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A B S T R A C T   

Wheat starch was oxidized through a Fenton reaction by hydrogen peroxide and Iron II sulfate as a catalyst at 
various concentrations and reaction duration. The formation of carbonyl and carboxyl groups confirmed the 
starch oxidation as determined with Fourier-transform infrared (FTIR) spectroscopy. The degree of oxidation was 
estimated by carbonyl and carboxyl titration. The various oxidized wheat starches presented considerable var-
iations in their oxidation level as a function of the catalyst concentration and oxidative process duration. The 
effect of the Fenton reaction parameters on the starch macromolecular chains and microstructure was evaluated 
by X-ray diffraction and amylose content estimation. Significant depolymerization of the starch macromolecules 
was observed, mainly in the starch amorphous phase, followed by a degradation of the crystalline phase at a 
higher oxidation level. SEM observations revealed changes in starch structure, which ranged from minor 
degradation of the starch granules to a more crosslinked morphology.   

1. Introduction 

The interest in using bio-based resources to produce materials and 
replace petroleum-derived products has grown in the last few decades. 
Developing environmentally friendly and cost-effective processes is 
centred on this approach and requires constant improvement. Different 
natural polymers, such as lignin, proteins, tannins, and polysaccharides, 
are widely used today for material development. Starch, one of the most 
abundant polysaccharides on earth, is the main component of cereals, 
roots, and tubers. It naturally exists in a granule shape in the plant and 
comprises of two structurally distinct α-d-glucan components, linear 
amylose and branched amylopectin [1,2]. Starch is commonly used in 
various applications, including paper, textile, and food industries [3–6], 
or form a biopolymer basis for the production of hydrogels [7] and 
adhesive formulations [8–10]. 

Today, starch is of great interest to the wood industry as an adhesive 
component [8–10] due to its high availability, medium to low cost, and 
potential to easily tailor its properties [3,8–13]. However, applying 
starch in its native form in wood adhesives presents several limitations, 
which are related to its hydrophilic structure, high viscosity, and low 
reactivity. Starch properties are traditionally altered through various 
modification techniques, such as chemical, mechanical, thermal, and 

enzymatic modification. Chemical modification of starch is a 
well-established approach that aims to substitute at least one of the 
hydroxyl groups in the glucose units of starch via cross-linking, acid 
hydrolysis, oxidation, etherification, esterification, and ionic reactions, 
or grafting with other polymers [12–14]. The chemically modified 
starch can be used solely or with other polymers [8,13]. A common 
chemical modification method of starch is oxidation, which occurs by 
reacting starch with an oxidizing agent under controlled reaction con-
ditions, e.g. temperature and/or pH. The oxidation reaction of starch is 
generally carried out by initial carbonylation or carboxylation of C2, C3 
and C6 atoms in the glucose units and then cleavage of α-(1 → 
4)-glucosidic linkages [15]. The content of carbonyl and carboxyl 
groups in oxidized starch is used to determine the degree of starch 
oxidation. Besides the origin and amylose and amylopectin ratio of 
starch, the final properties of oxidized starch highly depend on the 
oxidizing agent and the reaction conditions. 

The most frequently used starch oxidizing agents in the industry are 
sodium hypochlorite, sodium periodate and hydrogen peroxide [15–18]. 
Sodium hypochlorite has been one of the oldest and most popular 
commercially used oxidants due to its chemical efficiency [19]. How-
ever, it is of limited use because of its high price and environmental 
pollution issues since the oxidation reaction produces a toxic chlorinated 
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by-product [15–18]. Starch oxidation by sodium periodate is carried out 
by cleavage of C2 and C3 bonds in the glucose units, which forms a 
highly reactive dialdehyde starch. Similarly, major drawbacks have to 
do with the high cost of sodium periodate and the production of toxic 
by-products. At the same time, another disadvantage is the significant 
impact on starch morphology, i.e. it causes degradation of starch gran-
ules [16–18]. 

Unlike other oxidizing agents, hydrogen peroxide is of low cost and 
creates no harmful by-products as it decomposes into hydrogen ions, 
radicals and water. Therefore, starch oxidation by hydrogen peroxide is 
one of the most preferable methods [20,21]. However, due to the low 
reactivity of hydrogen peroxide leading to long reaction times, the 
oxidation process requires the presence of a catalyst, mostly a metal 
catalyst, while the presence of UV light or high frequency has also been 
studied [22,23]. High temperature or high pH are additional re-
quirements. The reaction of hydrogen peroxide in presence of a metal 
catalyst is called Fenton reaction. The metal catalyst, such as Iron (II), is 
oxidized by hydrogen peroxide, forming a hydroxyl radical and a hy-
droxide ion in the process. Iron (III) is then reduced back to Iron (II), 
forming a hydroperoxyl radical and a proton. As such, the reaction 
creates two different oxygen-radical species, which can be used to 
oxidize organic maters. 

