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Abstract
Oxidized starch, an additive used in paper manufacturing and products for construction indu- SCIENTIFIC PAPER
stry, is usually produced using harmful oxidant, such as hypochlorites or periodates. In this
study, a simple and efficient eco-friendly laboratory and industrial procedures for starch
oxidation were developed. The procedure involves application of small amounts of more envi-
ronmentally friendly oxidant, hydrogen peroxide, a novel special metal complex catalyst such
as copper(ll) citrate and copper(ll) ricinoleate and biobased plasticizers. Optimization proce-
dure, with respect to the quantity of hydrogen peroxide and temperature in the presence of
iron(Il) sulphate catalyst, was performed by using the response surface methodology. Compa-
rative analysis of the use of the other catalysts that is copper(ll) sulphate, copper(ll) citrate and
copper(ll) ricinoleate, indicated copper(ll) citrate as the catalyst of choice. Improvement of
starch is achieved using three plasticizers: ricinoleic acid (RA), diisopropyl tartarate, as well as
epoxidized soybean, linseed and sunflower oils. The effects of hydrogen peroxide and catalyst
concentrations, as well as the reaction temperature in the presence of naturally based plasti-
cizers on the physicochemical, thermal and morphological properties of oxidized starch are
presented. According to the results obtained in initial experiments, the optimal industrial pro-
cess is based on the use of copper(ll) citrate (0.1 %) as a catalyst and RA (3 %) as a plasticizer.
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1. INTRODUCTION

Starch is a naturally occurring, biodegradable, biocompatible, non-toxic, renewable, low cost and abundantly available
polysaccharide [1-5]. It is widely distributed in the form of tiny granules that contain linear amylose and branched
amylopectine, which represent approximately 98-99 % of the dry weight [6]. Starch powder also contains small amounts
of proteins, lipids, water, and traces of phosphorus, magnesium, and calcium compounds [7-8]. There are myriad of
hydroxyl groups within the starch structure, two secondary at C-2 and C-3 of each glucose residue, as well as one primary
at carbon C-6 [7]. The presence of numerous surface hydroxyl groups makes it susceptible to substitution reactions, which
enable tuning the material properties for various application fields.

Modification of starch is carried out to overcome shortcomings of native starch and increase its usefulness for industrial
applications [9] especially in respect to the evolution of new processing technologies and market trends [10]. Basically,
there are four widely used approaches for starch modification: chemical, physical, enzymatic and genetic modifications
[9,11-12]. Chemical modification provokes structural alteration and introduction of oxygen containing functional groups,
thus affecting the physicochemical properties of the starch and making it suitable for various industrial uses. Recently,
oxidized starches have been widely used in paper, textile, construction and food industries [13-14].
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Starch oxidation involves oxidation of primary or secondary hydroxyl to carbonyl or carboxyl surface groups [7,15],
whereas the number of these groups indicates the modification efficacy [16]. Oxidized starch exhibits lower viscosity
and tendency for structure deterioration, while better clarity, film forming, and binding properties than the native starch
[17-19]. Oxidized starch is commonly prepared by starch reaction with a specified amount of an oxidant under controlled
temperature and pH [20-21]. Several oxidants have been applied including hydrogen peroxide, oxygen, ozone, bromine,
chromic acid, permanganate, nitrogen dioxide and hypochlorite.

The use of hydrogen peroxide has become widespread due to its low price, high oxidation potential and beneficial
environment-friendly qualities like safety of use and production of non-toxic wastes. Lacks in the use of hydrogen
peroxide are low reactivity towards most organic functional groups and the fact that in the presence of the compounds
with electrophilic character it behaves as a nucleophile, not exhibiting oxidizing properties. This unfavorable property
of hydrogen peroxide can be overcome by using catalysts such as metal ions: Cu(ll), Fe(ll), Fe(lll), Co(ll), Ti(lll), W(VI) or
V(V) [7]. The most promising catalysts for starch oxidation are copper and iron ions, especially when they are combined
[22]. Iron ions promote starch oxidation while copper ions enhance the effect of Fe(ll) ions. Mechanisms of the reaction
between hydrogen peroxide and starch are very complex and depend on the reaction conditions (pH, temperature,
concentration, etc.), type of the oxidant and starch resource [23]. It is shown that the efficacy of starch oxidation,
expressed as a number of carbonyl and carboxyl groups, and depolymerization are favored in alkaline medium [22].
Additionally, the content of carboxyl and carbonyl groups is higher as the temperature of starch oxidation by hydrogen
peroxide, increases [18]. Selection of the appropriate catalyst as well as its concentration have the essential impact on
duration of the oxidation reaction and the quality of the targeted product. It was reported that implementation of 0.5%
of CuSO; is sufficient to reduce the reaction time from 72 h to just 1 h [2].

Besides oxidation, esterification is commonly taken into consideration in order to expand the starch usefulness in
industrial applications and improve its processability [24-25]. Generally, modifiers used for this purpose are high fatty
acids, with superb hydrophobicity and biodegradability, which are commonly mixed with starch in an organic solvent to
obtain the targeted end-product [26]. However, utilization of organic solvents has been recently disapproved due to
economic, environmental and safety drawbacks [27]. Solvent-free procedures, such as solid phase synthesis (SPS) and
mechanical activation, simplify the reaction process [28-29]. The advantage of such technique is environmental safety
since it excludes the use of potentially hazardous organic solvents and generation of wastewater [25]. All of these
aspects make this process attractive for further innovative improvements and scale-up to the industrial level.

