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Abstract Ten ZnO-starch composites were synthesized
using a simple precipitation methodology. The IR spec-
troscopy and XRD investigations reveal the presence of
amorphous starch and crystalline ZnO. The obtained
composites present a spherical morphology, 5-8 spheres
being interconnected into aggregates. The thermal analysis
demonstrates that starch decomposition and ZnO thermally
induced nucleation and crystal growth depending on the
synthesis parameters such as starch processing (dissolution
or gelatinization), reaction temperature (80, 90, and
100 °C), reaction time (15 min or 6 h), and applied treat-
ments (heating or ultrasound irradiation).
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Introduction

ZnO represents one of the most motivating materials due to
its combination of interesting properties [semiconducting,
piezoelectric, pyroelectric, and (photo)catalytical] [1] and
implicit extensive applications in electronics (photoelec-
tronics, sensors, and optical devices) [2-5]. The dependence
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of the materials properties on their size, shape, and crystal-
line structure has promoted the development of different
preparation methodologies [6-9]. Although ZnO is an
inexpensive material, many of these techniques (such as
vapor-phase one) are costly, too complex or too difficult to be
used in large-scale industrial production systems. Solution-
phase routes (including precipitation [10, 11], hydrolysis
[12], pyrolysis [13], sol—gel reaction [14, 15], wet poly-
merization method [16], microemulsions growth [17, 18],
hydrothermal [19, 20] and solvothermal [21] synthesis,
microwave assisted processes [22], etc.) are attractive due to
their low-growth temperature (usually <200 °C), low cost,
high efficiency, and potential for scale up. In addition, solution-
based approaches have been successfully used to control the
size and shape of ZnO crystals through the use of different
organic molecules [23-25] or block copolymers [26].

On the other hand, the green synthesis of materials
becomes an imperative up-to-date objective of the mate-
rials science. Polysaccharides represent one of the most
environmental friendly raw materials that can be used as
ingredients in materials synthesis [27, 28]. Among them,
starch has a special position due to its abundance, widely
available (the second most abundant biopolymer after
cellulose), inexpensive cost, and functional versatility.

The present paper presents the thermal behavior of some
ZnO-starch composites obtained by a simple precipitation
method in the absence or presence of ultrasound irradia-
tion, using starch as a green additive of the synthesis. The
performed thermal analysis has three objectives. The first
represents an assessment of how the experimental synthetic
parameters (time, temperature, starch pre-gelatinization
treatment, and the application of an ultrasound treatment)
may influence the ZnO-starch interactions and the avail-
ability to undergo thermally induced processes such as
nucleation and crystal growth, the present paper being the
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first one that reports such an investigation. It also provides
informations about the obtained composition of the com-
posites and the temperature range in which starch can be
removed (considering that for some applications such as
photocatalytical ones, it presence is not desired).

Experimental
Materials and synthesis method

All chemicals (analytical grade) were used as received
without any further purification: soluble oxidized corn
starch [(C¢H;¢Os),, Carl Roth, Germany, (S)], zinc acetate
dihydrate [Zn(CH3COO),-2H,0, Reactivul, Romania,
(ZA)] and ammonium hydroxide solution (NH,OH 25 %,
Chimopar, Romania). The synthesis of zinc oxide—starch
composite was performed via a precipitation procedure that
uses either pre-dissolved (D) or pre-gelatinized (G) starch
and a subsequent thermal (T), or ultrasound treatment (U).

In a typical procedure, an amount of 0.0978 g starch was
dissolved in 110 mL hot water under stirring. For gelati-
nization, a heating treatment of 1 h at 80 °C followed by
1 h at 90 °C was supplementary performed. To obtain a
molar ratio S/ZA equal with 0.15, the cooled starch solu-
tions were mixed with 50 mL zinc acetate solution
(80 mM). Afterward, the pH of the solutions mixture was
adjusted to 10.35 by adding dropwise an aqueous solution
of NH4,OH (2.88 M). A heating treatment at 80, 90, and
100 °C for 6 h or an ultrasound irradiation carried out with
a sonochemical bath (Bandelin Electronic—Sonorex RK
100H—Germany, 35 kHz) for 15 min or 6 h under con-
tinuous stirring of the mixture led to the formation of a
white colloidal solution that was subsequently centrifuged.
The isolated product is washed several times with distilled
water to remove the unreacted compounds, and finally
dried on P,Oy. The samples denoting and their synthesis
parameters are summarized in Table 1.