Starch oxidation by hydrogen peroxide in the presence of an iron 
catalyst, provides a homogeneous reaction ambient involving catalytic 
production of the hydroxyl radicals by reduction of hydrogen peroxide 
by ferrous iron [24]. The reaction also includes rate-limiting reduction 
equilibrium of ferrous cation to ferric iron. Like the sodium hypochlorite 
method, the oxidized starch obtained through the Fenton reaction also 
contains aldehyde and carboxyl groups. The degree of oxidation and the 
properties of modified starch are mainly controlled by adjusting the 
reaction conditions, e.g. temperature, pH, and reagent and catalyst 
concentrations [4,15,25,26]. 

As explained previously, oxidation comes with a cleavage of α-(1 → 
4)-glucosidic linkages, which decreases the macromolecular length and 
starch viscosity and degradation of starch granules. When the reaction is 
extend enough, it can lead to the degradation of the starch macromol-
ecule into smaller molecules, such as alcohols, aldehydes, ketones or 
carboxylic acids, or in carbon dioxide and water. All these changes in the 
physicochemical properties and morphology of starch affect its func-
tional and binding qualities, which are particularly relevant for use as a 
wood adhesive component. The impact of macromolecular degradation 
on a polymer’s mechanical performance is well known in the polymer 
field, where a macromolecule cleavage reaction can imply a complete 
switch of mechanical behaviour from ductile to brittle [27,28]. 
Accordingly, optimum starch oxidation would ensure the highest 
possible oxidation degree and minimal granules’ degradation. A higher 
rate of carbonyl and carboxyl groups in oxidized starch should impart 
higher reactivity for participation in useful reactions for wood adhe-
sives, such as cross-linking [29]. However, information on the 
structure-property relationships of oxidized starch is quite limited [30]. 
This study aimed to elucidate the effect of Fenton reaction conditions, 
precisely process duration and catalyst level, on the physical, chemical 
and thermal properties of oxidized starch, and morphology (shape, 
surface features) of starch granules. 

2. Materials and methods 

2.1. Materials 

Native wheat starch was kindly provided by Lantmännen (>95 %, 
Stockholm, Sweden). The metal catalyst used for the Fenton reaction 
was Iron II sulfate (ACS reagent, ≥99.0 %, Sigma-Aldrich). The oxidizing 
agent, hydrogen peroxide (H2O2), was used as a 30 wt % solution 
(Sigma-Aldrich). Ethanol (≥99.5 %) was supplied by VWR (Stockholm, 
Sweden), while phenolphthalein indicator (0.5 wt %), sodium hydroxide 
(NaOH, ≥98 %), acetone (≥99 %), and hydrochloric acid were 

purchased from Sigma-Aldrich (Stockholm, Sweden). 

2.2. Starch oxidation 

5 g of vacuum oven-dried native wheat starch (40 ◦C overnight) was 
dispersed in a 250 ml three-neck round bottom flask containing 100 ml 
of distilled water at 35 ◦C for 10 min using magnetic stirring. Iron II 
sulfate (pre-dissolved in 10 ml water) was added to the starch dispersion 
at concentrations of 0.1, 0.2, 0.3, 0.4, 0.5 and 1 % wt/wtdried starch). After 
stirring for 10 min, the Fenton reaction was initiated by adding H2O2 to 
the mixture at an H2O2:glucose group molar ratio of 2:1. The solution pH 
was not controlled. The stirring was maintained at 35 ◦C for a growing 
duration from 1 to 8 h or until a significant sample mass loss was 
observed. The oxidation of starch was halted by adding 10 ml of acetone 
to the solution. The oxidized wheat starch (OWS) samples were then 
purified by three times washing with distilled water by replacing the 
supernatant with fresh water after each centrifugation. Subsequently, 
the OWSs were washed, centrifuged with ethanol and dried in a vacuum 
oven at 40 ◦C and 0.3 bar for 24 h. Finally, the final product weight was 
determined. 

2.3. Fourier-transform infrared (FITR) spectroscopy 

The FTIR spectroscopy analysis was performed using an Alpha FTIR 
spectrometer-Bruker with a versatile high throughput ZnSe ATR crystal 
(Karlsruhe, Germany), in a wavelength region from 4000 to 550 cm− 1, 
accumulating 32 scans with a resolution of 4 cm− 1. 

2.4. Carbonyl and carboxyl titration 

The carbonyl content was evaluated using the titration method. 0.2 g 
of starch was gelatinized in water before being cooled down to 40 ◦C. 
The pH was adjusted to 3.2 with 0.1 M HCl solution before adding 15 mL 
of hydroxylamine reagent. The solution was stirred for 4 h at 40 ◦C. The 
excess hydroxylamine was rapidly titrated at pH 3.2 by 0.1 M HCl so-
lution. A blank test was also performed. The hydroxylamine reagent was 
prepared by dissolving 25 g of hydroxylamine hydrochloride in 100 mL 
of 0.5 M NaOH solution. The solution’s final volume was then adjusted 
to 500 mL with distilled water. The carbonyl content was estimated as: 

Carbonyl content=
(
Vblank − Vsample

)
∗ CHCl ∗ 0, 028

m
∗ 100  

With Vblank and Vsample the HCl volume used for the blank test and the 
sample titration respectively, CHCl the acid solution molarity, and m the 
sample mass. 