To avoid the use of harmful oxidants such as hypochlorites or periodates and adopt the environmental concerns and
regulations it is necessary to develop new technologies having low environmental impact, high performance products
and stability with short periods for the return of investments. Therefore, the aim of this work was to develop a process
for industrial starch oxidation with reduced generation of inorganic by-products by replacing harmful oxidants with an
environmentally friendly oxidant i.e. hydrogen peroxide, and the use of a novel metal complex catalyst. Also the aim
was to achieve high efficiency and improved processability by using biobased plasticizers. Further, the objective was to
evaluate the developed SPS starch oxidization process and determine the effects of different process parameters on
physicochemical, structural, thermal and morphological properties of the obtained oxidized starch. These parameters
include the hydrogen peroxide concentration, temperature (20 and 80 °C), different special catalysts (iron(ll) sulphate,
copper(ll) sulphate, copper(ll) citrate and copper(ll) ricinoleate) and the addition of natural plasticizers/modifiers within
the material structure (ricinoleic acid (R-(Z))-12-hydroxy-9-octadecenoic acid) (RA), diisopropyl tartarate (dipropan-2-yl
2,3-dihydroxybutanedioate) (DIPT) as well as epoxidized soybean, linseed and sunflower oil (ESO, ELO and ESFO,
respectively)) on the extent of oxidation and properties of the obtained products.

2. EXPERIMENTAL

2. 1. Materials and methods

Details on materials, laboratory isolation and characterization of ricinoleic acid, epoxidation of soybean, linseed and
sunflower oil and synthesis of diisopropyl tartarate, copper citrate and copper ricinoleate are given in the Supplemen-
tary material.
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2. 1. 1. Laboratory preparation of oxidized starch by the SPS method

Starch was oxidized by using hydrogen peroxide with or without plasticizers and metal catalysts at different
temperatures. In a typical experiment, wheat starch and synthesized plasticizers (sections 1.2.1-1.2.3 — Supplementary
material), were vigorously grinded/homogenized at room temperature for 15 min. After that, in the obtained mixture a
catalyst (FeSOa-7H20, copper citrate or copper ricinoleate) was added at the quantity shown in Table 1 and grinded
additionally for 10 min in a mortar. When a fine material was obtained, hydrogen peroxide was sprayed over the mixture
at vigorous mixing at room temperature for 30 min, and then at 80 °C for 30 min. Experiments 1-8, 14, 15 and 17 (Table 1)
were performed to investigate the influence of the metal catalyst, hydrogen peroxide amount and reaction temperature
on the degree of the starch oxidation. Experiments 9-13 and 16 (Table 1) were performed to investigate the influence of
the plasticizer type on the efficiency of starch oxidation, i.e. improvement of material processability. Plasticizers were
introduced before catalyst addition in order to achieve effective catalyst distribution into starch material. Moreover, a
range of experiments was performed with copper(ll) sulfate to evaluate the catalytic efficacy with respect to iron(ll)
sulphate and similar results were obtained (data not presented). Table 1 shows the amounts of used reactants and experi-
mental conditions in Exps 1-17. Figure D3 shows mechanisms of starch oxidation by using hydrogen peroxide [21-22].

Table 1. Quantities of reactants and reaction conditions used in experiments at the laboratory level

Starch

Plasticizer H20,, volume, Catalyst T/°C

Sample Plasticizer 3 3 Catalyst
mass, g volume, cm cm mass, g
Exp 1 20 - - 3.6 FeS04-7H20 0.01 20
Exp 2 20 - - 3.6 FeS04-7H20 0.01 80
Exp 3 20 - - 1.9 FeS04-7H20 0.01 20
Exp 4 20 - - 1.9 FeS04-7H20 0.01 80
Exp 5 20 - - 1.5 FeS04-7H20 0.01 20
Exp 6 20 - - 1.5 FeS04-7H20 0.01 80
Exp 7 20 - - 1.2 FeS04-7H>0 0.01 20
Exp 8 20 - - 1.2 FeS04-7H>0 0.01 80
Exp 9 20 RA 0.4 1.2 FeSO4-7H.0 0.01 20
Exp 10 20 DIPT 0.4 1.2 FeSO4-7H.0 0.01 20
Exp 11 20 ESO 0.4 1.2 FeSO4-7H.0 0.01 20
Exp 12 20 ELO 0.4 1.2 FeSO4-7H.0 0.01 20
Exp 13 20 ESFO 0.4 1.2 FeSO4-7H.0 0.01 20
Exp 14 20 - - 1.2 - - 20
Exp 15 20 - - 1.2 Cu citrate 0.01 20
Exp 16 20 RA 0.4 1.2 Cu citrate 0.01 20
Exp 17 20 - - 1.2 Cu ricinoleate 0.35 20

