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Abstract: A totally green process based on reactive extrusion was used for the production of cassava
starch hydrogels through reaction with two organic crosslinking agents, citric (CA) and tartaric (TA)
acids. CA and TA were used at different concentrations (0, 2.5, 5.0, 10.0, 15.0, and 20.0%). Degree of
substitution (DS) of hydrogels ranged from 0.023 to 0.365. Fourier transform infrared spectroscopy
results showed a new band appearing at 1730 cm−1 associated with ester carbonyl groups. X-ray
diffraction indicated that reactive extrusion resulted in the disappearance of diffraction peaks of
native starch and samples with lower crystallinity indices ranging from 37% (native starch) to 8–11%
in starch hydrogels. Morphology analysis showed that the original granular structure of starch was
lost and replaced by a rougher and irregular structure. Water holding capacity values of starch
hydrogels obtained by reactive extrusion were superior to those of native starch and the control
sample (extruded without the crosslinking agents). Hydrogels obtained with the highest CA or TA
concentration (20.0%) resulted in the higher DS and swelling capacities, resulting in samples with
870 and 810% of water retention, respectively. Reactive extrusion was effective in obtaining starch
hydrogels by reaction with organic acids.

Keywords: citric acid; tartaric acid; crosslinking; green chemistry

1. Introduction

Hydrogels are materials that can be produced from natural or synthetic polymers;
these polymers are crosslinked to result in three-dimensional polymeric matrices that have
the ability of retain water or biological fluids without dissolving. Hydrogels can be obtained
in different formats, including films, membranes, powders, and micro or nanogels [1–3].

Starch is a biodegradable, nontoxic, and inexpensive biopolymer available world-
wide with readily free hydroxyl groups with potential for functionalization [4], including
crosslinking reactions [2,5]. The crosslinking for chemical modification of starch through
reaction with bi- or polyfunctional agents is largely reported in the literature [6–13]. The
crosslinking agents can form ether or ester intermolecular bonds between hydroxyl groups
on starch molecules, resulting in a reinforced polymer matrix. Depending on the level of
substitution, the resulting materials can present changes in solubility and swelling power,
which are important properties for hydrogels [11,14,15].

Starch hydrogels have several potential applications; however, to obtain food-grade,
biodegradable and biocompatible hydrogels, the high cost of raw materials, and the gener-
ation of toxic solvents can be considered significant disadvantages. Epichlorohydrin and
glutaraldehyde have been widely used to crosslink polysaccharide materials; however,
they suffer from certain toxicity [2,16,17]. In contrast, polycarboxylic acids such as CA and
TA are inexpensive and nontoxic reagents that can be safely used to obtain crosslinked
starches [4,18–20]. CA and other polycarboxylic acids had been described as efficient
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esterification and crosslinking agents of starch, and they also present a hydrolytic action
depending on the processing conditions [4,15,20].

In the last few years, the use of CA and other organic acids as esterification and crosslink-
ing agents to obtain modified starches from several sources has been reported in literature,
emphasizing the efficiency, and lower environmental impact of their use [11,13,18–26].

Starch modification has been traditionally carried out in tank reactors with several
reagents and long processing time, resulting in negative impacts from effluent generation;
thus, the use of physical methods can be an interesting approach to minimize the exces-
sive use of reagents [13,16,22,27]. Lipatova and Yusova [28] reported the effectiveness of
mechanical activation in a rotor–stator device on starch crosslinking with CA to obtain
biodegradable hydrogels.

Alternatively, the reactive extrusion process is an efficient and versatile method for
modifying starch and it is considered a green technological solution since the extruder is
used as a reactor, where chemical reactions such as esterification, hydroxypropylation, and
crosslinking can be performed [27–30]. Reactive extrusion combines the thermomechanical
energy necessary to disintegrate the native structure of the starch granule, favoring the
reaction between starch and organic acids in a single process without using other reagents.
Additionally, reactive extrusion is a continuous process that has commercial viability, and
it is easy to adapt to industrial scales, offering short reaction time (2–3 min) [12,16,31–33].

