that the crystallinity of starch did not change much
after the grafting reaction, indicating that the reaction took place predominantly in the
amorphous portions of the starch. In addition, the grafted organic moieties have active polar
sites which form new secondary interaction forces between the starch chains. The intensity
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of the XRD diffraction peaks in the hydrophobically grafted starch was comparatively lower
than those of the native starch. The relative crystallinity was measured as per article [25];
for native starch it was estimated to be 38.19%, and after modification, the grafted starch’s
crystallinity was slightly lowered to 37.86%, this is attributed to the crystalline structure
of starch being disrupted during graft polymerization [26]. This phenomenon was due
to introducing organic moieties which led to a decrease in the ratio of hydrogen bonding
between the neighboring chains. XRD analysis showed that the crystallinity was slightly
affected by the grafting process relative to native starch [27]. The limited differences in
the intensity between native and grafted starch might be attributed to the presence of
various groups which enable secondary attractions between the monomer moieties and the
starch matrix.

3.2.2. Fourier Transform Infrared Spectroscopy

The FT-IR spectra reveal the existence of functional groups present in the synthe-
sized materials. The FT-IR spectra of MA, DETA, prepared monomer MA-DETA, and the
modified starch are presented in Figure 5.
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The IR spectrum of MA exhibits absorptions at 1864–1860 cm−1, which are assigned
to asymmetric stretching of the carbonyl group; an absorption at 1786–1784 cm−1, which is
assigned to symmetric stretching of the carbonyl v(CO); an absorption at 1224 cm−1, which
is assigned to the asymmetric ring stretching of =C-O-C=; and absorptions at 1064 cm−1
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and 1051 cm−1, which are assigned to the symmetric ring stretching of =C-O-C=. These
observations are characteristic of maleic anhydride. The band at 1663 cm−1 and the
appearance of a band at 1562 cm−1 can be assigned to the stretching vibrations of the
amidine group (N-C=N) and the bending vibrations of the secondary amine of DETA,
respectively. MA-DETA exhibits an absorption peak at 3322 cm−1, which indicates the -OH
groups, and the peaks at 1762 cm−1, 1521 cm−1, and 1668 cm−1 indicate the formation
of MA-DETA.
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Figure 5d shows a slightly broad peak at 3320 cm−1, which is due to the -OH stretching
vibration of native starch [28]. The absorption band in the range of 3400–3200 cm−1 is
attributed to the O-H link in the glycosidic ring of starch, which is able to take part in
intermolecular hydrogen bonding [29]. The peaks at 2929 cm−1 and 1646 cm−1 are the
bands that are related to the C-H stretching of the aliphatic ring and the existence of residual
H2O molecules in starch, respectively, whereas the peak at 1337 cm−1 is assigned to -CH2
symmetry. The absorption band in the range of 1100–990 cm−1 is assigned to C-O stretching
in the C-O-C and C-O-H bonds in glycosidic rings. To confirm the final structure of the
monomer, FT-IR was used to verify the product that arises from the reaction between
maleic anhydride and diethylenetriamine, as well as to prove the mechanism by which
the interaction occurred, i.e., whether it was via a ring-opening or substitution mechanism
shown in Figure 5c. Based on the observations in the following sections, an ring-opening
mechanism was proposed in this study.

Formation of Carboxylic Acid

Due to the presence of a wavenumber shift of the carbonyl group (C=O) from 1800
and 1774 cm−1 (ascribed to stretching bands of symmetric and asymmetric vibrations
which present in anhydrous maleic acid) to a single band at 1745.91 cm−1, the formation of
carboxyl groups was implied.

This result is supported by the presence of a wide band ranging from 3500–3100 cm−1.
This is might be due to the presence of stretching vibrations of acidic OH interfering with
the amide or primary and secondary amines.

Formation of an Amide Bond

Two absorption peaks at 1569.04 cm−1 and 1506.28 cm−1, assigned to the stretching
band of C=O and the bending vibration of -NH [30–32], confirm the presence of an amide
bond. In addition, the peak at 1395 cm−1 is assigned as C-N stretching, while the peak at
1474.90 cm−1 is assigned as CH2 stretching.

Absence of Cyclic Imide

The cyclic anhydride bands (asymmetric and symmetric C=O), which are present in
maleic anhydride at 1800 and 1774.4 cm−1, were absent in the prepared monomer (MA-
DETA). Additionally, two peaks ascribed to the cyclic imide (asymmetric and symmetric
C=O) at 1770 and 1700 cm−1 were also absent. These remarkable disappearances could be
attributed to the formation of ring-opening structures under moderate conditions [31–33].
The double bond remains unchanged at 1623 cm−1.

Furthermore, the FT-IR peaks confirmed the presence of pure starch and modified
starch, as well as the additional bands caused by the carboxyl, amines, carbonyl, and amide
groups. Figure 3d shows a very broad band in the region of 3300–2500 cm−1, assigned to
an overlap of the O-H peak of the carboxyl and the N-H peak of the amine. The modified
starch spectrum displayed an absorption peak at 1748 cm−1, which belongs to the C=O
stretching band of a carboxyl group [34]. Furthermore, as compared to the starch, the
peak at 1430 cm−1 is due to the presence of a -CH2 in modified starch [35]. The FT-IR
spectrum of modified starch shows also an increasing broadness of the peaks at 3276 cm−1

and 3080 cm−1, which is attributed to the interference of the stretching vibrations of -NH,
COOH, and -CONH of the organic moieties in starch. The band at 2955 cm−1 is assigned
to C-H stretching, the band at 1632 cm−1 is assigned to the C=O stretching vibration, the
bands at 1536 cm−1 is assigned to C-N stretching (amide II), and the bands at 1103 cm−1

and 1038 cm−1 are assigned to C-O bending [36].