2. 2. Industrial starch oxidation by the SPS method

Oxidized starch at the industrial level was obtained by using hydrogen peroxide and copper(ll) citrate as a catalyst
in a horizontal countercurrent mixer. A schematic overview of the technological process for the starch oxidation is
shown in Figure D4 (Supplementary material). The procedure was as follows: 200 kg of starch (dozer #1 — Fig. D4) and
0.01 kg of the copper(ll) citrate catalyst (position #6 — Fig. D4) were mixed for 15 min at room temperature. The
plasticizer/modifying agent (ESO or RA) (position #9 or #12 — Fig. D4) was added in the mixture under stirring during
15 min. After that, 20 dm3 of 10% H20 solution (dozer #2 — Fig. D4) was continuously sprayed for 30 min at 50 °C. The
pH value of the starch dispersion was set between 7 and 8 by using sodium hydroxide solution (position #13 — Fig.D4).
The dispersion was mixed for 5 h at 50 °C. Regulation of viscosity of the oxidized starch was achieved by addition of 0.4
kg of hydroquinone (dozer #14 — Fig. D4) under stirring during 15 min. Afterwards, the mixture was extruded (position
#15 — Fig. D4) according to the following technological parameters:

e retention time in the extruder of 50 s,

e first zone temperature of 100 °C,
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e second zone temperature of 120 °C and

e third zone temperature of 80 °C.

Thereafter, the mixture was dried (position #16 — Fig. D4) and at the end, the oxidized starch was milled (position
#17 — Fig. D4) and the final product was obtained, which can be used in paper industry. The industrial batches were
produced in the production facility of the HI Zupa, Krusevac (Serbia). Three experimental conditions were applied each
using 200 kg of starch, 20 dm? of the 10 % H:0: solution, 10 g copper(ll) citrate as a catalyst, and 0.4 kg hydroquinone:
Exp 18 without a plasticizer, Exp 19 with 0.4 kg RA as a plasticizer and Exp 20 with 0.4 kg ESO as a plasticizer.

2. 3. Characterization

Details of characterization methods are given in the Supplementary material.

3. RESULTS AND DISCUSSION

3. 1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the synthesized plasticizers RA, ESO and DIPT are shown in Figure D5 (Supplementary material).
Oxidation leads to the replacement of hydroxyl groups with carboxyl and carbonyl groups in the starch molecules, which
could be confirmed by FTIR spectroscopy. The FTIR spectra of native and oxidized starches are shown in Figure 1. The
absorption peak at 3344 cm™ originates from the —OH stretch vibration of the glucose unit. This band becomes broader
after starch oxidation (Table 1, Exps 1, 8, 10 and 16) due to contribution of —OH vibration from carboxylic groups,
indicating successfulness of the starch oxidation process.

Transmittance, %
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Figure 1. FTIR spectra of native starch (S) and oxidized starch samples obtained in the experiments 1, 8, 10 and 16
(Exp1, Exp 8, Exp 10 and Exp 16, respectively; Table 1)

The bands related to asymmetric and symmetric stretching vibration of methylene groups can be observed at 2927
and 2889 cm™. The peak at 1641 cm™is a typical band residing in the spectra of starch and its derivatives, which is
attributed to -OH bending vibration originating from adsorbed water molecules [30-31]. After oxidation the intensity of
this peak decreases. The absorbance at 1019 cm™ reflects the asymmetric deformation vibrations of C-OH and CH:
groups [16,32-33].

A new absorption band appearing in the region from 1748 to 1708 cm™in the spectra of the oxidized starch samples
can be assigned to the C=0 stretching vibration of oxygen containing functionalities [34-36]. In order to determine
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contribution of carbonyl, carboxyl and ester C=0 groups in the overlapped bands in the region 1600-1770 cm™,
deconvolution is performed, and results are presented in Figure 2 and Table D1 (Supplementary material). A broad peak,
in all oxidized starch samples, at ~1726 cm™ corresponds to stretching vibrations of carbonyl (aldehyde) groups. These
peaks, overlapped with intensive stretching vibrations observed at 1708 to 1719 cm™ indicate introduction of a
significant amount of carboxyl groups onto oxidized starch molecules. Moreover, in the presence of DIPT and RA (Exps
10 and 16), peaks at 1744 and 1748 cm™ are observed indicating the DIPT presence or formation of an RA ester,
respectively. Areas of the carbonyl and carboxyl groups peaks (Table D1, Supplementary material) are in accordance
with carboxyl and carbonyl contents determined by titration methods (Table D1, Supplementary material). Overall, the
FTIR spectra indicate that native starch was successfully oxidized by hydrogen peroxide, i.e. hydroxyl groups were
successfully converted to carboxyl and/or carbonyl groups.
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Figure 2. Deconvolution of the CO band (1708-1748 cm™) of Exp 1, Exp 8, Exp 10 and Exp 16