The use of reactive extrusion to obtain esterified and crosslinked starches through
reaction with organic acids is an interesting research topic that could be further investigated
to contribute to knowledge in the area. Recently, Farhat et al. [22], Hong et al. [23], and
Ye et al. [13] reported the use of reactive extrusion to obtain starch citrates from native
corn, waxy corn, and rice starches, and they stressed that this process can be considered a
promising alternative to obtain esterified and crosslinked starches.

There are few reports in the literature about the production of starch citrates by
reactive extrusion [13,22,23], while starch hydrogels obtained through reaction with TA
by reactive extrusion have not yet been reported in the literature. Reactive extrusion
can be considered an ecofriendly process to obtain esterified and crosslinked starches,
and this study intended to explore the potential of this technology for the obtainment
of new biobased materials, such as starch hydrogels, contributing to the generation of
knowledge in this area. Therefore, this study aimed to obtain cassava starch hydrogels by
reactive extrusion using CA and TA as crosslinking and esterifying agents and to study
their physicochemical and microstructural properties.

2. Materials and Methods
2.1. Materials

Cassava starch (20% amylose and 80% amylopectin) was purchased from Pinduca
Co., Ltd. (Araruna, Brazil). CA and TA of analytical grade were purchased from Synthlab
(Synthlab, Diadema, Brazil), similar to all other chemicals and solvents employed in
this study.

2.2. Reactive Extrusion Process

CA and TA were employed at different concentrations (0, 2.5, 5.0, 10.0, 15.0, and
20.0%—g acid/100 g starch) as esterifying/crosslinking agents. Crosslinked starch hydro-
gels were prepared by dissolving the different concentrations of CA or TA in distilled water,
which were mixed with starch to obtain samples with a moisture content of 32%. Each sam-
ple was stored in plastic sealed bags for 1 h before extrusion. A control sample (S0) was also
extruded in the presence of water (without Ca or TA), resulting in a moisture content of 32%.
The reactive extrusion parameters were based on previous study of Gil-Giraldo et al. [34].
The extrusion process was performed in a single screw extruder (AX Plastics, Diadema,
Brazil) with a screw length/diameter ratio (L/D) of 40 and a screw diameter of 1.6 cm, and
a cylindrical matrix of 0.8 cm in diameter. The temperature in all four heating zones was
100 ◦C, and the screw speed was 60 rpm. Each sample was collected from the extruder and



Polysaccharides 2022, 3 794

air-dried (45 ◦C) to a constant weight and ground. Then, each sample was washed three
times with absolute ethanol to remove the unreacted CA or TA, as described by Ye et al. [13]
and Gil-Giraldo et al. [34]. Finally, samples were air-dried at 45 ◦C to a constant weight,
ground, and sieved through an 80-mesh sieve to obtain powders that were employed for
characterization. Starch hydrogel samples prepared by reaction with CA were labeled as
SC2.5, SC5, SC10, SC15, and SC20 throughout the study. Starch hydrogel samples prepared
with TA were labeled as ST2.5, ST5, ST10, ST15, and ST20 throughout the study.