The carboxyl content was also measured by titration. 0.2 g of starch 
was gelatinized in water until complete dissolution with a few drops of 
phenolphthalein indicator. The solution was titrated with NaOH solu-
tion at 0.1 M until colouration. A blank test was also performed. The 
carboxyl content was estimated has: 

Carboxyl content =
(
Vsample − Vblank

)
∗ CNaOH

m/M
∗ 100  

With Vblank and Vsample the NaOH volume used for the blank test and the 
sample titration respectively, CNaOH the acid solution molarity, m the 
sample mass, and M the molar mass of the starch glucosides groups. 

2.5. Amylose content 

The amylose content of the starch samples, before and after oxida-
tion, was determined by the iodine colorimetric method with an ultra-
violet–visible spectrophotometer (Lambda 35 UV/VIS spectrometer, 
PerkinElmer, city, country) [31,32]. The starch amylose content was 
evaluated by the absorbance peak at 620 nm and compared with the 
standard curve. 
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2.6. X-ray diffraction (XRD) 

The crystalline structure of OWSs was determined using an X-ray 
diffractometer (PANalytical Empyrean, Almelo, Netherlands) equipped 
with a Cu LFF HR X-ray tube, programmable anti-scatter slit, and a 
PIXcel3D detector. The Cu Kα radiation and a detector operating at 45 
kV and 40 mA were used. The scanning degrees, i.e. 2θ range, was 5–60◦

with a scanning speed of 1◦/min. The relative crystallinity of starch was 
calculated as the ratio of the area of the different crystalline diffraction 
peaks to the total area of the crystalline and amorphous region: 

Xx =
Crystalline peak area

Total Area
× 100 

The positions and half-width in radians of the diffraction peaks can 
also be used to observed variation of the various crystalline dimension 
following the Fenton reaction. 

2.7. Scanning electron microscopy (SEM) 

The morphology of OWS granules was visualized using an Environ-
mental Scanning Electron Microscope (PhilipsXL-30 ESEM, HITACHI, 

Japan) at 10 KV, with a spot size of 4.3 using the secondary electrons 
detector for a magnification of 200 and 1000. Before observation, the 
samples were coated with gold using a sputter coater (Emitech k550X, 
Quorum Emitech, England). 

2.8. Thermogravimetric analysis 

Thermogravimetric analyses (TGA) of OWS samples were performed 
using a Mettler-Toledo TGA2 (Mettler Toledo, Switzerland), under ni-
trogen with a flow rate of 40 mL min− 1, with alumina pans. The samples 
were heated from 30 to 600 ◦C at a heating rate of 10 ◦C min− 1. 

2.9. Water absorption capacity 

0.1 g of each dry OWS was placed in a centrifuge tube containing 5 
ml of distilled water, agitated to obtain the complete dispersion of starch 
in the water, and then centrifuged at 5000 rpm for 5 min. After removing 
the excess water, the tubes were weighed and the gain in weight was 
used to calculate percent gain as the water absorption capacity (WAC). 

3. Results and discussion 

3.1. Effect of reaction conditions on sample final weight 

As mentioned before, the oxidation reaction also comes with a 
cleavage of α-1,4 glucosidic linkages that decreases the starch macro-
molecular length and causes degradation the starch granules. When the 
degradation is extend enough, starch macromolecules can be cut into 
small chains segment of a few glucose groups soluble in water, or into 
smaller molecules. In some of the stronger conditions, the end products 
can be carbon dioxide and water. Those small molecules can be lost 
during the cleaning step at the end of the oxidation process, which 
implied a notable mass reduction [4,14,15,25,26,33–35]. Fig. 1 presents 
the two possible pathways, the oxidation of the OWS macromolecules 
and their degradation. 

Since the targeted application of OWS is wood adhesives, a high level 
of degradation and material loss must be avoided. As such, for each 
catalyst concentration, the reaction was performed in growing duration 
(with at least 1, 2 and 4 h duration) until a significant mass loss was 
observed or the maximum duration of 8 h was reached. To observe any 
mass decline following the Fenton reaction, the mass of each OWS was 
measured following the washing and drying process and compared to 

Fig. 1. Fenton oxidation mechanism: main oxidation features in oxidized 
starch (A), and characteristic oxidative degradation products (B). Red arrows 
show potential oxidation sites in starch whereas purple arrows show glyosidic 
bond cleavage sites. 