—

3. 2. Contents of carboxyl and carbonyl groups

The carboxyl/carbonyl content express the success of hydroxyl groups oxidation to carboxyl and carbonyl groups per
100 glucose units (COOH/100 GU and CO/100 GU, %). Amounts of carboxyl and carbonyl groups within the structure of
native and oxidized starch samples obtained at the laboratory and industrial levels are shown in Tables D2 and D3,
respectively (Supplementary material). In both cases starch oxidization using hydrogen peroxide was successful as
indicated by the presence of carbonyl and carboxyl groups. A lower content of carboxyl groups is only obtained in the
absence of the catalyst (Exp 14). Results of the starch oxidation optimization by the response surface methodology
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(RSM) [37-38], presented in the Supplementary material (Table D4 and Fig. D6), indicate that the H202 concentration,
reaction temperature and the presence of a plasticizer (i.e. RA/DIPT/ESO/ELO/ESFO) have significant effects on carboxyl
and carbonyl contents. The obtained values of carboxyl and carbonyl groups contents are ranging between 0.018 and
0.258,and 0.126 and 0.468, respectively, which is in the excellent agreement with the results of previous studies [19,22].
The increase in the carboxyl group content is remarkable, up to 1300 % (Exp 2), while enhancement in the carbonyl
group amount is lower but still significant (about 270 % - Exp 14), in comparison to the values determined in native
starch. Such results mostly depended on the H.0: concentration and applied temperature. It is noted that lowering the
H202 concentration leads to the reduction of the carboxyl group content with a slight increase in the amount of carbonyl
groups. This finding is particularly emphasized in Exps 7 and 8, which suggests that the used H.02 concentration is not
sufficient for complete oxidation of surface hydroxyl groups. Decomposition of hydrogen peroxide, i.e. creation of
hydroxyl radicals, which oxidize the hydroxyl group in the glucose unit, significantly depends on the reaction
temperature [19]. Hereupon, the increasing of temperature from 20 °C to 80 °C accelerates oxidation of native starch
for about 50 % [18].

The addition of plasticizers into the oxidized starch formulation has a positive effect on conversion of hydroxyl to
carbonyl/carboxyl groups. Steric hindrance, potentially occurring due to the presence of branched plasticizers, is
overcome by improved processability, which enables a better contact between the oxidizing agent and native starch.
Still, starch hydroxyl groups are more available when the flexible structure of RA is used as a plasticizer (Exp 9), which is
evidenced by the higher amount of carboxyl groups obtained in this case (Table D2 , Exp 9). There were negligible
differences in the oxidation degree between the experiments 11-13 since the structures/conformation of ESO, ELO and
ESFO are quite similar.

A known limitation in the oxidation process is the material processability so that the extent of oxidation is strongly
related to the homogeneity of the starch mixture (exterior versus interior oxidation of a starch grain). We have tried to
solve this problem by application of RA, DIPT, ESO, ELO and ESFO plasticizers (Exps 9-13). Except of DIPT, the other
plasticizers are reactive and provide both plastification and reactivity by creating a grafted moiety on the starch chain,
so incorporating in that way the internal non-migrating plasticizer in the final product. Similar behavior shows DIPT by
establishing hydrogen bonds with the main starch polymeric chain. In addition to the improvement of oxidized starch
properties (Table D2 ), easier processability is achieved by using plasticizers, which provided transmission of the most
of the final product properties to the industrial level.

By taking into consideration customer quality requests two synthesized catalyst have been selected in laboratory
development of the starch oxidation process: copper(ll) citrate and copper(ll) ricinoleate (Exps 15-17). The benefit of
the use of these two catalysts lies in the compatibility of organic ligands with starch functionalities (better accessibility
to the internal starch structure) and plasticizing properties of the non-reacted ricinoleic acid in the copper(ll) ricinoleate
catalyst. The obtained results indicate the possibility for starch oxidation at lower temperatures (20-40 °C), which could
provide processing without heating as a desirable technology as well as improved starch processability. This is an
acceptable option for application at the industrial level.

Among these two catalysts better activity is obtained by using copper(ll) citrate at lower temperatures (20-40 °C), which
is a beneficial processing parameter and provides lower energy consumption. In addition to this finding, the possibility to
achieve the necessary extent of starch oxidation (in accordance to the market demand) designated copper(ll) citrate in the
combination with the RA plasticizer as an optimal choice to be used at the industrial production level.

3. 3. Swelling capacity (SC), water solubility (WS) and viscosity (1)

Tables D5 and D6 (Supplementary material) show that the SC and WS values of oxidized/modified starch are
significantly increased (ranged from 15.4 % (Exp 14) to 25.2 % (Exp 2) and from 25.6 % (Exp 14) to 42.8 % (Exp 2),
respectively) in comparison to SC and WS values of native starch (11.8 and 19.2 %, respectively). These results are
expected for starch which is only oxidized, since hydrogen peroxide disrupts the crystalline structure (due to the
breakage of hydrogen bonds in amylose domain) aiding permeation and increasing the active surface available for water
penetration into the starch granulates [39]. Conversely, introduction of hydrophobic segments within the starch
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structure, by esterification with fatty acids/epoxidized oil, should reduce swelling of such modified starch samples. Quite
opposite phenomena occur due to appearance of repulsion forces between starch molecules, which increase the free
volume available for water penetration into the amorphous region, reflected in a higher SC value. Likewise, the WS of
modified samples probably increases due to the structural reorganization, which causes weakening of the starch grains
and favors amylose leaching [40]. Contrary to SC and WS values, Tables D5 and D6 show that the starch viscosity is
remarkably decreased, in comparison to native starch (~ 1.06 Pa-s), which is primarily due to the reduced content of
hydroxyl groups in the oxidized/modified starch structure. In addition, there are additional factors which cause a
decrease in the starch viscosity: mechanical treatment, oxidation and modification. Mechanical treatment causes
breakage of inter- and intramolecular hydrogen bonds and deterioration of crystalline amylose domains within the
starch grain structure [25]. Further on, during the starch treatment by hydrogen peroxide, along with the oxidation of
hydroxyl groups to carboxyl and carbonyl groups, carbohydrate chains cleavage also occurs, which could induce a
decrease in viscosity of oxidized starch [2]. Introduction of long alkyl chains, by modification, may cause steric hindrance
inducing weakening of hydrogen bonds between starch molecules and thus decreasing the viscosity [25]. Lower viscosity
leads to better flowability and processability, which can significantly broaden potential uses of the obtained materials.