2.3. Degree of Substitution (DS)

The DS of each sample was determined in triplicate employing the method described
by Volkert et al. [12] and Ye et al. [13] by titration, with some modifications. Each sam-
ple (1 g) was placed in a 250 mL Erlenmeyer flask, 20 mL of deionized water and two
drops of phenolphthalein were added. The solution was titrated with a sodium hydrox-
ide solution (0.1 mol/L) until the endpoint was reached, indicating that all the free Ca
or TA had been neutralized. After that, 25 mL of aqueous sodium hydroxide solution
(0.5 mol/L) was added, and the sample was agitated for 60 min at room temperature.
The excess alkali was back-titrated with a standard aqueous hydrochloric acid solution
(0.5 mol/L) until the endpoint. A blank titration using extruded starch without CA or TA
was carried out. Esterified carboxyl groups (EG, %) and DS were calculated as follows:
EG = [((v0 − v1) × c ×M × 100))/m], and DS = (162 × EG)/(100M − (M − 1)EG; where
EG is the content of esterified carboxyl groups (%); v0 is the volume of aqueous hydrochlo-
ric acid solution consumed by the blank (mL); v1 is the volume of aqueous hydrochloric
acid solution consumed by the esterified starch sample (mL); c is the concentration of
aqueous hydrochloric acid solution (mol/L); M is the molar mass of the substituent (citrate
or tartarate); and m is the mass of the samples (mg).

2.4. Fourier Transform-Infrared Spectroscopy (FTIR)

Pulverized hydrogels samples were mixed with potassium bromide and compressed
into pellets. The FTIR analyses were performed using a spectral resolution of 4 cm−1 and a
spectral range of 4000–500 cm−1 in a Shimadzu FTIR-8300 (Kyoto, Japan) equipment.

2.5. X-ray Diffraction (XRD)

XRD analysis was carried out in a Panalytical X’Pert PRO MPD diffractometer (Almelo,
The Netherlands) with copper Kα radiation (λ = 1.5418 Ǻ) under operational conditions of
40 kV and 30 mA, with a with a ramp rate of 1◦/min. The relative crystallinity index (CI)
was calculated using the method described by Cheetham and Tao [35].

2.6. Scanning Electron Microscopy (SEM)

SEM analyses were performed with an FEI Quanta 200 microscope (Hillsboro, OR,
USA) using an accelerating voltage of 20 kV. Each hydrogel sample was mounted for
surface visualization on bronze stub, and then its surface was coated with a thin gold layer
(40–50 nm).

2.7. Water Holding Capacity (WHC)

WHC was determined according to the methodology described by Butt et al. [36], with
minor modifications. Approximately 1 g of each sample was weighed, and 10 mL of water
was added to a pre-weighed centrifuge tube (W1). The samples were shaken for 30 min
on a shaker at 25 ◦C and 200 rpm (Quimis Q 225M, Diadema, Brazil) and then centrifuged
for 30 min at 2200 rpm (Hettich Centrifuge, Model 320R, Germany). After centrifugation,
the supernatant was decanted, and tubes with residue were weighed (W2). The WHC was
calculated as WHC (g/g) = ((W2−W1) − (initial mass of sample))/(initial mass of sample).
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2.8. Swelling Power at Different Times and Temperatures

The swelling power at different times was determined according to the procedure
described by Yoshimura et al. [37]. Dried samples (0.5 g) were left to swell within permeable
nylon tea bags (Japanese Industrial Standard, JIS K 7223). The tea bags were immersed
in water at 25 ◦C for 1, 24, and 48 h, and then each tea bag was removed from the water,
and excess water was drained for 1 min. The weight of the tea bag and samples was
then measured (Wt), and the swelling was calculated according to the following equation:
Swelling (g/g) = ((Wt−Wb)−Wp)/(Wp)), where Wb is the weight of a blank tea bag after
water treatment, and Wp is the weight of the dry sample. Swelling power was determined
in the same way at different temperatures (10, 25, and 55 ◦C) for 24 h.

2.9. Statistical Analysis

Statistical analysis was carried out employing the Statistica software version 7.0 (Stat-
soft, OK, USA) and Tukey’s test was employed for mean comparison (p ≤ 0.05).

3. Results
3.1. Degree of Substitution (DS)

Starch is composed of two polymers of D-glucopyranose, amylose, and amylopectin.
Amylose is the linear fraction consisting of α-D-glucopyranose linked through α (1→ 4)
linkages, and amylopectin is the branched fraction containing linear fractions linked
through α (1 → 4) linkages, and ramifications at α (1 → 6); each glucopyranosyl unit
in linear chains presents three reactive hydroxyl groups at position C2, C3, and C6 that
have potential for functionalization [6,38]. DS is a useful parameter in the study of starch
modification, and it can be defined as average number of hydroxyl groups substituted per
D-glucose unit [38].