Fig. 2. Mass retention (%) after washing and drying of OWSs at different 
catalyst concentrations and oxidation duration. 
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the initial sample mass (5 g). The OWS mass retention is presented in 
Fig. 2, with any fall indicating a material loss due to oxidation. All OWSs 
had a minimal mass loss of 5–10 % after 1 h of treatment. The OWS 
prepared at the lowest catalyst concentration of 0.1 wt % presented a 
maximum mass loss of 10 % after 4 h of oxidation; no change was 
observed when the duration reached 6 and 8 h. However, the OWSs 
prepared with higher catalyst concentration presented a more signifi-
cant mass loss following the oxidation duration; after 6 h for the OWSs 
prepared at 0.2 and 0.3 wt %, after 4 h for the OWSs prepared at 0.4 and 
0.5 wt %, and after 2 h for the OWS prepared at 1 wt %. 

The OWS mass loss was generally increased with increasing catalyst 
concentration, which should be due to the starch macromolecule 
degradation. The oxidation reaction primarily occurs on the –OH groups 
at the C-2, C-3 and C-6 positions but can also happen at the α-1,4 
glucosidic linkages. This leads to depolymerization [4,15], debranching 
of the amylopectin [25,26,33,34], macromolecules chain cleavage [4, 
15,35], and, as explained earlier, scission of already oxidized chains. 
The correlation between the level of mass loss and the catalyst content 
can be explained by the higher rate of H2O2 decomposition in hydroxyl 
radicals, water and ions species and a much higher oxidation rate [36, 

37]. 

3.2. Effect of reaction conditions on the starch composition and chemical 
properties 

3.2.1. FTIR spectra analysis 
The chemical properties of OWSs were analyzed with FTIR spec-

troscopy, and carbonyl and carboxyl titration. Fig. 3 presents the FTIR 
spectra of the OWSs prepared at different catalyst levels for a process 
duration of 4 h. Those curves were selected to illustrate the evolution of 
oxidation conditions for a chosen duration. In contrast, the other OWSs’ 
spectra are presented in Supporting Information (Figs. S1–S6). After 
applying a baseline, the spectra were normalized using the 1450 cm− 1 

band intensity associated with the C–H bending vibration [38]. 
The large band between 3450 and 3250 cm− 1, associated with the 

–OH groups stretching, was present on all OWS spectra, indicating that 
not all the starch –OH groups were consumed in the reaction. Fenton 
reactions resulted in a new absorption band at 1735 cm− 1 on the 
modified starch polymers assigned to the C––O stretching vibration of 
the carbonyl and carboxyl groups [38,39]. The normalized intensities of 
this peak in different OWSs are shown in Fig. 4. For each catalyst con-
centration, the OWSs presented a steep rise of the 1735 cm− 1 normalized 
intensity with increasing oxidation duration. After 4 h of treatment for 
all OWSs, a maximum was obtained, followed by stabilization for the 
OWSs prepared for 6 h. This trend showed a clear impact of catalyst 
concentration and Fenton reaction duration on the oxidation degree of 
OWSs. A process duration of 4 h and as low catalyst concentration as 0.4 
wt % are sufficient for a maximum degree of starch oxidation. 

Another band at 1640 cm− 1 was present in all OWS spectra and is 
associated with the H2O bending vibration [40]. This band comes from 
water molecules trapped in the starch structure due to the remaining 
–OH groups. No variation of this band intensity could be observed 
following the starch oxidation. Others have reported a significant vari-
ation of this band’s intensity at high levels of starch oxidation [40,41]. 

The last significant part of the OWS spectra was a group of vibra-
tional bands between 980 and 1100 cm− 1. Those bands are linked to the 
short-range structure and crystallinity of starch. Most works separated 
this part of the spectra between three bands linked to the starch back-
bones’ C–O and C–C stretching vibrations. Those bands were determined 
to be very sensitive to the physical state of starch [42,43]. Two bands, at 
1048 and 998 cm− 1, are assigned to the starch crystalline phase, and the 
1022 cm− 1 band is mainly assigned to the amorphous phase [33]. As 
such, variation of the starch microstructure would affect the proportion 
between those bands. Various intensity ratios were proposed using those 
bands to characterize the starch short-range structure, and the 1022:998 

Fig. 3. FTIR spectra of native starch and OWSs prepared at different catalyst concentration at 4 h oxidation duration: spectra from 4000 to 550 cm− 1 (a) and zoom on 
the 1450, 1640 and 1735 cm− 1 bands (b). 

Fig. 4. Evolution of absorption intensity of the OWS bands at 1735 cm− 1(I1735) 
normalized by the intensity of the 1450 cm− 1 band intensity (I1450) with 
different catalyst concentrations and oxidation duration. 
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cm− 1 band ratio seems to be a good indicator [42,43]. Slight variations 
were observed in this band area following the Fenton reaction prepared 
at higher catalyst concentration (above 0.4 wt %) or after 4 h duration. 
The main variation concerned the 1048 cm− 1 band, which was found to 
have a reduced intensity for most OWSs. This could be related to the 
degradation of starch’s crystalline structure due to the depolymerization 
of the macromolecular chain [34–37,44,45]. Because of the strong 
overlapping of the 1048, 1022 and 998 cm− 1 bands, their evaluation 
remained challenging, and it was impossible to make safe conclusions. 