Viscosity of oxidized starch obtained at the industrial level is in the range of values requested by the customer (<100
mPa-s) (determined by the B Method, Supplementary material), while after one week of storage, a high viscosity build
up is observed. This phenomenon may be the effect of additional starch oxidation/cross-linking processes due to the
presence of non-terminated reactive oxidative species. The problem is solved by the addition of 0.2% hydroquinone at
the end of the oxidation process. The viscosity values of oxidized starch (determined by the B Method, Supplementary
material) are lower than 50 mPa:s (Table D6 , Supplementary material), which is a requirement for the application in
the paper industry. A similar approach is applied to the procedures according to Exps 1-13 but a significantly higher
amount of hidroquinone is necessary, which resulted in brownish coloration of the final product. This drawback
eliminates these operating conditions from further consideration for industrial production.

3. 4. Thermogravimetric analysis

Thermogravimetric (TG) analysis has been the conventional and most popular technique used to study thermal
stability of starches [41-44]. Thermal properties of native and selected oxidized starches are shown in Figure 3 and Table
D7 (Supplementary material). Selection of the samples for thermal analysis is made with the aim to examine the
influence of different treatment parameters on the thermal stability: H202 concentration (Exp 1), temperature (Exp 6)
and the type of modifier/plasticizer (Exps 10 and 16). Generally, there is a similar, two-step degradation pattern
observed for all analyzed samples (Fig. 3a). Modified starches exhibit somewhat higher thermal stability within the
applied temperature range in comparison to the native starch. In the first step, between 25 and 250 °C, the mass loss
originates from residue moisture and traces of low-boiling reactants [45]. The second mass loss interval, in the
temperature range between 250 and 340 °C, is mainly attributed to starch decomposition processes [46], which
intensively occur. The temperature at which 5 % mass loss is occurred (Ts) of the native starch and the oxidized starch
obtained in the experiment 1 (Exp 1) are lower as compared to those of the other analyzed samples. These phenomena
are related to the dehydration process within native starch as well as to depolymerization of polymer chains by
oxidation, which causes a decrease in the molecular weight with the increase in the oxidation degree (Table D2 -Exp 1,
Supplementary material) [2]. Additionally, the increased carbonyl content, established by the partial oxidation of
hydroxyl groups, weakened hydrogen bonds, resulting in the lower energy demand for degradation of the starch
structure obtained in the Exp 1. Conversely, there are negligible differences in the values of the temperature at which
50 % mass loss is occurred (Tso), which suggests that the degradation pattern mainly manifests thermal properties of
the basic starch structure [47]. The obtained results indicate that the investigated starches can be thermally processed,
since the processing temperature is significantly lower than 248 °C.

The somewhat greater thermal stability of oxidized and modified starches is potentially related to the lower amount
of remaining hydroxyl groups, i.e. the increased content of carboxyl and carbonyl groups [28]. Moreover, the presence
of longer carbon chains within the modified starch structure increases its thermal stability (Table D7, Exp 16,
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Supplementary material) [24]. DTG curves (Fig. 3b) exhibit similar trends with one peak determined for all materials,
which reflects decomposition of the starch structure with the maximum at 314 °C for Exp 1 and about 305-307 °C for

the other samples.

DSC profiles of both, native and oxidized/modified starches, display one value at about 310 °C (Fig. 3c), which

represents the endothermic peak of thermal starch degradation [24].
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3. 5. Scanning electron microscopy (SEM)

Surface morphology micrographs of native and oxidized/modified starches determined by SEM are shown in Figu-
re 4. Native starch appears as large-sized, irregularly shaped granules, somewhat aggregated with smaller ones (Fig. 4a).

The SEM analysis shows that there is no obvious change in granule size, indicating that oxidation mainly causes the
changes on the surface of starch particles [48]. However, mechanical activation somewhat caused structural
deterioration of starch particles whereby agglomeration occurs to some extent [25], while the influence of oxidation is
not clearly seen (Figs 4b-e). Such phenomenon is potentially related to application of the dry method, conducted under
anhydrous conditions, which does not cause starch gelatinization. Introduction of RA segments leads to obtaining
smooth surfaces of starch granules (Fig. 4e) due to their coverage by coiled hydrocarbon chains additionally anchored
by covalent bonding. This implies that mechanical treatment deteriorates the stable amylose crystalline domain,
providing an easy access to the oxidizer, which enhances the reactivity of starch and thus the esterification with RA [25].
Presence of DIPT within the starch structure shows a similar effect as RA, but less pronounced (Fig. 4d). DIPT possesses
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smaller hydrocarbon segments, which are not capable of successful coating of the starch granules and providing such
smoothness and gloss as those treated with RA.