DS values of modified samples are presented in Table 1. For samples modified with
CA and TA, the increase in the acid concentration resulted in higher DS values, while
comparing CA- and TA-modified samples, CA-modified samples had higher DS values
(Table 1). According to Seidel et al. [39], the use of different polyfunctional carboxylic acids
as crosslinking and esterifying agents results in different materials, which is related to their
structures. CA (C6H8O7) is a tricarboxylic acid formed by two carboxylic groups spaced by
three CH2 groups with one OH group and one COOH group linked at the central carbon,
while TA (C4H6O6) is a dicarboxylic acid spaced by two CH2 groups, each bearing one
OH group. The difference in length of the spacer between CA and TA molecules and the
kind and number of functional groups possibly resulted in a more efficient CA reaction
with starch. Shen et al. [10] also stressed that carboxylic acids that have more than two
carboxyl groups act more efficiently as crosslink agents than dicarboxylic acids. These
authors reported that CA (tricarboxylic) was more efficient as a crosslinking agent than
succinic acid (dicarboxylic).

A higher DS value was obtained for the SC20 sample (DS = 0.365), and a lower DS
value was obtained for the ST2.5 sample (DS = 0.023) (Table 1). The values observed in this
study were close to the values reported by Ye et al. [13] who chemically modified rice starch
by reactive extrusion with CA; they reported values ranging from 0.037 to 0.138 using
CA levels between 10 and 40% (g CA/100 g starch). Farhat et al. [22] reported DS values
of 0.52 to 0.99 in starch citrates obtained from corn starch by reactive extrusion with CA
concentrations of 40 and 100% (g CA/100 g starch). According to Ye et al. [13], reactive
extrusion can be efficiently used for the obtainment of starch citrates.

The DS values of modified starch samples obtained in this study were slightly higher
than those obtained for starch citrate prepared by high-temperature/long-term reactions in
semidry conditions, as reported by other authors [14,25]. Mei et al. [14] reported that when
CA concentration was increased from 10 to 30%, DS values increased from 0.058 to 0.178 in
cassava starch citrates obtained after 8 h of reaction at room temperature.
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Table 1. Degree of substitution (DS) and water holding capacity (WHC) of native starch, control
sample (S0) and starches hydrogels obtained by reactive extrusion.

Samples DS WHC (g/g)

Native starch 0 1.84 ± 0.01 g

S0 0 4.99 ± 0.05 d,e

SC2.5 0.137 ± 0.003 e 3.03 ± 1.31 f

SC5 0.160 ± 0.011 e 4.62± 1.12 e

SC10 0.262 ± 0.003 d 5.90 ± 2.13 c

SC15 0.352 ± 0.002 b 6.22 ± 2.07 a,b

SC20 0.365 ± 0.001 a 7.02 ± 0.74 a

ST2.5 0.023 ± 0.001 f 4.99 ± 0.07 d,e

ST5 0.103 ± 0.004 e 4.92 ± 0.05 e

ST10 0.137 ± 0.002 e 6.10 ± 0.03 b,c

ST15 0.285 ± 0.001 c 6.95 ± 0.04 a

ST20 0.285 ± 0.004 c 6.66 ± 0.09 a,b

Different letters in the same column indicate significant difference by Tukey’s test (p ≤ 0.05).