3.2.3. Structural Characterization by NMR Spectroscopy

NMR spectra were used to elucidate the structure of the monomer and the grafted
starch copolymer. Depending on the location of the peaks and the electronic environment
around the atoms, the chemical structure can be confirmed using 13C-NMR. Figure 6 and
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Table 1 show the 13C-NMR results of the prepared monomer (DETA-MA), showing the
presence of carboxyl group bands (-COOH) at 170.88 ppm, as well as the presence of an
amide group (-CONH) peak at 167.74 ppm. This confirms the hypothesis that the reaction
is carried out by a ring-opening mechanism. In addition, olefinic carbon atom peaks
appeared at 136.61 and 131.19 ppm, which means that the double bond was not affected
by the reaction between anhydrous malic acid and diethylenetriamine. A similar chemical
shift has been recorded previously [37–39]. Aliphatic tails of the monomer moieties are
found as follows [36]: first, the methylene groups (CH2) adjacent to the amide group
appear at 40.99 ppm; second, the protons adjacent to the primary amine group (CH2-NH2)
appear at 44.66 ppm; and third, the two methylene bands adjacent to the secondary amine
(-CH2-NH-CH2-) have values close to 50.32 and 52.78 ppm.
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The NMR spectrum of the grafted starch was studied and compared with native starch
to determine the positions of newly formed or disappearing peaks to confirm that the
grafting process had occurred and to help determine the appropriate reaction mechanism.

Table 2 and Figure 7 show the 13C-NMR results of native starch. The carbon atoms
from C1 to C6 in the glycosidic ring appear clearly in the spectra. The C1 atom appears
at δ = 100.4 ppm due to it being a C-anomeric atom. The peak of C4 appears at a value of
79.5 ppm, and the peaks at chemical shifts between 73 and 70 ppm are attributed to C2, C3,
and C5 carbon atoms associated with hydroxyl groups. The peak at 60.8 ppm is assigned to
the C6 atom which is bonded to the aliphatic hydroxyl group.
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Table 2. 13C-NMR chemical shifts of native starch.

Suggested Structure Carbon Atoms Chemical Shift (ppm)
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To support the determination of the grafted polymerization mechanism, the most
important products are the carboxylic acid and amide groups. Figure 8 and Table 3 show
the 13C-NMR results of grafted starch. They showed the formation of two new peaks which
were not present in the pure starch spectrum. The first peak at 207 ppm belongs to the
carbonyl of the carboxylic group, and the second peak at 169 ppm belongs to the carbonyl
of the amide group. In addition, the peaks of the monomer moieties (CH2-CH2) appear in
the range of 30–56 ppm.

The absence of double bond peaks at 136.4 and 131.19 ppm indicate that the graft
polymerization process has occurred through the breaking of the olefinic bond.

Table 3. 13C-NMR chemical shifts of the St-g-(DETA-MA) copolymer.

Suggested Structure Carbon Atoms Chemical Shift (ppm)
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Figure 8. 13C-NMR chemical shifts of the St-g-(MA-DETA).

The most remarkable peaks in the grafted starch spectrum are the new peaks at 57 and
65.39 ppm, which are close to the peaks of carbon C6 and C2 in the starch ring at 60.8 and
72.3 ppm. This indicates that some hydroxyl groups at position 6 could have participated
in the grafting reaction [40–42]. No new peaks or any significant displacement or shift in
the remaining carbon atoms in the glycosidic ring of grafted starch were observed. This
confirms that the grafting process might occur at positions 6 and 2.

3.2.4. SEM and EDS Analysis

The morphologies of starch and St-g-(MA-DETA) were analyzed by scanning electron
microscopy. Figure 9 shows the microparticle size and the discerption of starch and St-g-
(MA-DETA). The starch granules in Figure 9a exhibit an irregular form with smooth edges
and a wide range of sizes as well as distributions, ranging from round to oval [43]. Figure 9b
shows the surface morphology of the grafted starch microparticles to be uneven and their
forms irregular. The morphology of the surface of pure starch shows that it is formed from
oval granules. After grafting, the granule surface was covered with MA-DETA; the grafting
process modified the granular structure of starch and the grafted chains surrounded and
attached to the starch surface. Furthermore, the image shows the roughly spherical shape of
the grafted starch, in contrast to pure starch, due to successful addition of organic monomer
into the starch chains.

In addition, an EDX analysis was carried out to confirm the chemical structure and
percentage of each element in native starch and grafted starch. Figure 10a illustrates the
percentage composition of C (42.1%) and O (34.2%) that was obtained for native starch.
Figure 10b shows the composition of C (64.7%) and O (34.9%) increased and additional new
peaks related to nitrogen atoms (17.3%) are observed, which implies the efficient insertion
of monomer moieties into the starch backbone.

3.2.5. TGA

TGA was performed to study the thermal behavior of the grafted starch copolymers.
Figure 11 shows the thermal behavior of both starch and grafted starch with different
grafting percentages. The results indicate that the grafted starch has a significant thermal
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property on contrast to ungrafted starch. The thermal behavior is determined through
examination of To (initial decomposition temperature).

The grafted starch copolymer with a %G of 29.17% possessed a higher value of
To (314 ◦C) than starch (248 ◦C, and this remarkable improvement could be attributed
to the introduction of monomer moieties containing polar functional groups, such as
carboxylic [44], amino, and amide groups [45], into the starch matrix. These groups are
able to form inter/intra-molecular forces which give additional protection to the grafted
starch chains. It was also observed that the maximum weight loss of the grafted polymer is
much better (76.76%) compared with original starch (91.53%).
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Figure 11a presents the TGA thermograms of starch. The first peak indicates the
degradation process begins at around 80 ◦C, which is attributed to the presence of volatile
moieties. The second peak (To) is observed at 248 ◦C, indicating the oxidative destruction
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of the bio-sorbent. Correspondingly, there is a peak at about 313.88 ◦C, which is due to
starch decomposition. Additionally, the direct degradation of starch is attributed to the
breakdown of hydrogen bonding between the molecules before melting [45].
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Moreover, the degradation temperature of the modified polymer, Figure 11d, was
improved when compared with native starch at 314 ◦C. As a result, from the thermal
degradation behavior, it is clear that the improvement in the degradation temperature is
related to the stability of the grafted copolymer. This might be attributed to the impact of
the functional groups in the monomer introduced into grafted starch matrix. The amine
group is thermally stable and it takes a lot of thermal energy to start decomposing. In
addition, the results revealed that the alteration produces robust bio-sorbents with a more
rigid structure. Furthermore, all TGA curves of grafted starch revealed that the higher
grafting percentage, the higher the thermal stability, as shown in Table 4 and Figure 11.

