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ABSTRACT

Nanoporous starch materials were successfully prepared by a sustainable synthetic process. In this method, some available
economic cationic, anionic and nonionic templates like CTAB, SDS and Tween 80 in the presence of borax, as a green and low-cost
cross-linker, were used to synthesize the desired cross-linked nanoporous starch in the aqueous phase at relatively low tempera-
ture. The obtained materials were characterized by SEM, FI-IR, TGA, DSC and N, adsorption/desorption methods. While SEM
analysis confirmed the porous nature of the materials, BET measurement showed that the materials can have a specific surface
area of 65 m*g~'. Cross-linked nanoporous starch was found to be an efficient, inexpensive, easy to prepare, green adsorbent in the

removal of methylene blue and methyl orange from wastewater. The synthesized material was found to be highly efficient in

controlled adsorption and desorption of ciprofloxacin, which can be applied in drug delivery.
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1. Introduction

Over the past few years, investigation of bio-based plastics has
been done because of their potential biocompatibility for
eco-friendly protection and also a decrease in the production
and use of non-degradable plastic.! The substitution and
removal of petro-based polymers have directed the interest of
many researchers toward the application of starch-derived
plastic.?

Starch is a vital component of human nutrition.? Usually, it is
extracted from cassava, tapioca, potatoes, corn, wheat and rice.
Starch is generally used in the native form but due to its inade-
quate stability, it is also exposed to numerous modifications.*
Usually, starch is modified by chemical and physical procedures
or their combinations. However, generally, chemically modified
starch is used in the industry.®

Not only macroscopic properties but also the chemical struc-
ture of the starch have been affected by these modifications.
Chemical modifications result in the introduction of substitu-
entsinto the starch, thus altering its basic properties, e.g. thermal
stability, viscosity, and solubility molecular weight.”

Oxidation, esterification and etherification are three key
processes, used in starch modification;® however, it is worthy
of mention that cross-linked starch is one of the most desired
products in the industry.® Cross-linked starch can be prepared
by two- or poly-function cross-linkers, such as phosphates,!
bi- or tricarboxylic acid, ! and boric acid ?which results in a great
increase in the molecular weight of starch. The chemical process-
ing with these cross-linkers leads to the stabilization of starch
grain structure, as a result of consolidation with intermolecular
and covalent bonds. Thus, gel synthesized from starch cross-
linking is more resistant to factors such as high temperature, low
pH or shear forces. Properties of the cross-linked starch mostly
depend on the type of feedstock, the process of crosslinking and
the arrangement of reactions.

Due to the high surface area of porous polymers, their applica-
tion in the fields of adsorption, separation, clean fuel storage
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and catalysis have received increasing attention in recent
years.!3 Although porous polymers can be prepared by several
methods,!* ‘template synthesis’ is one of the most popular
routes. However, as far as we know, there is no report where a
template is used for the synthesis of nanoporous starch. In this
respect, this manuscript describes a simple procedure for the
preparation of nanoporous starch viaz borax, as a green and
inexpensive cross-linker, in the presence of cationic, anionic, or
non-ionic templates.

2. Experimental

2.1. Materials

Wheat starch, borax (Na,B,0,°10H,0), cetyltrimethyl-
ammonium bromide (CTAB), sodium dodecyl sulfate (SDS),
Tween 80, methylene blue and methyl orange were purchased
from Merck and used without any further purification.
Ciprofloxacin was purchased from Sigma Aldrich.

2.2. Characterization

Fourier-transform infrared spectroscopy (FI-IR) spectra were
recorded with Thermo Nexus 670 spectrometer to demonstrate
the difference between starch and cross-linked starch in the
presence and absence of a template. The specific surface area
and pore diameter were calculated with the multipoint
Brunauer-Emmett-Teller (BET) and Barrett, Joyner, and Halenda
(BJH) methods. The morphology of nano-porous starch was
observed by a high-resolution scanning electron microscopy
(HRSEM). Thermo-gravimetry analysis (TGA) and differential
scanning calorimetry (DSC) were performed to confirm assess-
ment of thermal stability and possible structural changes in
materials.