3.2. Fourier Transform-Infrared Spectroscopy (FTIR)

The FTIR spectra of starch samples are shown in Figure 1. It was possible to identify
a new important band at 1730 cm−1 in all hydrogel samples that indicates the stretching
vibration of the carbonyl ester group, which provides clear evidence that the ester bonds were
formed successfully. These results agreed with other authors’ results [11,13,15,19,22,26,28]
who used CA and/or TA as crosslinking and esterifying agents for starch modification. It is
important to highlight that all modified samples were washed with ethanol before analysis to
prevent free CA or TA from remaining in the samples; thus, the band at 1730 cm−1 observed
in all modified samples resulted from the formation of a covalent ester bond between the CA
or TA and starch.
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Other bands are also observed in the FTIR spectra of all samples: a broad band
at 3400–3500 cm−1 that was associated with O-H elongation and hydrogen bond vibra-
tion; a band at 2900 cm−1 associated with C-H asymmetric elongation and vibration;
a band at 1650 cm−1 associated with water adsorbed in amorphous regions of starch,
and a band at 1200 cm−1 that was attributed to the stretching vibration of C-O in C-OH
groups [13,15,20,22,26,28,40].

3.3. X-ray Diffraction (XRD)

The diffractograms and relative crystallinity are shown in Figure 2. Native cassava
starch presented diffraction peaks at 2θ = 15.03◦, 17.03◦, 17.93◦, and 23.02◦ (Figure 2), which
are typical of an A-type crystallinity [41,42].
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control sample (extruded without reagent—S0) and starch hydrogels obtained by reactive extrusion
through reaction with CA (a) and TA (b).

The crystallinity index (CI) of native starch was 37%, which is typical of a semicrys-
talline material, and a similar value (37.64%) was reported by Mei et al. [14] for native
cassava starch. The CI for all extruded samples (with and without reagent) decreased,
and the CI values ranged from 8 to 11% (Figure 2). During the reactive extrusion process,
the starch granules were exposed to high temperatures and high shear forces, strongly
affecting their crystalline structure, resulting in the disappearance of diffraction peaks and
samples with low crystallinity indices (Figure 2). These results agreed with other authors
that used reactive extrusion to modify starches [13,27]. Cai et al. [27] reported that rice
starch crosslinked by reactive extrusion with sodium trimetaphosphate and propylene
oxide had its crystalline structure almost completely disrupted, with CI values very close
to those obtained in this study, ranging from 11 to 14%.



Polysaccharides 2022, 3 798

Relative crystallinity affects the physicochemical properties of starch [43]. Some
authors claim that the lower crystallinity of starch hydrogels can be important for their
application as carriers of various compounds, such as in a drug and chemical element
delivery system and in agricultural applications [41,44,45].

3.4. Scanning Electron Microscopy (SEM)

As observed in the SEM micrograph (Figure 3), native cassava starch granules exhib-
ited an elliptical or truncated elliptical shape, with a smooth surface without disruption.
These results agreed with those reported by other authors [41,42].

 
Figure 3. SEM images of native starch, the control sample (extruded 
without reagent – S0), and starch hydrogels obtained by reactive extrusion 
through reaction with CA (SC2.5 and SC20) and TA (ST2.5 and ST20). 

 

Figure 3. SEM images of native starch, the control sample (extruded without reagent—S0), and starch
hydrogels obtained by reactive extrusion through reaction with CA (SC2.5 and SC20) and TA (ST2.5
and ST20).

After being subjected to extrusion, all extruded samples showed structural morpho-
logical differences in relation to native cassava starch. During reactive extrusion, the starch
granules undergo changes in their structure, disintegrating totally or partially, depending
on the input energy level, forming rougher structures with irregular and fragmented ag-
gregates. SEM micrographs also demonstrated that the sample surfaces did not contain
residual starch granules, which indicated that the granules were destroyed due to the
thermomechanical and chemical modification effects, which agreed with the XRD results.
Other authors also reported the disintegration of the granular structure of starch subjected
to reactive extrusion [29,46,47].