Table 4. The effect of grafting percentage on the initial decomposition temperature (To) value of
St-g-(MA-DETA) copolymers.

Sample
Name

Grafting Percentage
(%) To (◦C) Total Weight Loss

(%) at 800 ◦C

Native starch 0 248.81 91.53

St-g-(MA-DETA)
15 262.43 83.30

19.06 267.48 82.59
29.17 314.83 76.76

3.3. Parameters Affecting the Grafting Percentage

The efficiency of graft copolymers for dye removal is dependent on the grafting
percentage (G%). For this reason, various parameters were studied as follows:
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3.3.1. Effect of Reaction Time

Figure 12a presents the grafting percentage of MA-DETA onto the starch backbone
with respect to reaction time. The grafting percentage for the polymerization reaction has
been studied at various durations and is presented in Table 5. The results indicate that
the grafting percentage increased from 3 to 9 h. Once the reaction time was extended
beyond 9 h, the grafting percentage declined remarkably. The results are consistent with
previous reports that as the period of polymerization increases, the grafting percentage
decreases slightly before stabilizing [46]. The decrease in grafting percentage with longer
reaction times is accredited to the exhaustion of MA-DETA moieties during the grafting
process. In addition, this decrease might also be explained by the increase in viscosity of
the reaction medium with the increase in the yield of graft copolymers, which would slow
down reactant collisions and result in lower grafting ratios [47].
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3.3.2. Effect of Temperature on Graft Copolymerization

The maximum graft percentage was studied by ranging the temperature from 30 ◦C to
90 ◦C. Figure 12b and Table 5 summarize the results of starch grafting at various temperatures.

The ratio of grafting progressively increases and reaches a maximum at 60 ◦C; however,
the graft percentage begins to decline when the reaction temperature is higher than 60 ◦C.
This process can be explained by at low temperature (30 ◦C), the activation energy required
for free radicals is low; similarly, at the optimum temperature, the activation energy is high
enough to encourage the development of free radicals on starch backbone, leading to an
enhanced propagation process. On the other hand, raising the temperature above 60 ◦C
decreases the grafting percentage due to the premature termination of the growing grafted
chain at a higher temperature. Additionally, at high temperatures, the formation of ho-
mopolymers increases, and this leads to an increase in the viscosity of the reaction medium
and inhibits monomer movement and consequently the graft copolymerization [47,48].

3.3.3. Effect of Initiator Concentration

The optimum concentration of the initiator (potassium persulphate (PPS)) was found
by varying the concentration in the range of 0.05–1 mol/L. Figure 12c and Table 5 display
the effect of initiator concentration on the %G with constant concentrations of starch and
monomer and constant time and temperature.



Polymers 2023, 15, 1197 15 of 23

Figure 12c shows the grafting percentage of starch with respect to PPS concentration.
Initially, the grafting percentage starts to increase and reaches a maximum at 0.6 mol/L,
then it decreases at high concentrations. This process is attributed to the increase in the
active grafting sites, resulting in a higher grafting percentage.

The decrease in the grafting percentage with a high concentration of initiator is due
to an excessive increase in free radicals in the starch, activating the multiple free radical
coupling that leads not only to forming the homo- and co-polymer, but also to terminating
the polymerization process. Therefore, based on this result, using certain initiator concen-
tration resulted in significantly increased the grafting percentage, whereas higher initiator
concentrations led to decrease the grafting percentage, this is due to the termination process
which causes a shortage in the length of the chain.

Table 5. The effect of various parameters on the grafting percentage of starch g (MA-DETA) copolymer.
(Starch = 2 g, [PPS] = 0.3 mol/L, T = 60 ◦C and time = 9 h.)

Grafting Percentage Grafting Efficiency Conversion Percentage

Time

3 14.95 88.97 3.91
6 19.09 98.28 4.05
9 27.44 116.63 4.34
12 21.09 102.79 4.12
15 8.63 74.24 3.69

Temperature ◦C

30 12.34 10.98 3.82
40 13.25 11.69 3.85
50 15.32 13.28 3.92
60 27.44 21.53 4.34
70 20.42 16.96 4.09
90 7.13 6.65 3.64

Initiator [I] mol/L

0.05 2.54 2.478 3.49
0.3 27.44 21.53 4.34
0.6 29.17 22.58 4.39
0.8 14.56 12.71 3.89
1 6.19 5.83 3.61

Monomer [M] mol/L

0.15 7.42 6.91 68.12
0.23 10.16 9.23 76.43
0.45 27.44 21.53 93.04
0.90 4.89 4.66 8.54

1 4.74 4.52 5.76

3.3.4. Effect of Monomer Concentration

The concentration of the monomer MA-DETA was varied from 0.15 to 1 mol/L to
determine the maximum grafting efficiency. The grafting percentage increased with an
increase in the concentration of MA-DETA from 0.15 to 0.45 mol/L, see Figure 12d and
Table 5.

At first, the grafting percentage increased when increasing the monomer (MA-DETA)
concentration and achieved a maximum at 0.45 mol/L. After that, the grafting percentage
declined due to the availability of monomer molecules, which might be forming the
homopolymer, and the increased viscosity of the reaction medium [49,50]

3.4. Determination of Acidity and the Carboxylic Acid Group

The data in Table 6 show the carboxylic acid content (COOH%) and the degree of
substitution (DS%) for native starch and grafted starch (St-g-(MA-DETA)) obtained using a
simple titration method. It was clear that a small number of carboxyl groups were detected
in the starch due to naturally occurring hydrocarbon impurities, adsorbed organic acids,
and lipids [43,51–53]. However, the increase in carboxyl content in modified starch indicates
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the successful polymerization of starch and the successful grafting of the monomer onto
starch, forming hydrophobic branches around the hydrophilic starch chains.

Table 6. Carboxylic acid content of native starch and St-g-(MA-DETA).