2.3. Preparation of Borate-cross-linked Starch

5.5 % Water-based starch mixture was prepared by dispersing
2 g starch and 4 g template (CTAB, SDS or Tween 80) in 30 mL
water. The obtained mixture was heated and held at 90 °C for
20 min. The heated starch mixture was cooled to 60 °C and 60 mL
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of borax solution with various concentrations (0.04, 0.08 and
0.16 g mL-') was added to the mixture (Table 1). The resulting
mixture was filtered, after stirring for 2 h. The mixture was
dialyzed for 3 days against water (6 X 4 L) to remove the
template and lyophilized to obtain borate-cross-linked nano-
porous starch.

Table 1 Abbreviation of the prepared porous starch materials.

Sample Template Borax concentration Name
/g mL™!

1 CTAB 0.04 st-ctab-b4
2 CTAB 0.08 st-ctab-b8
3 CTAB 0.16 st-ctab-b16
4 SDS 0.04 st-sds-b4
5 SDS 0.08 st-sds-b8
6 SDS 0.16 st-sds-b16
7 Tween 80 0.04 st-t80-b4
8 Tween 80 0.08 st-t80-b8
9 Tween 80 0.16 st-t80-b16

2.4. Batch Adsorption Experiments

Batch tests were performed to understand the dye removal
capacity of the porous starch materials. In summary, in a series of
beakers 50 mg of porous starch (adsorbent) were mixed with
50 mL of methylene blue (MB) or methyl orange (MO) solution
while stirring at 30 °C.1> At specific time intervals, solution
samples were collected, centrifuged and analyzed (at 665 nm for
MB and 464 nm for MO) using a Biochrom WPA 80-3003-75
Biowave II UV-Vis spectrophotometer. This was done to moni-
tor the residual dye concentrations in the solutions. The adsorp-
tion capacity of porous starch for dye was calculated, using
Equation 1:

A\
de —(Co—ce)w 1

where q, is the amount of MB or MO adsorbed (mg g™*) at time of
equilibrium, Cjand C, are the initial and final MB or MO concen-
trations (mg L™), V is the volume (L) of dye solution and W is the
mass (mg) of the adsorbent.

Finally, the percentage of dye removal was calculated using
Equation 2:

(CO _Ce)
0

2.4.1. Effect of Amount of Adsorbent

Different amounts of pure starch (st), non-templated cross-
link starch (st-b8) and templated cross-linked starch were mixed
with both dyes (with fixed concentration of 5 mg L) in separate
beakers. The mixture was stirred for 1 h and the product was
filtered. The absorbance was measured.

%Removal = %100 (2)

2.4.2. Effect of Initial Dye Concentration

An exact amount of st-ctab-b8 (50 mg) was mixed with differ-
ent concentrations (5, 10 and 25 mg L) of 50 mL solutions of the
two dyes, respectively. The mixture was stirred for 1 h and the
product was filtered. The absorbance was measured.

2.4.3. Effect of Time

The effect of time on the adsorption of dye was investigated by
comparing an adsorbent-adsorbate solution with a fixed dye
concentration (5 mg L) and adsorbent dosage (50 mg) at differ-
ent times.

2.5. Drug Loading Experiment

Starch is a cheap polymer material with properties such as
non-toxicity, biodegradability, etc., which makes it a suitable
compound for pharmaceutical research.'® Nowadays, there is a
lot of interest in drug delivery.!” The delivery of ciprofloxacin, as
an anti-bacterial infection drug, by synthesized cross-linked
starch was investigated in this study.

Solutions with concentrations 100, 200, 300, 400 and 500 mg L-!
of the drug were prepared to study the drug delivery properties
of synthesized porous starch. Absorbance studies were carried
out using UV spectrophotometry at 271 nm (Table 5).

200 mL of 2.1 x 10-3 M drug solution was added to the beakers
containing 200 mg of pure starch, synthesized cross-link starch
or synthesized template cross-linked starch at room tempera-
ture. The mixture was stirred for 1.5 h, until drug loading
completion. The hydrogels that formed, were filtered, rinsed
with distilled water and dried overnight in an oven at 50 °C. To
ensure that the hydrogels were completely dried, it was kept at
room temperature.