In addition to the extrusion process, the hydrolytic action of CA and TA can also
favor the breakdown of starch granules [15,20]. All samples presented several pores on
their surfaces (Figure 3); however, the SC20 and ST20 samples presented more compact
structures, which can occur because the higher acid concentration possibly resulted in a
lower viscosity of these samples during extrusion, yielding more homogeneous structures.
The presence of pores can be interesting in the case of superabsorbent hydrogels for use in
agriculture because they can facilitate the entry of water into their structure. According to
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Duquette et al. [20], starch hydrogels prepared by reaction with itaconic acid and CA in
aqueous medium present highly irregular surfaces with the presence of pores, which can
favor the diffusion of solvent and ions inside the hydrogel matrix, and additionally can
favor trap particles by physical entrapment.

3.5. Water Holding Capacity (WHC)

WHC is the capacity of the sample to absorb and hold water in its polymeric net-
work [48]. Native cassava starch presented the lowest WHC (1.84 g/g) value (Table 1).
The S0 sample (extruded without reagent) and all crosslinked starch hydrogels presented
significant improvements in WHC values (Table 1).

WHC depends on the presence of hydrophilic groups that can absorb and bind water
molecules, leading to more swollen materials. Hydrophilic functional groups on the starch,
CA and TA chains can form hydrogen bonds with water, allowing the hydrogels to hold
water without dissolving. During reactive extrusion, the intramolecular bonds and the crys-
talline structure of starch granules were broken, resulting in the weakening of associative
forces between starch chains, increasing the retention of water at low temperature by the
hydrophilic groups that were exposed, which was also reported by other authors [13,33].

The sample with the higher WHC was prepared with 20.0% CA (SC20 sample, Table 1);
also the sample with the higher DS, which is indicative that the starch chains were
crosslinked, resulted in a more reinforced polymeric matrix capable to retain water. Ac-
cording to Lemos et al. [2], modified starches are reinforced by crosslinking the polymeric
chains because of the covalent bonds formed, which improves their capacity to maintain
water in their matrix without dissolving. Butt et al. [36] reported that the introduction of
hydrophilic groups from CA resulted in increased water binding capacity of citrates due to
the insertion of more hydrophilic substituent groups.

Other authors reported a contrary trend, with reductions in water holding capacity in
crosslinked starch samples obtained by reactive extrusion with CA [13] and they reported
that at a sufficiently high DS, it is difficult for water to penetrate into the starch citrate.
Probably, in this study, the DS were not high enough to prevent the water to penetrate into
the hydrogel internal structure.

The S0 sample (extruded without reagents) presented a WHC value of 4.99 g/g, a
value that was higher than that presented by the crosslinked sample with CA 2.5, and
similar to those presented by SC5, ST2.5 and ST5 (Table 1). During extrusion, the granular
and semicrystalline structure of starch was destroyed, as observed by XRD and SEM,
resulting in materials with lower crystallinity, which certainly contributed to the increase
in the WHC of this sample. Heebthong and Ruttarattanamongkol [33] reported that the
thermomechanical energy from the extrusion process results in disruption of the starch
molecular arrangement and that water can be transferred easily into its internal structure.

3.6. Swelling Power at Different Times and Temperatures

The swelling power of samples is shown in Figure 4. It can be observed that the
swelling of native starch was significantly lower than those of the S0 and samples crosslinked
with CA and TA at all swelling times. The swelling of hydrogels crosslinked with CA
after 1 h ranged from 3.1 (SC2.5) to 4.2 g/g (SC20), while the hydrogels crosslinked with
TA ranged from 2.9 g/g (ST2.5) to 3.7 (g/g) (ST20). For all samples, the increase in time
from 1 to 24 h resulted in samples with significantly higher swelling values (Figure 4), and
between 24 and 48 h the swelling degree stabilized.