10 ym

- 7 S S p ‘)
Figure 4. FEG-SEM micrographs of a) native starch, and oxidized starch samples obtained in experiments: b) 1, c) 6, d) 10 and e) 16
(Exp 1, Exp 6, Exp 10 and Exp 16, respectively) (scale bar: 10 um)

4. CONCLUSION

Development of starch oxidation technology at laboratory and industrial levels was successfully performed based
on an environmentally friendly method using hydrogen peroxide. The main intention of the optimization procedure and
technology development was establishment of processes, which resulted in maximal oxidation of hydroxyl to carboxyl
groups. The obtained values of carbonyl (0.126-0.368 % / 100 GU) and carboxyl (0.060-0.258 % / 100 GU) group
contents showed that the increase in these values led to increases in swelling capacity and solubility while viscosity
decreased as compared to the values obtained for native starch. Also, starch oxidation results in a small increase in
thermal stability as compared to the native starch. The analysis of FTIR spectra, especially the region of
carbonyl/carboxyl groups revealed large influences of process parameters on the oxidation degree and band structures.
Results of deconvolution and quantification of the peaks in the range 1708-1748 cm™ were in good agreement with the
results obtained by volumetric titrations. Morphology of native and oxidized starches, as revealed by SEM analysis,
showed that after oxidation the starch particle surfaces become smoother than those of the native starch with
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aggregation of small and large-sized granules. Obtained results showed that hydrogen peroxide as an environmentally
friendly oxidant, combined with biobased plasticizers and novel metal complex catalyst can be successfully used for
starch oxidation achieving high oxidation efficiency and improved processability with reduced generation of inorganic
by-products.

Acknowledgements: This work was supported by the Ministry of Education, Science and Technological Development
of the Republic of Serbia [grant numbers Ol 172057 and TR 34033]. This work was presented at the Competition for the
Best Technological Innovation in Serbia in 2018 and it won second place.

REFERENCES

[1] Neelam K, Vijay S, Lalit S. Various Tecnhiques for the Modification of Starch and the Application of Its Derivatives. IRJP. 2012; 3:
25-31.

[2] Zhang YR, Wang XL, Zhao GM, Wang YZ. Preparation and properties of oxidized starch with high degree of oxidation. Carbohydr.
Polym. 2012; 87: 2554-2562.

[3] Koohatammakun N, Saengsuwan S. One pot synthesis, Characterization, Biodegradation and Effect of the Crosslinking Agent of
Semi-Interpenetrating Polymer Network Hydrogel Based on PVA/Corn Starch and Acrylic Acid. GCEAS-466 1237-1248.

[4] Dufresne A, Castafio J. Polysaccharide nanomaterial reinforced starch nanocomposites: A review. Starch/Stdrke. 2016; 68:1-19.

[S] GuF, Li B, Xia H, Adhikari B, Gao Q. Preparation of starch nanospheres through hydrophobic modification followed by initial
water dialysis. Carbohydr. Polym. 2015; 115: 605-612.

[6] Tester RF, Karkalas J, Qi X. Starch - Composition, fine structure and architecture. J. Cereal Sci. 2004; 39: 151-165.

[7] Lewicka K, Siemion P, Kurcok P. Chemical modifications of starch: Microwave effect. Int. J. Polym. Sci. 2015; 2015: 1-10.

[8] Ribsam H, Krottenthaler M, Gastl M, Becker T. An overview of separation methods in starch analysis:The importance of size
exclusion chromatography and field flow fractionation. Starch/Stérke. 2012; 64: 683—695.

[9] Bemiller JN, Lafayette W. Starch Modification: Challenges and Prospects. Starch/Stdrke. 1997; 49: 127-131.

[10] Wurzburg OB. Nutritional Aspects and Safety of Modified Food Starches. Nutrition Review. 1986; 44: 74—79.

[11] Tharanathan RN. Starch — Value Addition by Modification Starch. Crit. Rev. Food Sci. Nutr. 2007; 8398: 371-384.

[12] Jobling S. Improving starch for food and industrial applications. Curr. Opin.Plant Biol. 2004; 7: 210-218.

[13] Lawal OS, Adebowale KO, Ogunsanwo BM, Barba LL, llo NS. Oxidized and acid thinned starch derivatives of hybrid maize:
functional characteristics, wide-angle X-ray diffractometry and thermal properties. Int. J. Biol. Macromol. 2005; 35: 71-79.

[14] Matsuguma LS, Lacerda LG, Schnitzler E, da Silva Carvalho Filho MA, Landi Franco CM, Demiate IM. Characterization of Native
and Oxidized Starches of Two Varieties of Peruvian Carrot (Arracacia xanthorrhiza, B.) From Two Production Areas of Parana
State, Brazil. Braz. Arch. Biol. Technol. 2009; 52: 701-713.