2.6. Drug Release from Porous Starch

To simulate the human body, a pH = 7.4 phosphate buffer was
prepared and used in the drug delivery studies. In this respect,
5.79 g of Na,HPO, and 3.6 g of KH,PO, were dissolved in 1 L
deionized water. For the drug release, the dried hydrogels were
added to 200 mL of phosphate buffer. After stirring at 37 °C,
samples were removed and filtered, with a 0.45 um syringe filter,
at 30 min intervals. Ultraviolet absorption of these solutions was
recorded in 271 nm.

3. Results and Discussion

The proposed mechanism of the porous starch formation is
described in Fig. 1. Based on the soft-templating approach,
co-assembly of surfactant molecules (such as CTAB) and guest
species (starch) resulted in porous starch, which is obtained after
the removal of the template.

CTAB

Borax

Starch

Washing

Figure 1 Schematic representation for the preparation of porous starch
using CTAB as a soft template.

3.1. Synthesis and Characterization of Porous Starch
In the pure starch spectrum (Fig. 2a), the strong broad flexible
vibration peak at 3411 cm~! corresponds to the bonds of the O-H
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group present in the starch structure. This peak weakened in
other spectrum, indicating the presence of O-Bbond in response
to crosslinking. Peaks of C-H stretching vibrations (about
2930 cm™!) are present in all compounds (Fig. 2), indicating that
the templates do not remain in the compounds. These peaks are
sharp in as-synthesized templated borate-cross-linked starch
(st-b8, Fig. 2c). The vibrational peak of C-O, in relation to
hydroxyl groups, appeared around 1640 cm~' and the asymmet-
ric flexible vibration peaks of C-O-C appearing from 1010 to
1040 cm™! in all compounds. The peaks in the 1460 cm™! range
correspond to C-C stretching vibrations. Due to crosslinking the
peak at 1370 cm™! in the starch, which is related to C-H vibra-
tions, changed. The absorbance band at about 680 cm!is related
to the O-B-O bending vibrations, which indicates the cross-
linking reaction has occurred (Figs. 2d, 2e and 2f). The peaks at
about 1030-1050 cm™! in Fig. 2d, and Fig. 2e is related to the
stretching of the B-O-C bonds. Therefore, the results showed
that the crosslinking reaction was successful between borax and
starch.

The adsorption-desorption isotherms, obtained with the
BJH method, provide a suitable visual demonstration of the
porous structure of the starch materials. The isotherms showed a
hysteresis loop at high pressure, demonstrating the macro or
nonporous system of starch materials (Fig. 3). As seen in Fig. 3,
the materials exhibited type Il isotherm and, H3 and H4-shaped
hysteresis loop.!® All the st-t80 materials are macroporous
(Fig. 3¢). The hysteresis loop of st-sds-b8 isotherm showed the
mesoporosity of this material (Fig. 3b) and the linear isotherm of
st-ctab-b16 could be related to the presence of a broad range of
meso- and macropores (Fig. 3a).

The textural properties of materials are summarized in Table 2.
Material st-ctab-b8 has a BET surface area of up to 65 m? g-!
(Table 2, entry 2). Starch and cross-linked starch prepared in the
absence of a template had the lowest surface area (8 and
10 m? g1, Table 2, entries 10 and 11), which indicated that the
presence of a template is critical for the synthesis of porous
cross-linked starch. Also, Table 2 data (entries 2, 6 and 8) indicate
that compared to Tween 80 and SDS, CTAB templated material
has the highest surface area.

The HRSEM images of different starch samples at nanoscale
magnification are illustrated in Fig. 4. The decrease in porosity
and roughness of starch by crosslinking, is exemplified by the
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Figure 2 The near FT-IR spectra of starch (st) (a), non-templated borate-
cross-linked starch (st-b8) (b), as-synthesized st-ctab-b8 (before washing)
(c), st-ctab-b8 (d), st-sds-b8 (e) and st-t80-b8 (f).
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Figure 3 N, adsorption/desorption isotherms of st-ctab-b (a), st-sds-b (b),
st-t80-b (c) and, st and st-b (d).
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Table 2 Textural properties of porous starch samples.