3.2.2. Determination of the level of oxidation: carbonyl and carboxyl 
titration 

Although the absorption peak at 1735 cm− 1 confirmed the oxidation, 
the degree of oxidation could hardly be evaluated due to the limitation 
of the ATR FTIR analysis. In this configuration, penetration depth is 
typically a few micrometers, smaller than the typical starch granule 
diameter. This could lead to a measurement mostly of the starch granule 
surface and overestimating global starch oxidation. Instead, the various 
carbonyl and carboxyl contents of OWSs were used to quantify the 
oxidation extent. Both were determined following the titration methods 
present in Section 3.4. and shown in Fig. 5. 

As expected, the carbonyl and carboxyl contents of OWSs increased 
rapidly with oxidation duration, confirming the formation of new 
chemical groups. The highest carbonyl and carboxyl contents of 
respectively 8.6 and 7 % were observed for the OWS at 1 wt % of catalyst 
after a 4 h process duration. After 4 h, the OWS prepared with 0.1 wt % 
of catalyst reached a maximum of its carboxyl content at 2 %. Its 
carbonyl content reached a maximum of 5.5 % after 6 h of treatment. 
After this point, the stabilization or fall of the carbonyl and carboxyl 
contents could be explained by the consumption of the oxidizing agent 
and by the scission of the starch macromolecule. Oxidation at the C2 and 
C3 positions is known to weaken the glucose unit by opening the 
monomeric ring, thus making the chains’ depolymerization easier at 
those points [46]. As such, the extension of the Fenton reaction would 
only imply the degradation of the already oxidized chains. Similarly, the 
OWSs prepared with catalyst concentration between 0.2 and 0.5 wt % 
presented a rise of their carbonyl and carboxyl contents in the first 2 h of 
treatment, and a moderate one between 2 and 4/6 h when significant 
mass loss took place (Fig. 2). The addition of carbonyl/carboxyl is 
known to raise the starch reactivity [8–10,12,13], but comes at the cost 
of macromolecular and microstructural degradation [34–37,47]. For the 
targeted application of OWS in wood adhesives, it is desirable to obtain 
the most reactive starch possible for the lowest level of degradation and 
mass loss. As such, the impact of oxidation on the OWS structure and 
microstructure needs to be investigated in addition to the oxidation 

content. 

3.3. Effect of reaction conditions on starch microstructure, crystallinity, 
and structural properties 

The starch in this work was used without gelation and thus retained 
its granular shape. Starch granule architecture is formed by concentric 
growth rings [47], each ring is composed of semi-crystalline blocklets 
and amorphous rings. The blocklets’ crystalline phase is mainly formed 
of the amylopectin linear segment, with its amorphous phase formed of 
the amylopectin branched point [47]. The amorphous rings are formed 
of amylose and some amylopectin macromolecular chains [47]. Due to 
this architecture, two parts of the starch structure are expected to be 
degraded in priority because of their presence in the amorphous phase, 
and thus easier to be penetrated by the oxidizing agent; the amylose [4, 
20,25,26,34], and the amylopectin branched point [4,5,17]. However 
the extent of degradation depends primarily on the starch origin and its 
characteristics, such as the initial amylose content, crystallinity level, 
and initial morphology [4,5,17]. 

Fig. 5. Carbonyl (a) and carboxyl (b) contents of OWSs at different catalyst concentrations and oxidation duration.  

Fig. 6. Amylose content of the OWSs at different catalyst concentrations and 
oxidation duration. 
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3.3.1. Effect on the reaction on the amorphous phase: amylose content 
determination 

To determine if the amylose and amylopectin were affected in the 
same proportion by the oxidation, the amylose content of OWSs was 
measured and presented in Fig. 6. The variation of amylose content in 
OWSs would indicate which of the two mechanisms mentioned before 
was predominant. 

Native starch had an amylose content of 21.5 %, which is in accor-
dance with the previously reported values for wheat starch [48,49]. For 
each catalyst concentration, an apparent reduction was observed in the 
amylose content as a function of the Fenton reaction with process 
duration. After 2 h, the OWS at 1 wt % of catalyst presented the lowest 
value with an amylose content below 4 %. This drastic reduction of 
amylose content of OWSs confirmed that the macromolecular degrada-
tion predominantly took place in the amorphous ring of the starch 
granule [6,15,50]. This type of degradation can significantly affect any 
polymer material’s properties, with a reduction of the mechanical 
properties or even a complete loss of ductile behaviour [27,28]. Due to 
the targeted application of OWS in wood adhesives, this type of degra-
dation must be avoided to the maximum extent. 