Characterization

The infrared spectra were recorded from KBr pellets on a
FTIR Brucker Tensor V-37 spectrophotometer. The crys-
talline structure of the obtained products was characterized
by X-ray diffraction measurements carried out at room
temperature with a SHIMADZU XRD 6000 diffractometer,
using Ni-filtered Cu Ko radiation (4 = 1.5418 10\) for 20
ranging between 20° and 80°. The morphology of as-syn-
thesized zinc oxide was analyzed by scanning electron
microscopy (SEM) using a Quanta 3D FEG microscope.
The thermal measurements were performed on a Q-1500
Paulik—Paulik—Erdey derivatograph, in static air, with a
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heating rate of 10 °C min™'

~T70-90 mg.

and a sample mass of

Results and discussion
Characterization of ZnO-starch composites

The FTIR spectra of the isolated sample reveal not only the
presence of starch and ZnO, but also of bonded water.
Figure 1 presents the spectra of the composites obtained
after heating (100 °C, D100T and G100T) and ultrasound
treatments (D15U and G15U) using pre-dissolved or pre-
gelatinized starch. Starch characteristic peaks are presented
at ~2,930 cm™" [v_p) associated with ring methane
hydrogen atoms] [29], in 1,550-1,300 cm ™! region [Joch),
dccomy Occmls ~1,150 em™" [vc_o) of the C-O-H
group], at ~1,080 and ~ 1,020 cm ™! [V(c-0) vibration of
the C-O-C group of starch at anhydroglucose ring]
[29, 30]. ZnO formation is confirmed by the strong
absorption band from ~490 cm™' corresponding to the
stretching vibration of Zn-O originated from ZnO [31],
while the water presence by the broad strong absorption
from ~3,440 cm™!' and the medium one centered at
~1,645 cm™!. The absorbance ratio 1,080/1,020 cm™!
may be used to quantify the starch’s order degree: a
decrease in intensity of the band from 1,080 cm™! and,
respectively, an increase in intensity of the one from
~ 1,020 cm ™! characterized the transition from a native to
a gelatinized starch (loss of ordered structures) [32-34]. If
in native starch, the absorbances ratio 1,080/1,020 cm ™" is
equal with 0.86, it decreases in all the obtained samples,
the variation being strongly dependent on the used syn-
thesis conditions. For the composites obtained under
heating treatment, the starch pre-treatment does not influ-
ence significantly the absorbance ratio evolution: an
increase of the reaction temperature leads to a slightly and
gradually decrease of this ratio for both types of compos-
ites. In the case of an ultrasound irradiation, the starch
gelatinization causes an abrupt and noticeable decrease of
the absorbance ratio, effect that is not evidenced for
starch’s pre-dissolved samples. In the particular case pre-
sented in Fig. 1, the absorbance ratios 1,080/1,020 cm™!
are equal with 0.78/0.72 for D100T/G100T samples, and
0.75/0.54 for D15U/G15U ones.

The XRD pattern of the uncalcinated ZnO-starch
composites is characteristic for ZnO wurtzite structure, no
supplementary peak being registered, fact that demon-
strates both the formation of ZnO during the synthesis
procedure, and the presence in the as-prepared composites
of amorphous starch (Fig. 2). As expected, the crystallinity
degree of ZnO in the synthesized composites (evaluated
considering a reference sample of commercial ZnO-Merck)
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Table 1 Samples denoting, synthesis parameters, composition and
structural characterization

Sample Starch Synthesis Composition Crystallinity/
processing  parameters (molar ratio) %°
treatment ZnO:starch:H,0*

D80T Dissolved 80 °C,6h 19:1:3 60

D90T  Dissolved 90 °C,6h 16:1:2 67

DI00T Dissolved 100 °C, 6 h 18:1:2 71

G80T  Gelatinized 80 °C, 6 h 17:1:3 64

G90T  Gelatinized 90 °C, 6 h 16:1:3 70

G100T Gelatinized 100 °C, 6 h 19:1:3 78

DI5U Dissolved Ultrasound, 16:1:3 73

15 min
G 15U  Gelatinized Ultrasound, 13:1:3 77
15 min

D6U Dissolved Ultrasound, 18:1:3 80

6h

Go6U Gelatinized Ultrasound, 19:1:3 88

6h

@ Estimated from thermogravimetric results

° Evaluated considering a reference sample of ZnO-Merck
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Fig. 1 FTIR spectra of ZnO-starch composite: a D100T and G100T,

b D15US and G15US

increases with reaction temperature and time, being higher
for the samples obtained with pre-gelatinized starch and for
the ultrasound treated ones (Table 1).