[15] Kuakpetoon D, Y. Wang Y. Characterization of Different Starches Oxidized by Research Paper. Starch/Stérke. 2001; 53: 211-218.

[16] Hung DP, Van Phuc M, Hiep NA, Van Thanh T, Vuong NT, Nam TT, Xuan DD. Oxidized maize starch: Characterization and Its
Effect on the Biodegradable Films Part Il. Infrared Spectroscopy and Solubility. VJTS. 2017; 55: 395-402.

[17] ChenY, Kaur L, Singh J. Chemical Modification of Starch. Elsevier Ltd; 2018.

[18] El-sheikh MA, Ramadan MA, El-shafie A. Photo-oxidation of rice starch. Part |: Using hydrogen peroxide. Carbohydr. Polym.
2010; 80: 266—-269.

[19] Wang YJ, Wang L. Physicochemical properties of common and waxy corn starches oxidized by different levels of sodium
hypochlorite. Carbohydr. Polym. 2003; 52: 207-217.

[20] Alcdazar-alay SC, Meireles MAA. Physicochemical properties, modifications and applications of starches from different botanical
sources. Food Sci. Technol, Campinas. 2015; 35: 215-236.

[21] Parovuori P, Hamunen A. Oxidation of Potato Starch by Hydrogen Peroxide. Starch/Staerke. 1995; 47: 19-23.

[22] Tolvanen P, Maki-Arvela P, Sorokin AB, Salmi T, Murzin DY. Kinetics of starch oxidation using hydrogen peroxide as an
environmentally friendly oxidant and an iron complex as a catalyst. Chemical Engineering Journal. 2009; 154: 52-59.

[23] WangL, Wang W, Wang Y, Xiong G. Effects of fatty acid chain length on properties of potato starch—fatty acid complexes under
partially gelatinization. Int. J. Food Prop. 2018; 21: 2121-2134.

[24] ZhangY, Gan T, Hu H, Huang Z, Huang A, Zhu Y, Feng Z, Yang M. A green technology for the preparation of high fatty acid starch
esters: Solid-phase synthesis of starch laurate assisted by mechanical activation with stirring ball mill as reactor. Ind. Eng. Chem.
Res. 2014; 53:2114-2120.

[25] Junistia L, Sugih AK, Manurung R, Picchioni F, Janssen L P B M, Heeres HJ. Synthesis of higher fatty acid starch esters using vinyl
laurate and stearate as reactants. Starch - Stdrke. 2008; 60: 667-675.

[26] Namazi H, Fathi F, Dadkhah A. Hydrophobically modified starch using long-chain fatty acids for preparation of nanosized starch
particles. Sci. Iran. 2011; 18: 439-445.

[27] Aburto J, Hamaili H, Mouysset-Baziard G, Senocq F, Alric |, Borredon E. Free-solvent Synthesis and Properties of Higher Fatty
Esters of Starch — Part 2. Starch - Stérke. 1999; 51: 302-307.

() OO

34

Y NG ND



N. KARIC et al.: HYDROGEN PEROXIDE OXIDIZED STARCH Hem. Ind. 74 (1) 25-36 (2020)

[28]
[29]
(30]
(31]
(32]
(33]
(34]
(35]

(36]
(37]

(38]

(39]

[40]
(41]

(42]
(43]
[44]

[45]
[46]

[47]

(48]

Aburto J, Alric I, Borredon E. Preparation of Long-chain Esters of Starch Using Fatty Acid Chlorides in the Absence of an Organic
Solvent. Starch - Stdrke. 1999; 51: 132—-135.

Kaur M, Oberoi DPS, Sogi DS, Gill BS. Physicochemical, morphological and pasting properties of acid treated starches from
different botanical sources. J. Food Sci. Technol. 2011; 48: 460-465.

Luo F, Huang Q, Fu X, Zhang L, Yu S. Preparation and characterisation of crosslinked waxy potato starch. Food Chem. 2009; 115:
563-568.

Emeje M, Kalita R, Isimi C, Buragohain A, Kunle O, Ofoefule S. Synthesis, Physicochemical Characterization and Functional
Properties of an Esterified Starch from an Underutilized Source in Nigeria. Afr. J. Food Agric. Nutr. Dev. 2012; 12: 7001-7018.
Garrido LH, Schnitzler E. Zortéa MEB, de Souza Rocha R, Demiate IM. Physicochemical properties of cassava starch oxidized by
sodium hypochlorite. J. Food Sci. Technol. 2012; 51:2640-2647.

Liu J, Wang B, Lin L, Zhang J, Liu W, Xie J, Ding Y. Functional, physicochemical properties and structure of cross-linked oxidized
maize starch. Food Hydrocoll. 2014; 36: 45-52.

Kweon D, Choi J, Kim E, Lim S. Adsorption of divalent metal ions by succinylated and oxidized corn starches. Carbohydr. Polym.
2001, 46:171-177.

Hui R, Qi-he C, Ming-liang F, Qiong X, Guo-ging H. Preparation and properties of octenyl succinic anhydride modified potato
starch. Food Chem. 2009; 114: 81-86.