3.3.2. Effect of the reaction on the OWS crystalline phase: XRD diffraction 
In addition to the amorphous phase analysis by amylose content 

measurement, the crystalline structure of starch samples as a result of 
oxidation was analyzed with the XRD method. Figs. 7a and 6b illustrate 
the X-ray diffractograms of OWSs at 0.1 and 1.0 wt % of catalyst and 
different oxidation duration. The remaining diffractograms are present 
in supplementary files (Fig. S7). 

Native (unmodified) starch showed an orthorhombic crystalline 
structure, a typical A-type starch diffraction pattern [50]. This crystal-
line structure is characterized by five diffraction peaks around 15, 17, 
18, 20 and 23⁰ [44]. No apparent changes were observed in the starch 
structure after oxidation with 0.1 wt % of catalyst. This is explained by 
the concentration of the reaction inside the amorphous part, as shown by 
changes in the amylose content, which kept the crystalline part mostly 
intact. A change of the diffraction peak position would have been linked 
to a change in the crystalline interplanar distance. For most catalyst 
concentration levels, the only change observed was the appearance of 
slightly sharper diffraction peaks than those in native starch samples. 
The crystalline structure of the OWS at 1 wt % of catalyst content 
(Fig. 6b) presented the most prominent change. For instance, OWS for 2 
h showed two new peaks at 13 and 22⁰, and a lower relative intensity of 
peaks at 15, 17, and 18⁰. This reflects a substantial loss of A-type crys-
tallinity in favour of an A + V-type structure. Such a mechanism was 

observed previously in other modified starches, e.g. starch extruded 
with fatty acid [44], after retrogradation [45] or acid complexes treat-
ment [37], which is mainly related to the destruction of the double 
amylopectin helices that form the A-type crystalline structure, and is 
attributed to a high level of degradation. 

The calculated relative crystallinity of OWSs at different catalyst 
levels and oxidation duration ranged from 38 % to 48 %, as presented in 
Fig. 8, while the unmodified starch showed a relative crystallinity esti-
mate at 38 %. For each process duration, the relative crystallinity values 
of OWSs were found to increase up to a catalyst content of 0.5 wt % and 
then decrease when 1.0 wt % catalyst content was used. The apparent 
increase in crystallinity is explained by the degradation of the amor-
phous part previously confirmed by the amylose content determination 
[45]. The relative crystallinity was calculated by the area ratio between 
the crystalline diffraction peaks and the total spectra area (crystalline 
peaks and amorphous halo). The depolymerization of the amylose 
chains in the amorphous phase implied a reduction of the amorphous 
fraction in the starch structure and, as such, a diminution of the amor-
phous halo area. This resulted in a rise in the starch relative crystallinity. 

Another mechanism is related to the degradation of starch inside the 

Fig. 7. Wide-angle X-ray diffraction patterns of OWSs prepared with 0.1 wt % (a) and 1 wt % (b) of catalyst and different oxidation duration.  

Fig. 8. Relative crystallinity (%) of OWSs as function of the catalyst concen-
tration and process duration. 
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amorphous phase, previously observed, due to depolymerization but 
also due to cleavage, which may create short amylose chain segments 
that can reorder and produce small crystalline segments or extend 
already existing crystalline lamella [51]. It results in a more defined 
crystalline structure and sharper diffraction peaks. This was observed for 
the OWSs prepared at low catalyst concentration and short oxidation 
duration. Similar behaviour was previously observed in oxidation re-
actions [4,6] or acid thinning [6,37,50] of starch. Except for the lowest 
catalyst concentration, prolonging the oxidation duration led to a 
reduction in relative crystallinity (Fig. 8). This could be attributed to the 
degradation of the crystalline structure of starch, although to a minor 
extent. Similar behavior was reported previously for the oxidation of 
corn, rice or potato starches by various levels of hypochlorite [4,15], and 
it was also confirmed by the vibration bands between 980 and 1100 
cm− 1 with FTIR spectroscopy (Fig. 3). Oxidation of starch at 1.0 wt % 
catalyst concentration caused critical degradation of starch macromol-
ecules, as shown by the shifting of the crystallinity from A-type to A +
V-type (Fig. 6b). 

Both the degradation of the macromolecules in the amorphous phase 

and the degradation of the crystalline structure are problematic sec-
ondary effects of the oxidation reaction. For the scope of this study, an 
optimum oxidation level can be obtained with the OWS prepared with 
0.1 wt % of catalyst and 4 h duration. Reaching a higher level of 
oxidation results in degradation of the amorphous phase first, then the 
crystalline phase, which would negatively affect the starch properties. 