Entry Material BET surface area BJH pore diameter

/m* g™ /nm

1 st-ctab-b4 13 3.6
2 st-ctab-b8 65 2.4
3 st-ctab-b16 25 2.4
4 st-sds-b4 15 4.5
5 st-sds-b8 35 2.4
6 st-sds-b16 40 2.4
7 st-t80-b4 9 2.4
8 st-t80-b8 25 2.4
9 st-t80-b16 15 2.4
10 st-b 10 2.4
11 st 8 3.2

SEM micrographs in Fig. 4a and Fig. 4b. However, the increase
in porosity of materials via crosslinking in the presence of a
template was observed in Figs. 4c—e, which agrees with data in
Table 2.

The TGA graph of starch (st) (Fig. 5) shows that the degrada-
tion started at 200 °C, whereas the cross-linked starch degrada-
tion (st-b8) started at 300 °C and occurred in two stages. As a
result, borax as a crosslinking agent has been able to degrade and
improve the weight fraction to 100 °C and lowered the ash
content in comparison with starch at the bottom. The cross-
linked starch (st-ctab-b8) diagram shows thatin the presence of a
template the degradation occurred at approximately the same
temperature of 300 °C as st-b8 over two phases and at the end
some ash content remained. The degradation seen at about
200 °C is attributable to the small amount of CTAB remaining in
the sample.

In starch, about 60 % of weight loss occurred at temperatures
of about 200 °C and about 20 % of material remained at tempera-
tures of about 400 °C. In st-b8 only 40 % weight loss occurred up
to 300 °C and most of the weightloss occurred above 400 °C. Most
of the weight loss in st-ctab-b8 occurred at 300 °C and only 20 %
of the weight loss occurred at temperatures above 400 °C.

DSC analyses (Supplementary Information) is in full agree-
ment with the TGA data. Two endothermic peaks at 100 and
230 °C in starch were related to water evaporation and melting
temperature of the polymer, respectively. The exothermic peaks
at 250 and 400 °C are associated with degradation temperatures.
The most significant difference between the starch curve and
cross-linked sample is the disappearance of the starch melting
peak, which indicates that the crosslinking of starch was carried
out successfully.

3.2. Nanoporous Starch Assisted Dye Removal

Recently, the use of novel methods for decolourization in
many industries and water treatment has been considered.!”
Methylene blue and methyl orange are the most general
water-soluble pigments. So, increased concern has been concen-
trated on removing such pigments from wastewater. Adsorption
is comparatively preferable among dye removal methods. The
applicability of various adsorption kinetic models and isotherm
models for dye removal by wide range of adsorbents has been
reported.? This study revealed that the adsorption depends on
initial dye concentration, contact time and adsorbent dosage. In
this study, templated borate-cross-linked nanoporous starch
was applied as an adsorbent for dyes.

Adsorbent dosage is the main process parameter, because this
defines the capacity of an adsorbent for a certain amount of the
adsorbate in any operating situation. Usually, the percentage of

HFW | HV
tif*1.35 pm 15.0 KV 2000

Figure 4 High resolution scanning electron microscope (HRSEM) images
of st (a), st-b (b), st-ctab-b8 (c), st-sds-b8 (d) and st-t80-b8 (e).
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Figure 5 TGA graph of starch (st), st-b8 and st-ctab-b8.

dye elimination increases with increasing adsorbent dosage,
because the number of absorption sites at the surface of adsor-
bent will increase with increased quantity of the adsorbent
(Table 3).

The quantity of adsorption for dye elimination is directly
related to the primary dye concentration. The efficacy of pri-
mary dye concentration depends on the instant connection
between the dye and the vacant active sites on the adsorbent
surface. Predominantly, as the primary concentration of the dye
increases, the percentage of dye removal decreases, this is due to
the saturation of sorption sites on the adsorbent surface. As can
be seen from the results in Table 3, with increasing the amount of
adsorbent at a constant concentration of dye, the percentage of
adsorptionincreased. This increase is more evident for the CTAB
template.