A. Para. Complexation of metal ions with dioxime of dialdehyde starch. Carbohydr. Polym. 2004; 57: 277-283.

Witek-Krowiak A, Chojnacka K, Podstawczyk D, Dawiec A, Pokomeda K. Application of response surface methodology and
artificial neural network methods in modelling and optimization of biosorption process. Bioresour. Technol. 2014; 160: 1 -11.
Jafari SA, Cheraghi S, Mirbakhsh M, Mirza R, Maryamabadi A. Employing Response Surface Methodology for Optimization of
Mercury Bioremediation by Vibrio parahaemolyticus PG02 in Coastal Sediments of Bushehr, Iran. Soil Air Water. 2015; 43: 118—
126.

Kaur M, Oberoi DPS, Sogi DS, Gill BS. Physicochemical, morphological and pasting properties of acid treated starches from
different botanical sources. J. Food Sci. Technol. 2011; 48: 460-465.

Ayucitra A. Preparation and Characterisation of Acetylated Corn Starches. Int. J. Chem. Eng. Appl. 2012; 3: 156-159.

Soliman AAA, EI-Shinnawy NA, Mobarak F. Thermal behaviour of starch and oxidized starch. Thermochimica Acta. 1997; 296:
149-153.

Lluch AV, Felipe AM, Greus AR, Cadenato A, Ramis X, Salla MJ. Thermal Analysis Characterization of the Degradation of
Biodegradable Starch Blends in Soil. J. Appl. Polym. Sci. 2005; 96: 358—-371.

Soares RMD, Lima AMF, Oliveira RVB, Pires ATN, Soldi V. Thermal degradation of biodegradable edible films based on xanthan
and starches from different sources. Polym. Degrad. Stabil. 2005; 90: 449-454.

N. Koga. Kinetic analysis of thermoanalytical data by extrapolating to infinite temperature. Thermochimica Acta. 1995; 258:145—
159.

Liu H, Xie F, Yu L, Chen L, Li L. Thermal processing of starch-based polymers. Prog. Polym. Sci. 2009; 34: 1348-1368.

Fang J, Fowler P, Tomkinson J, Hill CAS. The preparation and characterisation of a series of chemically modified potato starches.
Carbohydr. Polym. 2002; 47: 245-252.

Kovacevié T, Rusmirovié¢ JD, Tomi¢ N, Marinovié-Cincovié M, Kamberovi¢ Z, Tomié M, Marinkovi¢ A. New composites based on
waste PET and non-metallic fraction from waste printed circuit boards: Mechanical and thermal properties. Compos. Part B Eng.
2017;127:1-14.

ZuoY, GuJ, Yang L, Qiao Z, Tan H, Zhang Y. Synthesis and characterization of maleic anhydride esterified corn starch by the dry
method. Int. J. Biol. Macromol. 2013; 62: 241-247.

35



Hem. Ind. 74 (1) 25-36 (2020) N. KARIC et al.: HYDROGEN PEROXIDE OXIDIZED STARCH

SAZETAK

Priprema i svojstva oksidovanog skroba dobijenog pomocu vodonik-peroksida za industrijsku primenu
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(Naucni rad)

Oksidovani skrob, aditiv koji se koristi u proizvodnji papira i proizvoda za gradevinsku Klju¢ne reci: oksidacija skroba,
industriju, obi¢no se proizvodi koris¢enjem Stetnih oksidanata kao $to su hipohloriti ekoloski prihvatljiv process, karbok-
ili perjodati. U ovom radu, razvijen je jednostavan i efikasan ekoloski prihvatljiv silene i karbonilne grupe, struktura,
laboratorijski i industrijski proces za dobijenje oksidovanog skroba. Postupak Y .
s . : . . . S o tehnoloska svojstva
ukljuuje primenu malih koli¢ina eko-oksidanta, vodonik-peroksida, inovativnih
katalizatora na bazi metalnih kompleksa kao Sto su: bakar(ll)-citrat i bakar(ll)-
ricinoleat, kao i prirodnih plastifikatora. Optimizacija postupka posmatrana u odnosu
na koli¢inu vodonik-peroksida i temperaturu u prisustvu katalizatora gvozde(ll)
sulfata, izvedena je metodom odgovora povrSine (eng. response surface
methodology, RSM). Koriséeni su i drugi katalizatori, bakar(ll)-sulfat, bakar(ll)-citrat i
bakar(ll)-ricinoleati uporednom analizom utvrdeno je da je bakar(ll)-citrat optimalan
katalizator. PoboljSana obrada skroba postignuta je koris¢enjem tri plastifikatora:
ricinolne kiseline(RK), diizopropil-tartarata, kao i epoksidovanog sojinog, lanenog i
suncokretovog ulja. Prikazani su efekti koncentracije vodonik-peroksida, katalizatora
i reakcione temperature u prisustvu plastifikatora na prirodnoj bazi na fizicko-
hemijska, termicka i morfoloska svojstva oksidovanih skrobova. Prema rezultatima
dobijenim u eksperimentima, dalja implementacija optimalnog industrijskog
postupka bazirana je na koris¢enju katalizatora bakra(ll)-citrata (0,1 %) i RK (3 %) kao
plastifikatora.
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