3.4. Effect of reaction conditions on starch morphology and granular 
shape 

Observations under SEM were used to illustrate the changes in the 
morphological features of starch granules following the oxidation 
through the Fenton reaction (Fig. 9a–g). All SEM images displayed 
bimodal starch granules (large and small), which is characteristic of 
wheat starch. In general, the appearance of OWS granules resembled 
these of unmodified starch granules. A closer look showed that the 
smooth surfaces of native starch granules (Fig. 9a) were gradually 
changed into rough surfaces (Fig. 9b) with increasing catalyst concen-
tration levels and oxidation duration. Regions of visible granule damage 

Fig. 9. SEM images of unmodified starch (a), and OWSs prepared with 0.3 wt % of catalyst for 4 h (b), 0.5 wt % of catalyst after 1 h (c) and, 2 h (d), and 1 wt % of 
catalyst after 1 h (e), 2 h (f) and 4 h (g). 
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were also evident. The most prominent change appeared at 0.5 and 1.0 
wt % catalyst concentrations after 1 h of oxidation, while minor changes 
were detected at catalyst levels below 0.5 wt % (Fig. 9c and e). Extension 
of the oxidation to 2 h resulted in extensive degradation of the starch 
granules for the 0.5 wt % (Fig. 9d) and the formation of large agglom-
erates at 1 wt % (Fig. 9f). Similar surface alterations and damages of 
starch granules were reported previously after oxidation with hypo-
chlorite [4,15,26,45]. As shown in the previous chapter, a longer 
oxidation process led to the degradation of the starch structure, shifting 
from A-type to A + V-starch type. As a result, the initial starch granule 
shape almost disappeared at 1 wt % of catalyst concentration and 4 h 
oxidation (Fig. 9g), forming a large agglomerate. Such a fragmentation 
verified that the oxidization reaction occurred not only on the surface of 
the starch granules but also within the structure. The formation of ag-
glomerates, in addition to the degradation of the granule microstructure 
and morphology, implies a reduction of the starch available surface and, 
as such, the reactivity of OWS for future applications like the production 
of wood adhesives might be compromised. In addition, some of the 
carbonyl and carboxyl groups introduced by the Fenton reaction on the 
granules’ surfaces would be trapped inside those agglomerates, thus 
reducing their availability for reactions. 

3.5. Effect of reaction conditions on water absorption capacity (WAC) 

The WAC values rapidly increased with reaction time for most 
catalyst concentration levels (Fig. 10). Native wheat starch had a WAC 
value of 85 %, which was slightly higher than the previously reported 
value of 58.9 % [52]. This might be related to the purity of samples and 
the granule architecture [52]. A reaction time of 1 h was sufficient for 
increasing the WAC of OWSs at 0.1 wt % catalyst to almost its maximum 
level, and then the WAC varied little. As expected, the highest values and 
steepest increase of WAC were obtained at 1 wt % catalyst level. The 
WAC of starch macromolecules is believed to be linked to their capa-
bility to form hydrogen bonds, and it is regulated by the crystalline 
structure of starch by the formation of longer double helices [53]. Thus, 
the reduction of amylose content due to the Fenton reaction increased 
the WAC of starch. Due to oxidation, the introduction of bulky carboxyl 
and carbonyl groups also causes electrostatic repulsion among starch 
molecules, thereby facilitating water access into the starch matrices 
[54]. The degradation of the amorphous phase and damage of starch 
granules following the oxidation create a more open structure that af-
fects the starch ability to trap water [55]. 

3.6. Effect of reaction conditions on thermal stability 

In order to be used in wood adhesive applications, the OWSs need to 
present thermal stability in the range of the temperature used for such 
applications, i.e. from 110 to 210 ◦C. The thermal stability of OWSs was 
evaluated through thermogravimetric (TG) and derivative thermogra-
vimetric (DTG) analysis. For illustration, TG and DTG curves of OWS at 
various catalyst concentrations for a 4 h reaction are presented in 
Fig. 11. The remaining curves are presented in Supporting Information 
(Figs. S8–S12). The unmodified starch presented two mass losses, the 
first around 10 % at 100 ◦C, associated with the trapped moisture 
evaporation. The second one, around 300 ◦C, is associated with starch 
thermal degradation, with an onset temperature of 285 ◦C and a weight 
loss peak at 306 ◦C. The residual weight was around 20 %. All the OWSs 
prepared with a catalyst concentration between 0.1 and 0.4 wt % pre-
sented a similar thermal degradation behaviour with slight variations. 
For those starches, the second mass loss associated with the starch 
thermal degradation shifted to a lower temperature, with onset between 
275 and 282 ◦C, and a weight loss peak between 295 and 302 ◦C. 

This effect was even more visible for the OWSs prepared at 0.5 and 1 
wt % catalyst levels. For both concentrations, OWSs after 1 and 2 h re-
action time presented the same fall of their weight loss peak between 
300 and 302 ◦C, and an onset at a much lower temperature under 
260 ◦C. The main changes appeared after 4 h of oxidation, with their 
weight loss peak falling at 285 and 280 ◦C, respectively. An increase in 

Fig. 10. WHC of the OWSs at different catalyst concentrations and oxida-
tion duration. 