After 48 h of immersion in water, the higher values were 8.7 and 8.1 g/g for SC20
and ST20 samples, resulting in 870 and 810% of water retention, respectively, suggesting
that crosslinked samples can swell and retain water at room temperature. Batista et al. [49]
reported that superabsorbent hydrogels can absorb over 100% and up to thousands of
times their dry weight in water, and they can be driven for several applications, including
agriculture, drug delivery, food packaging, or as adsorbent materials to decontaminate soil
and water, between others [3,18,20,49].
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Figure 4. Effect of time on swelling of native starch, the control sample (extruded without reagent)
and starch hydrogels obtained by reactive extrusion through reaction with CA and TA. Different
letters indicate significant difference between means by Tukey’s test (p ≤ 0.05).

The high concentrations of CA and TA improved granule swelling due to better starch
hydration, and samples SCA.20 and STA.20 also showed higher DS values (0.36 and 2.85, re-
spectively). During reaction with 20.0% CA and TA, the starch acquires a three-dimensional
matrix, which possibly results in individual chains that repel each other due to steric
hindrance, as crosslinked starch derivatives try to exist in the lowest and most stable
state. The repulsion between the chains can increase the capacity for expansion without
dissolving, preserving the structure of the material [11,46]. Duquette et al. [20] reported
that the amount of CA in starch hydrogels affects the swelling by acting as a crosslinking
agent ensuring the stability of their swollen structure, and also by acting as a source of
hydrophilic functional groups.

When the temperature was evaluated, all the samples presented significant increases
in their swelling with increases in temperature from 10 to 55 ◦C (Figure 5). Hung et al. [50]
reported the increase in swelling of CA-crosslinked rice starches with increasing temper-
ature. Samples obtained through reaction with 20.0% CA and TA presented the higher
swelling values at all temperatures.

After 48 h of immersion in water at 25 ◦C, the S0 sample presented a swelling value
of 7.5 g/g, a value that was higher than those presented by the crosslinked samples with
CA and TA at 2.5 and 5.0% (Figure 4), which had the lowest swelling capacity values.
During extrusion, the starch granules are subjected to high temperature and pressure, and
the hydrogen bonds and the crystal structure are broken, resulting in disruption of their
granular structure. The free hydroxyl groups of starch chains when in contact with water
can form hydrogen bonds and swell [35,51]. Similar results have also been described by
Monroy et al. [42], who observed that ultrasound-modified starches lose their crystallinity
and present increased swelling values.
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Figure 5. Effect of temperature on swelling of native starch, the control sample (extruded without
reagent) and starch hydrogels obtained by reactive extrusion through reaction with CA and TA.
Different letters indicate significant difference between means by Tukey’s test (p ≤ 0.05).

4. Conclusions

Reactive extrusion was effectively used for the production of cassava starch hydrogels
through reaction with two crosslinking agents, CA and TA. Evidence for the occurrence
of chemical modification was verified by FTIR spectroscopy with the appearance of a
new band at 1730 cm−1, resulting in materials with different degrees of substitution,
which were higher for hydrogels obtained by crosslinking with CA. XDR showed that the
starch crystalline structure was broken during reactive extrusion, and morphology analysis
showed that the original granular structure of starch was lost and replaced with a rougher
and more irregular structure, which resulted in hydrogels with higher water holding
capacity than native starch and the control sample (extruded without the crosslinking
agents). Hydrogel samples obtained with the highest CA or TA concentrations (15.0 and
20.0%) resulted in the higher DS values and water holding and swelling capacities.

Reactive extrusion was effective in obtaining starch hydrogels by reaction with organic
acids, with the advantages of reduced processing time and low effluent generation when
compared to conventional processes, with great possibilities to be adapted to an industrial
scale, expanding the potential of starch hydrogels for several applications, including the
obtainment of food-grade products.
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17. Uliniuc, A.; Hamaide, T.; Popa, M.; Bǎcǎit, ǎ, S. Modified starch-based hydrogels cross-linked with citric acid and their use as drug

delivery systems for levofloxacin. Soft Mater. 2013, 11, 83–493. [CrossRef]
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