Samples Native Starch St-g-(MA-DETA)

Grafting percentage 0 29.17
Meq of acidity/100 g of starch 2 30

Carboxyl content (%) 0.09 1.35
Degree of substitution (DS%) 0.32 5.01

3.5. pH at Point of Zero Charge

The pH at point of zero charge, pHpzc, of native starch and St-g-(MA-DETA) were
estimated by plotting the final pH vs. the initial pH after 24 h. The value of pHpzc at which
the initial and final pH are equal was found to be 5.86 for native starch, while it was 6 for
St-g-(MA-DETA), as shown in Figure 13. When the surface of the bio-sorbent is positively
charged, the pH of the solution is lower than pHpzc. Alternatively, when the surface of
the adsorbent is negatively charged, the pH of the solution is higher than pHpzc. This
parameter is critical for manipulating the charge of a certain surface at a specific pH. It aids
in demonstrating the most appropriate technique for removing dyes and trace metals.
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3.6. Adsorption of Celestine Blue

The synthesized bio-sorbent (starch-g-(MA-DETA)) was used for dye (celestine blue) re-
moval under ambient conditions. The goal of the study was to explore the effects of different
parameters (pH, reaction time, bio-sorbent amount, concentration of dye and temperature)
to determine the optimum parameters for dye removal using the sorption approach.

3.6.1. Effect of pH

The pH of a reaction mixture is an important parameter as it affects the adsorption
efficacy due to changes in the adsorbents’ surface charge and ionization level [54].

The pH range (2–10) was varied while the other parameters were fixed at a dye
concentration of 15 ppm, adsorbent dosage of 0.05 g, an ambient temperature of 30 ◦C,
and a contact time of 240 min. Figure 14a,b shows the bio-sorbent adsorption capacity
and CB dye removal percentage with the increase in the pH of the reaction medium. As
the adsorption capacity increases from 11.45 mg/g to 13.10 mg/g for starch and from
12.33 mg/g to 14.64 mg/g for St-g-(MA-DETA), the removal percentage also increases from
9.94% to 51.81% for starch and from 32.23% to 90.96% for St-g-(MA-DETA) in parallel
with the increase in pH. A similar increase in the removal of cationic dyes has also been
documented [55,56]. The St-g-(MADETA) grafted copolymer has a significant role because
it is a multifunction adsorbent that contains secondary and primary amines, an amide,
and carboxyl groups, which are highly affected by pH variations. At lower pHpzc, all
these functional groups are protonated and the adsorbent surface becomes overcharged
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with a positive charge, producing a repulsion between cationic dye CB and the polymer
surface [57]. In contrast, at higher pHpzc, the adsorbent surface becomes overcharged
with a negative charge and this leads to the formation of strong electrostatic interactions
between the polymer and the cationic dye, followed by an increase in the adsorbent capacity
and removal percentage [58]. The optimum adsorption was achieved at 10 pH. For the
adsorption tests, we used a pH of 7 to avoid accretion of cationic CB molecules in the
hydroxide form, which is linked to higher pH values.

3.6.2. Effect of Contact Time on CB Adsorption

The contact time provides useful information about the time taken to reach equilibrium.
The adsorbent–adsorbate contact time was varied (10–1440 min) to determine the maximum
CB dye removal percentage at 30 ◦C and with an initial dye concentration of 15 ppm, as
presented in Figure 14c,d. It is observed that the highest adsorption capacity and removal
percentage are achieved after 1440 min. The adsorption capacity increased from 13.09 mg/g
to 14.05 mg/g for native starch and from 13.93 mg/g to 14.96 mg/g for grafted starch.
Additionally, the removal percentage of CB dye increased from 7.47% to 54.02% and from
78.97% to 99.30% for native and grafted starch, respectively. The initial rapid increase in
the adsorption capacity and removal percentage within 60 min contact time is due to the
availability of vacancy sites on the bio-sorbent. After 60 min, the adsorption acceleration
slowed down because of a reduction in the unoccupied sites [59]. At 120 min, equilibrium
is reached, and after that, a steady state is achieved for dye removal.

3.6.3. Effect of Bio-Sorbent Dosage on Biosorption of CB

The effect of St-g-(MA-DETA) dosage was investigated using 10–300 mg of sorbent to
evaluate the behavior of the grafted starch toward CB dye, whereas all other conditions
were constant. Figure 14e,f displays that the adsorption capacity of removal of CB by starch
and St-g-(MA-DETA) decreased from 40.54 mg/g to 0.58 mg/g and from 57.44 mg/g to
0.75 mg/g, respectively. This reduction in equilibrium adsorption capacity per unit mass
of adsorbent may be attributed to the greater adsorbent dose generating more available
adsorption sites, resulting in unsaturated adsorption sites throughout the adsorption
reaction. Additionally, this decrease could also be related to a decrease in total adsorption
area and an increase in diffusion path length as a result of adsorption site overlap or
accumulation [60]. The dye molecules only saturate a small fraction of the adsorbent surface
and leave the remaining adsorption sites unsaturated during the adsorption reactions. On
the contrary, Figure 14f shows the increase in the removal percentage of CB dye by the
adsorbent from 27.38% to 63,75% for starch and from 76.59% to 99.60% for St-g-(MA-DETA)
due to an increase in the sorbent surface area. These findings show that the percentage of
CB removal increases with increasing sorbent concentration, reaches a maximum, and then
remains nearly constant as the dosage is increased [58].

3.6.4. Adsorption at a Different Initial Concentration of CB Solution

The influence of different initial CB dye concentrations on the adsorption process of
the bio-sorbent is presented in Figure 14g,h. The CB dye concentraton was increased from
10 to 60 ppm and the other parameters were fixed as follows: 30 ◦C, 0.05 g, and 240 min.
A steady increase in the adsorption capacity from 6.99 mg/g to 51.10 mg/g and from
9.02 mg/g to 55.04 mg/g was observed for native starch and St-g-(MA-DETA), respectively,
Figure 14h. The bio-adsorbent surface was not fully saturated with CB molecules at high
concentrations of dye solution; therefore, the adsorption capacity increased as the dye
concentration increased. Furthermore, the higher the concentration of CB molecules in the
solution, the greater the interaction with the active sites of the adsorbent, resulting in an
improved adsorption capacity [61]. At the same time, the removal percentage of CB dye
decreased from 52.17% to 31.69% for starch and from 84.37% to 61.93% for St-g-(MA-DETA)
with the increasing CB concentration. The steady decline in the removal percentage with
an increase in CB dye concentration is attributed to the number of available active sites on
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the bio-sorbent being rapidly occupied by dye molecules at low concentrations and the
number of active site decreasing at higher concentrations of the dye molecule; thus, the
percentage of CB removal declines [62].