Fig. 11. Weight loss (a) and DTG (b) curves all OWSs prepared at various catalyst concentrations for 4 h oxidation duration.  
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the degree of oxidation leads to depolymerization of molecular chains, 
which causes a decrease in molecular weight and a subsequent decrease 
in the thermal stability of starch [46]. In addition, the highest number of 
carbonyl and carboxyl groups in the starch structure results in a higher 
reactivity and can imply an early degradation. The extensive degrada-
tion of the starch glucose groups and the degradation of the crystalline 
structure, from the A-type to the A + V type, had a pronounced impact 
on the thermal stability of OWSs. Interestingly, even the highly 
degraded OWS prepared at 1 wt % catalyst and 4 h duration still pre-
sented a thermal degradation temperature high enough to be used in the 
elaboration of wood adhesives. The lower thermal stability of the OWSs 
following the reaction could become a problem for producing wood 
adhesives when thermal-activated curing is used, like in the production 
of polyurethanes [8–10,12,13]. As such, the OWSs produced with a low 
catalyst concentration (<0.4 wt %) remained the most promising 
candidates. 

3.7. Oxidation mechanism and implications for use of OWS in wood 
adhesives 

The results provided a thorough understanding of the particular 
oxidation mechanism and the effect of Fenton reaction parameters on 
the structure, morphology and functional properties of OWSs. The re-
action can be divided into various steps, as shown in Fig. 12. In its un-
modified state, wheat starch presents a granule morphology with growth 
rings and a semi-crystalline structure (step a). When the oxidation re-
action was initiated, the oxidation occurred mainly in the surface layers 
of the starch granules in the amorphous growth rings, which are 
composed mostly of amylose. In this step, the carbonyl and carboxyl 
contents of the starch increased rapidly to a level correlated to the 
catalyst concentration used (step b). Because of the low level of mass 
loss, absence of structural degradation, and the high concentration of 
highly reactive groups on the granule surface, making them easy to 

access and react with, these OWSs are promising for producing wood 
adhesives. As the oxidation progressed further, the already oxidized 
amylose chains in the amorphous phase began to be degraded by 
depolymerization and β-scission, resulting in a rise of starch relative 
crystallinity and stabilization of carbonyl and carboxyl contents. As a 
result, the starch granules were damaged, and their surfaces became 
rough. Even if a slightly higher oxidation level is obtained, it comes with 
a significant material loss. In addition, the groups produced inside the 
granules will not be readily available for reactions. 

Further down in the oxidation process (step c), for example, with a 
reaction time of 4 h and above for most catalyst concentration levels, the 
semi-crystalline structure of starch granules was also degraded with a 
fall of relative crystallinity and a significant mass loss. This step further 
opened the granules’ surface, allowing the oxidation to proceed in the 
inner layers. Finally, for harsher oxidation conditions with a catalyst 
concentration above 0.5 wt %, the starch macromolecules were 
degraded to such an extent that the classic A-type crystallinity was 
replaced by an A + V-type, and granule agglomerations were created 
(step d). 

4. Conclusions 

Wheat starch was oxidized by the Fenton reaction with the help of an 
Iron catalyst at various concentrations and oxidation durations. The 
formation of new chemical groups, mostly carbonyls and carboxyls, was 
evidenced by FTIR spectroscopy and chemical titration. The multiscale 
characterization of the OWSs gave insights into the reaction effect on the 
starch macromolecule, microstructure and morphology. 

• At low catalyst concentration (≤0.3 wt %) or short oxidation dura-
tion (<4 h), the Fenton reaction was concentrated mainly in the 
amorphous ring of the starch granules. This resulted in 

Fig. 12. Schematic overview of the evolution of starch oxidation steps: initial starch microstructure with amorphous and semi-crystalline ring (a), oxidation of the 
amorphous phase starting from le surface layers (b), propagation of the oxidation deeper in the amorphous phase, amorphous macromolecule degradation, beginning 
of the crystalline structure oxidation (c), and highly degraded microstructure and morphology, with aggregation of the granule (d). 
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depolymerization of the amylose macromolecules in the amorphous 
phase and an opening of the granule surface.  

• At higher catalyst concentrations (≥0.4 wt %) or long oxidation 
duration (>4 h), it became possible to reach a higher oxidation level 
at the cost of an important material loss resulting from the starch 
macromolecule depolymerization. In addition, the starch micro-
structure and morphology presented significant alternations and 
degradation of the crystalline lamellas.  

• When the starch oxidation was extended enough, an agglomeration 
of the starch granules was observed. This is correlated to a switch of 
crystalline microstructure with the classic A-type starch crystalline 
structure changing to a more unusual A + V type, and the initial 
granule structure completely disappearing. 

With those results, it became possible to produce OWS with the 
highest oxidation level possible and minimum mass loss, chain depoly-
merization, and change of microstructure and morphology. Such 
modified starch polymers present the advantages of concentrating oxide 
groups (carbonyl and carboxyl) on their granules’ surfaces without 
degrading their structural, thermal, and physical properties. OWSs 
prepared with a catalyst concentration between 0.1 and 0.3 wt % are 
promising candidates for producing wood adhesives [8–10,12,13]. 
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