The effect of adsorption for different concentrations of dye
was investigated. The results of the adsorption exhibited that by
increasing the dye concentration the percentage of adsorption
decreases (Table 4).

The effect of time is another significant parameter in dye
removal. In general, the percentage of dye removal increases
slightly with increasing time; however, this increase is such
that most of the absorption took place in the first hour. In the
second and third hour there was no noticeable absorption
(Table 5).

3.3. Nanoporous Starch Assisted Control of Drug Delivery of
Ciprofloxacin

The ideal drug delivery system should be comfortable, effec-
tive, biocompatible for the patient and capable of high drug
loading. Porous starch meets all these conditions. An important
advantage of starch polymer chains is that they are hydrolyzed
to biologically acceptable compounds, so there is no need to
remove the drug delivery system from the body after the active
substance was released.

In this study, starch, synthesized cross-link starch and synthe-
sized template cross-linked starch, were used to transport and
release ciprofloxacin. As shown in Table 6, the template
cross-linked starch illustrated a high percentage of drug release.
Therefore, by measuring the percentage of drug release from the
amount of adsorption at different times, it was found that the
porous starch synthesized in this project was effective for the
release of ciprofloxacin. Accordingly, the drug releases from
hydrogels, and its concentration increases in the buffer drasti-
cally over time.

135
Table 3 Effect of quantity of adsorbent on dye removal.
Entry  Absorbent %Removal q,(MO) %Removal q,(MB)
/mg MO)  /mggt  (MB)  /mgg’
1 st (50) 42.8 2.14 56.6 2.83
2 st-b8 (50) 52 2.62 69.8 3.49
3 st-ctab-b8 (50) 82 414 85 4.25
4 st-sds-b8 (50) 73 37 77 3.85
5 st-t80-b8 (50) 72 3.6 75.4 3.77
6 st (100) 50.6 1.26 59 1.48
7 st-b8 (100) 77 1.92 78.6 1.97
8 st-ctab-b8 (100) 89.6 2.23 91.4 2.28
9 st-sds-b8 (100) 85.6 2.14 87.4 2.18
10 st-t80-b8 (100) 82 2.04 86 2.15
Table 4 Effect of dye concentration on dye removal.
Absorbent Dye % e % e
concentration  Removal (MO) Removal (MB)
/50 mg /mg L™ MO) /mgg' (MB) /mgg’
st-ctab-b8 5 82 4.14 85 4.25
st-ctab-b8 10 62 8.81 67 8.35
st-ctab-b8 25 10 20.5 15 20.75
Table 5 Effect of time on dye removal.
Contact time (h) %Removal  q,(MO)  %Removal q, (MB)
(MO) /mg g (MB) /mg g
st-ctab-b8 (1) 82 4.14 85 4.25
st-ctab-b8 (2) 83.6 418 86 43
st-ctab-b8 (3) 83.6 4.18 86.6 4.33

Table 6 Drug delivery of ciprofloxacin by st-ctab-b8.

Entry Samples  Time intervals Drug release
/min /%
1 st 30 37
2 st 60 45
3 st 90 60
4 st-b8 30 69.8
5 st-b8 60 78
6 st-b8 90 78
7 st-ctab-b8 30 86.6
8 st-ctab-b8 60 90.3
9 st-ctab-b8 90 97.3

4. Conclusions

In summary, a green, simple and useful synthetic protocol to
produce porous starch materials, using templates such as CTAB,
SDS, Tween 80 and borax as cross-linkers in the aqueous phase,
was presented. Most importantly, the morphological properties
of the materials were characterized using N, adsorption/
desorption porosimetry. SEM analysis confirmed the porous
nature of the materials. On the other hand, the performance of
porous starch materials for the removal of dyes from aqueous
solution was investigated. The results show that the synthesized
adsorbent would be an effective adsorbent for treating
wastewater containing MO and MB. Additionally, the porous
cross-linked starch was studied for its ability for the absorption
and delivery of ciprofloxacin. Finally, it can be concluded that
template cross-linked starch could play an important role in
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removal of dye contamination from wastewater as well as a drug
delivery system.
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