3.6.5. Adsorption at Different Temperatures

The adsorption process is affected by rising temperatures. Therefore, the effect of
temperature was examined at varying temperatures of 25–70 ◦C using 0.05 g of sorbent for
240 min. Figure 15 shows the percentage of CB removed by starch and St-g-(MA-DETA) as
a function of temperature. The results reveal that increasing the temperature from 25 ◦C
to 70 ◦C leads to an increase in the adsorption capacity from 11.68 mg/g to 13.43 mg/g
and from 12.63 mg/g to 14.53 mg/g for native starch and St-g-(MA-DETA), respectively.
Additionally, the removal percentage of CB dye by starch and St-g-(MA-DETA) ranged
from 11.39% to 58.23% and 53.49% to 90.70%, respectively. This might be attributed to the
strong interaction between the CB molecules and the binding sites of the sorbent as the
viscosity of the solution decreases as the temperature rises [63,64]. Biosorption is usually
enhanced as a result of the increased surface activity and kinetic energy of the solute at
higher temperatures.

3.7. Regeneration Performance

The measurement of how many regeneration cycles that could be reached with grafted
starch is considered important. The aim of this process is to evaluate the performance of
the adsorbent, the cost-effectiveness, the feasibility of future application, the economic
feasibility, the environmental friendliness and the possibility of the removal of adsorbed
pollutants. With 10 ppm of CB dye, a pH of 7, 0.2 M of HCl, 20 mL of HCl and 0.03 g of
adsorbent, the reusabilities of native starch and St-g-(MA-DETA) were investigated, see
Figure 16.

According to Figure 17, three cycles of adsorption–desorption were applied on the
native starch. It showed a reduction in the dye removal percentage from 69% in the first
cycle to 45% in the third cycle, and the desorption percentage was estimated to be 85.64%
using Equation (10). After the third cycle, native starch was hydrolyzed in the acidic
medium. The adsorption–desorption of St-g-(MA-DETA) was able to continue for thirteen
cycles, and the removal percentage of CB dye decreased from 88% for the first cycle to 82%
for the last cycle, with a desorption percentage of 79.81%.

These findings show that grafted starch (St-g-(MA-DETA)) has a higher stability and
recyclability than native starch. It implies strong interactions between St-g-(MA-DETA)
and CB molecules. In addition, St-g-(MA-DETA) bio-adsorbent could be regarded as
an efficient, renewable, reusable, eco-friendly, low-cost, and stable adsorbent for dye
removal applications.
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4. Conclusions

St-g-(MA-DETA) was successfully synthesized using free radical polymerization. The
prepared copolymer was characterized using FT-IR to confirm its chemical structure and it
was clearly observed that organic moieties, which include carboxylic, amide and amine
groups, were introduced into the main backbone of starch. A 13C-NMR analysis confirmed
the presence of carbon atoms related to the carboxylic and amide groups in the grafted
copolymer, which were absence in native starch. The surface morphology of native starch
before and after the grafting process was examined by SEM analysis. The surface is smooth
and contains oval granules for native starch, while it is uneven and contains roughly
spherical shape particles for the grafted starch. Moreover, a TGA analysis confirmed that
the thermal stability of the grafted starch was higher than native starch, at 314.83 and 248.81,
respectively. The optimum parameters for obtaining the best grafting percentage were 9 h,
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60 ◦C, 0.3 mol/L of initiator, and 0.45 mol/L of monomer. The removal of CB dye from an
aqueous solution using native and grafted starch was influenced by the pH, contact time,
adsorbent dosage, initial dye concentration and temperature. The regeneration experiment
revealed that St-g-(MA-DETA) is regenerated using a HCl solution and could be reused
thirteen times, whereas native starch could only be reused three times. These findings
support the efficiency of grafting monomer moieties onto the starch backbone and the
enhancement in its thermal properties. In the future, we plan to utilize the grafted starch
to remove various types of pollutant, as well as to apply artificial intelligent (AI) models
to estimate the performance of St-g-(MA-DETA) in removing other harmful contaminates
from water.
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13. Justyna, S.; Jaszek, M.; Osińska-Jaroszuk, M.; Matuszewska, A.; Bancerz, R.; Janczarek, M. Natural Microbial Polysaccharides as
Effective Factors for Modification of the Catalytic Properties of Fungal Cellobiose De-hydrogenase. Arch. Microbiol. 2021, 203,
4433–4448.

http://doi.org/10.36941/jicd-2022-0005
http://doi.org/10.1007/s13201-020-1149-8
http://doi.org/10.1016/j.arabjc.2020.01.010
http://doi.org/10.1016/j.jhazmat.2019.02.021
http://doi.org/10.1016/j.jiec.2022.05.013
http://doi.org/10.1016/j.jenvman.2018.03.051
http://doi.org/10.1016/j.cjche.2017.07.015
http://doi.org/10.1016/S1002-0721(14)60533-0
http://doi.org/10.1007/s13369-020-04386-w
http://doi.org/10.1007/s10661-019-7634-6
http://doi.org/10.1007/s10311-020-00995-x
http://doi.org/10.3390/polym13244314
http://www.ncbi.nlm.nih.gov/pubmed/34960864


Polymers 2023, 15, 1197 22 of 23

14. De Araújo, G.K.P.; De Souza, S.J.; Da Silva, M.V.; Yamashita, F.; Gonçalves, O.H.; Leimann, F.V.; Shirai, M.A. Physical, antimicrobial
and antioxidant properties of starch-based film containing ethanolic propolis extract. Int. J. Food Sci. Technol. 2015, 50, 2080–2087.
[CrossRef]

15. Hui, S.; Wu, D.; Zhang, R.-Q.; Qiao, L.-Y.; Zhang, S.-H.; Lin, S.; Ye, J. Synthesis and Application of Amphoteric Starch Graft
Polymer. Carbohydr. Polym. 2009, 78, 253–257.

16. Wang, X.; Huang, L.; Zhang, C.; Deng, Y.; Xie, P.; Liu, L.; Cheng, J. Research advances in chemical modifications of starch for
hydrophobicity and its applications: A review. Carbohydr. Polym. 2020, 240, 116292. [CrossRef] [PubMed]

17. Fan, Y.; Picchioni, F. Modification of starch: A review on the application of “green” solvents and controlled functionalization.
Carbohydr. Polym. 2020, 241, 116350. [CrossRef] [PubMed]

18. Jana, S.; Pradhan, S.S.; Tripathy, T. Poly(N,N-dimethylacrylamide-co-acrylamide) Grafted Hydroxyethyl Cellulose Hydrogel: A
Useful Congo Red Dye Remover. J. Polym. Environ. 2017, 26, 2730–2747. [CrossRef]

19. Meimoun, J.; Wiatz, V.; Saint-Loup, R.; Parcq, J.; Favrelle, A.; Bonnet, F.; Zinck, P. Modification of Starch by Graft Copolymerization.
Starch Stärke 2017, 70, 1600351. [CrossRef]

20. Zhe, Y.; Peng, H.; Wang, W.; Liu, T. Crystallization Behavior of Poly(ε-Caprolactone)/Layered Double Hydroxide Nanocomposites.
J. Appl. Polym. Sci. 2010, 116, 2658–2667.

21. Guo, J.; Wang, J.; Zheng, G.; Jiang, X. Optimization of the removal of reactive golden yellow SNE dye by cross-linked cationic
starch and its adsorption properties. J. Eng. Fibers Fabr. 2019, 14, 1558925019865260. [CrossRef]

22. Ghorai, S.; Sarkar, A.K.; Panda, A.; Pal, S. Effective removal of Congo red dye from aqueous solution using modified xanthan
gum/silica hybrid nanocomposite as adsorbent. Bioresour. Technol. 2013, 144, 485–491. [CrossRef] [PubMed]

23. Loyd, D.B.; Nigam, M.; Martinus, S.; Maloney, J.E.; Benyack, L.L.; Gainer, B. Synthesis of Substituted n-Phenylmaleimides and
Use in a Diels–Alder Reaction: A Green Multi-Step Synthesis for an Undergraduate Organic Chemistry Laboratory. Green Chem.
Lett. Rev. 2019, 12, 127–135.

24. Singh, V.; Ali, S.Z.; Somashekar, R.; Mukherjee, P.S. Nature of Crystallinity in Native and Acid Modified Starches. Int. J. Food Prop.
2006, 9, 845–854. [CrossRef]

25. Mannan, A.; Kazmia, K.R.; Khan, I.H.; Khan, M.S. A Method for the Determination of Relative Crystallinity of Minerals by X-Ray
Diffraction. Pak. J. Sci. Ind. Res. 2006, 49, 72–76.

26. Li, P.; He, X.; Zuo, Y.; Li, X.; Wu, Y. Synthesis and characterization of lactic acid esterified starch by an in-situ solid phase method.
Int. J. Biol. Macromol. 2019, 156, 1316–1322. [CrossRef]

27. Zuo, Y.; He, X.; Li, P.; Li, W.; Wu, Y. Preparation and Characterization of Hydrophobically Grafted Starches by In Situ Solid Phase
Polymerization. Polymers 2019, 11, 72. [CrossRef]

28. Keirudin, A.A.; Zainuddin, N.; Yusof, N.A. Crosslinked Carboxymethyl Sago Starch/Citric Acid Hydrogel for Sorption of Pb2+,
Cu2+, Ni2+ and Zn2+ from Aqueous Solution. Polymers 2020, 12, 2465. [CrossRef]

29. Lai, J.C.; Rahman, W.A.W.A.; Toh, W.Y. Characterisation of sago pith waste and its composites. Ind. Crop. Prod. 2013, 45, 319–326.
[CrossRef]

30. Balgude, D.; Sabnis, A.; Ghosh, S.K. Investigation of cardanol-based reactive polyamide as a crosslinker in epoxy zinc-rich primer.
J. Coat. Technol. Res. 2017, 14, 583–595. [CrossRef]

31. Saeb, M.R.; Najafi, F.; Bakhshandeh, E.; Khonakdar, H.A.; Mostafaiyan, M.; Simon, F.; Scheffler, C.; Mäder, E. Highly Curable
Epoxy/Mwcnts Nanocomposites: An Effective Approach to Function-alization of Carbon Nanotubes. Chem. Eng. J. 2015, 259,
117–125. [CrossRef]

32. Schmidt, P.; Eschig, S. An Industrial Applicable Method for the Synthesis of N-alkylated Maleimides Based on Fatty Amines. Eur.
J. Lipid Sci. Technol. 2018, 121, 1800320. [CrossRef]

33. Zhicheng, J.; Du, L.; Zhang, C.; Sugiyama, Y.; Wang, W.; Palui, G.; Wang, S.; Mattoussi, H. Modification of Poly(Maleic
Anhydride)-Based Polymers with H2N-R Nucleophiles: Addition Or Substitution Reaction? Bioconjugate Chem. 2019, 30, 871.

34. Pant, B.R.; Jeon, H.-J.; Song, H.H. Radiation cross-linked carboxymethylated starch and iron removal capacity in aqueous solution.
Macromol. Res. 2011, 19, 307–312. [CrossRef]

35. Shen, W.; Chen, S.; Shi, S.; Li, X.; Zhang, X.; Hu, W.; Wang, H. Adsorption of Cu(II) and Pb(II) onto diethylenetriamine-bacterial
cellulose. Carbohydr. Polym. 2009, 75, 110–114. [CrossRef]

36. Hanurry, E.Y.; Hsu, W.-H.; Darge, H.F.; Birhan, Y.S.; Mekonnen, T.W.; Andrgie, A.T.; Chou, H.-Y.; Cheng, C.-C.; Lai, J.-Y.;
Tsai, H.-C. In Vitro Sirna Delivery via Diethy-lenetriamine- and Tetraethylenepentamine-Modified Carboxyl Group-Terminated
Poly(Amido)Amine Generation 4.5 Den-drimers. Mater. Sci. Eng. C 2020, 106, 110245. [CrossRef]

37. Belskaya, O.B.; Mironenko, R.; Talsi, V.; Rodionov, V.; Sysolyatin, S.; Likholobov, V. A Study of Pd/C Catalysts in the Liquid-Phase
Hydrogenation of 1,3,5-Trinitrobenzene and 2,4,6-Trinitrobenzoic Acid. Selection of Hydrogenation Conditions for Selective
Production of 1,3,5-Triaminobenzene. Procedia Eng. 2016, 152, 110–115. [CrossRef]

38. Morrison, J.J.; Brandt, V.K.; Yeates, S.G. Comment on: Synthesis of New Azo Compounds Based on N-(4-Hydroxyphenyl)maleimide
and N-(4-Methylphenyl)maleimide. Molecules 2010, 15, 7498–7508. Molecules 2019, 24, 2319. [CrossRef]

39. Li, M.; Liang, Y.-D.; Wu, Y.-X.; Li, K.-S. Synergistic effect of complexes of ethylenediamine double maleamic acid radical and
lanthanum (III) with pentaerythritol on the thermal stability of poly(vinyl chloride). Polym. Degrad. Stab. 2017, 140, 176–193.
[CrossRef]

http://doi.org/10.1111/ijfs.12869
http://doi.org/10.1016/j.carbpol.2020.116292
http://www.ncbi.nlm.nih.gov/pubmed/32475573
http://doi.org/10.1016/j.carbpol.2020.116350
http://www.ncbi.nlm.nih.gov/pubmed/32507175
http://doi.org/10.1007/s10924-017-1168-1
http://doi.org/10.1002/star.201600351
http://doi.org/10.1177/1558925019865260
http://doi.org/10.1016/j.biortech.2013.06.108
http://www.ncbi.nlm.nih.gov/pubmed/23896441
http://doi.org/10.1080/10942910600698922
http://doi.org/10.1016/j.ijbiomac.2019.11.171
http://doi.org/10.3390/polym11010072
http://doi.org/10.3390/polym12112465
http://doi.org/10.1016/j.indcrop.2012.12.046
http://doi.org/10.1007/s11998-016-9869-2
http://doi.org/10.1016/j.cej.2014.07.116
http://doi.org/10.1002/ejlt.201800320
http://doi.org/10.1007/s13233-011-0316-z
http://doi.org/10.1016/j.carbpol.2008.07.006
http://doi.org/10.1016/j.msec.2019.110245
http://doi.org/10.1016/j.proeng.2016.07.640
http://doi.org/10.3390/molecules24122319
http://doi.org/10.1016/j.polymdegradstab.2017.05.002


Polymers 2023, 15, 1197 23 of 23

40. Ge, M.; Du, M.; Zheng, L.; Wang, B.; Zhou, X.; Jia, Z.; Hu, G.; Alam, S.M.J. A Maleic Anhydride Grafted Sugarcane Bagasse
Adsorbent and Its Performance on the Removal of Methylene Blue from Related Wastewater. Mater. Chem. Phys. 2017, 192,
147–155. [CrossRef]

41. Zhang, Y.-N.; Xu, S.-A. Effects of amylose/amylopectin starch on starch-based superabsorbent polymers prepared by γ-radiation.
Starch 2016, 69, 1500294. [CrossRef]

42. Zhang, Q.; Xu, K.; Wang, P. Study on structure and molecular dynamics of starch/poly(sodium acrylate)-grafted superabsorbent
by 13C solid state NMR. Fibers Polym. 2008, 9, 271–275. [CrossRef]

43. Pineda, R.; Maria, L.; de Muñoz-Prieto, E.; Rius-Alonso, C.A.; Palacios-Alquisira, J. Preparation and Characterization of Potato
Starch Nanoparticles with Acrylamide by Microwave Radiation. Cienc. Desarro. 2018, 9, 149–159. [CrossRef]

44. Lanthong, P.; Nuisin, R.; Kiatkamjornwong, S. Graft copolymerization, characterization, and degradation of cassava starch-g-
acrylamide/itaconic acid superabsorbents. Carbohydr. Polym. 2006, 66, 229–245. [CrossRef]

45. Zou, W.; Liu, X.; Yu, L.; Qiao, D.; Chen, L.; Liu, H.; Zhang, N. Synthesis and Characteri-zation of Biodegradable Starch-
Polyacrylamide Graft Copolymers Using Starches with Different Microstructures. J. Polym. Environ. 2012, 21, 359–365. [CrossRef]

46. Joshi, J.M.; Sinha, V.K. Ceric ammonium nitrate induced grafting of polyacrylamide onto carboxymethyl chitosan. Carbohydr.
Polym. 2007, 67, 427–435. [CrossRef]

47. Tridib, T.; Singh, R.P. High Performance Flocculating Agent Based on Partially Hydrolysed Sodium Alginate-G-Polyacrylamide.
Eur. Polym. J. 2000, 36, 1471–1476.

48. Mishra, D.K.; Tripathy, J.; Srivastava, A.; Mishra, M.M.; Behari, K. Graft copolymer (chitosan-g-N-vinyl formamide): Synthesis
and study of its properties like swelling, metal ion uptake and flocculation. Carbohydr. Polym. 2008, 74, 632–639. [CrossRef]

49. Adelaida, Á.; Bierbrauer, K.; Pucci, G.; López-González, M.; Strumia, M. Study of Optimization of the Synthesis and Properties of
Biocomposite Films Based on Grafted Chitosan. J. Food Eng. 2012, 109, 752–761.

50. Ranjbar-Mohammadi, M.; Arami, M.; Bahrami, H.; Mazaheri, F.; Mahmoodi, N.M. Grafting of chitosan as a biopolymer onto
wool fabric using anhydride bridge and its antibacterial property. Colloids Surf. B Biointerfaces 2010, 76, 397–403. [CrossRef]

51. Angellier, H.; Molina-Boisseau, S.; Belgacem, M.N.; Dufresne, A. Surface Chemical Modification of Waxy Maize Starch Nanocrys-
tals. Langmuir 2005, 21, 2425–2433. [CrossRef] [PubMed]

52. Wim, T.; Belgacem, N.M.; Dufresne, A. Starch Nanocrystals with Large Chain Surface Modifi-cations. Langmuir 2006, 22,
4804–4810.

53. Benxi, W.; Hu, X.; Zhang, B.; Li, H.; Xu, X.; Jin, Z.; Tian, Y. Effect of Defatting on Acid Hy-drolysis Rate of Maize Starch with
Different Amylose Contents. Int. J. Biol. Macromol. 2013, 62, 652–656.

54. Soumi, D.; Gupta, B.; Srivastava, S.K.; Gupta, A.K. Recent Advances on the Removal of Dyes from Wastewater Using Various
Adsorbents: A Critical Review. Mater. Adv. 2021, 2, 4497–4531.

55. Kuang, Y.; Zhang, X.; Zhou, S. Adsorption of Methylene Blue in Water onto Activated Carbon by Surfactant Modification. Water
2020, 12, 587. [CrossRef]

56. Akpomie, K.G.; Conradie, J. Biosorption and regeneration potentials of magnetite nanoparticle loaded Solanum tuberosum peel for
celestine blue dye. Int. J. Phytoremediat. 2020, 23, 347–361. [CrossRef]

57. Chen, R.; Zhang, Y.; Shen, L.; Wang, X.; Chen, J.; Ma, A.; Jiang, W. Lead(II) and methylene blue removal using a fully biodegradable
hydrogel based on starch immobilized humic acid. Chem. Eng. J. 2015, 268, 348–355. [CrossRef]

58. Arayaphan, J.; Maijan, P.; Boonsuk, P.; Chantarak, S. Synthesis of photodegradable cassava starch-based double network hydrogel
with high mechanical stability for effective removal of methylene blue. Int. J. Biol. Macromol. 2020, 168, 875–886. [CrossRef]

59. Bhatti, H.N.; Jabeen, A.; Iqbal, M.; Noreen, S.; Naseem, Z. Adsorptive behavior of rice bran-based composites for malachite green
dye: Isotherm, kinetic and thermodynamic studies. J. Mol. Liq. 2017, 237, 322–333. [CrossRef]

60. Aniagor, C.O.; Afifi, M.A.; Hashem, A. Heavy metal adsorptive application of hydrolyzed corn starch. J. Polym. Res. 2021, 28, 405.
[CrossRef]

61. Sarmah, D.; Karak, N. Double network hydrophobic starch based amphoteric hydrogel as an effective adsorbent for both cationic
and anionic dyes. Carbohydr. Polym. 2020, 242, 116320. [CrossRef] [PubMed]

62. Priyanka, M.; Saravanakumar, M.P. Ultrahigh Adsorption Capacity of Starch Derived Zinc Based Carbon Foam for Ad-sorption
of Toxic Dyes and Its Preliminary Investigation on Oil-Water Separation. J. Clean. Prod. 2018, 197, 511–524. [CrossRef]

63. Mouni, L.; Belkhiri, L.; Bollinger, J.-C.; Bouzaza, A.; Assadi, A.; Tirri, A.; Dahmoune, F.; Madani, K.; Remini, H. Removal of
Methylene Blue from aqueous solutions by adsorption on Kaolin: Kinetic and equilibrium studies. Appl. Clay Sci. 2018, 153,
38–45. [CrossRef]

64. Huayu, H.; Lin, C.; Zhang, Y.; Cai, X.; Huang, Z.; Chen, C.; Qin, Y.; Liang, J. Preparation of a Stable Nanoscale Manganese
Residue-Derived Fes@Starch-Derived Carbon Composite for the Adsorption of Safranine T. Nanomaterials 2019, 9, 839. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.matchemphys.2017.01.063
http://doi.org/10.1002/star.201500294
http://doi.org/10.1007/s12221-008-0043-z
http://doi.org/10.19053/01217488.v9.n2.2018.7783
http://doi.org/10.1016/j.carbpol.2006.03.006
http://doi.org/10.1007/s10924-012-0473-y
http://doi.org/10.1016/j.carbpol.2006.06.021
http://doi.org/10.1016/j.carbpol.2008.04.015
http://doi.org/10.1016/j.colsurfb.2009.11.014
http://doi.org/10.1021/la047530j
http://www.ncbi.nlm.nih.gov/pubmed/15752035
http://doi.org/10.3390/w12020587
http://doi.org/10.1080/15226514.2020.1814198
http://doi.org/10.1016/j.cej.2015.01.081
http://doi.org/10.1016/j.ijbiomac.2020.11.166
http://doi.org/10.1016/j.molliq.2017.04.033
http://doi.org/10.1007/s10965-021-02772-y
http://doi.org/10.1016/j.carbpol.2020.116320
http://www.ncbi.nlm.nih.gov/pubmed/32564829
http://doi.org/10.1016/j.jclepro.2018.06.197
http://doi.org/10.1016/j.clay.2017.11.034
http://doi.org/10.3390/nano9060839

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Maleamic Acid Monomer 
	Preparation of St-g-(MA-DETA) 
	Calculation of Grafting Percentage and Grafting Efficiency 
	Determination of Carboxyl Content 
	Preparation of Dye Solution 
	Dye Sorption by Grafted Starch Adsorbent 
	Regeneration Experiments 
	Characterization 


	Results and Discussion 
	Synthesis of Grafted Starch 
	Characterization Results of the Samples 
	XRD Analysis 
	Fourier Transform Infrared Spectroscopy 
	Structural Characterization by NMR Spectroscopy 
	SEM and EDS Analysis 
	TGA 

	Parameters Affecting the Grafting Percentage 
	Effect of Reaction Time 
	Effect of Temperature on Graft Copolymerization 
	Effect of Initiator Concentration 
	Effect of Monomer Concentration 

	Determination of Acidity and the Carboxylic Acid Group 
	pH at Point of Zero Charge 
	Adsorption of Celestine Blue 
	Effect of pH 
	Effect of Contact Time on CB Adsorption 
	Effect of Bio-Sorbent Dosage on Biosorption of CB 
	Adsorption at a Different Initial Concentration of CB Solution 
	Adsorption at Different Temperatures 

	Regeneration Performance 

	Conclusions 
	References