The starch presence is critical in ZnO synthesis. First, it
directs the reaction toward obtaining ZnO, in its absence
the reaction products consist in a mixture of ZnO and
Zn(OH),. Second, the long-chain biopolymer forces the
nucleation and the initial growth of the crystallites to occur
preferentially on polysaccharides backbone, inside regions
of high concentrations of starch and Zn*", controlling the
self-assembly of the 3-D architectures and leading to the
formation of clusters of 5-8 spheres (aggregates sizes vary
between ~300 and 500 nm, Fig. 3). The shape and size of
the aggregates are independent on synthesis parameters.
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Fig. 2 XRD pattern of D80T ZnO-starch composite

Fig. 3 SEM micrographs of G100T composite
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Thermal decomposition of neat starch

Three decomposition steps are identified for starch
decomposition (Fig. 4). The first mass loss [49.8—197.8 °C,
mass loss (%) = 10.91) associated with an endothermic
peak on the DTA curve corresponds to water elimination.
The following two steps (227.1-602.5 °C) represent starch
degradation. The first process (227.1-333.0 °C) starts as a
non-oxidative breakdown of starch molecules coupled with
an endothermic process that is converted at temperature
rising to an exothermic one due to the combustion of the
gaseous products. The second exothermic process is a
glowing combustion (333-602.5 °C) during which the
gasification of the carbonaceous residue formed in the
previously degradation step takes place [35-38]. The initial
endothermic effect is discriminated only at a heating rate of
10 °C min~"', experimental condition that induces also a
strong overlapping of the two combustion steps. Their
separation becomes visible with the diminution of the
heating rate (Fig. 5).

Thermal decomposition of ZnO—starch composites

The thermal degradation of the as-synthesized ZnO-starch
samples occurs in several successive steps. Some of these
are starch specific, others are related to ZnO presence.

All the investigated samples present similar mass losses
stages: a dehydration one assigned to surface bonded water
evolving that occurs in the temperature range ~ 50-170 °C
followed by a two-stepped oxidative degradation of starch,
degradation that takes place in the temperature interval
~175-500 °C. In the temperature interval ~470-690 °C
several exothermic phase transitions occur, processes
assigned to the crystallization and crystal growth of ZnO
particles.
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Fig. 4 Thermal curves (TG, DTG, and DTA) of neat starch
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Fig. 5 DTA curves of neat starch at different heating rates:
a10°Cmin™', »5°C min"", ¢ 2.5 °C min~', and d 1.25 °C min~"

The ZnO-linked starch thermochemistry is relatively
different comparative with neat starch one in terms of
temperature range of occurrence and magnitude. Thus, the
temperature range of starch decomposition is with
~160 °C lower comparative with neat starch, the DTA
maxima being with ~ 100 °C inferior than the one corre-
sponding to unbounded starch (290-310 °C/390-410 °C
for gaseous/glowing combustion) [35]. On the other hand,
the second exothermic effect has a sensibly decreased
magnitude. Such behavior is correlated to a catalytic effect
of ZnO, that not only lower the degradation temperature
but also accelerate the gasification of the carbonaceous
residue, although the influence of starch transformations
during the composites synthesis cannot be excluded
(Fig. 6). None of the obtained DTA curves present the
initial endothermic effect identified in starch degradation,
although the used heating rate is the one at which such an
effect was identified for pure starch.

From the obtained thermogravimetric data, a quantitative
estimation of the molar compositions can be carried out
(Table 1), the amount of polysaccharides included in Zn?**-
composites being the percent of mass loss registered for the
second exothermic decomposition step. Since such an
assessment can be made during the centrifugation stage of the
synthesis, no sedimentation of soluble components is expec-
ted as oxidized starch does not retrograde [39], and conse-
quently, the deposit obtained after centrifugation includes
only insoluble forms of ZnO—polysaccharide composites.

The different amounts of starch contained by the com-
posites can be understood as the result of two main processes:
starch homogenization (including dissolution, gelatinization
and/or solubilization phenomena) improved by higher tem-
perature and longer heating treatment time, and the thermal
stability of Zn**—starch complex (the stability constant is
expected to decrease at higher temperature).
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Fig. 6 DTA curves of starch degradation from ZnO-starch compos-
ites: a pre-dissolved starch and heating treatment (DT); b pre-
gelatinized starch and heating treatment (GT); ¢ pre-dissolved and
pre-gelatinized starch and 15 min ultrasound treatment (D/G15U);
and d pre-dissolved and pre-gelatinized starch and 6 h ultrasound
treatment (D/G6U)

In the series of composites obtained by the heating method,
the samples prepared at 90 °C present the highest polysac-
charide content [mass loss (%) = 10.57/10.49 for D90T/
G90T]. Either a lower or a higher temperature during the
synthesis leads to slightly lower values of the mass losses,
behavior that has different reasons. If for the composites
obtained at 100 °C an inferior stability of the Zn*"—starch
complex is expected, a lower synthesis temperature causes a
different starch homogenization during the reaction with Zn>"
species.

Both the composites obtained under 15 min of ultra-
sound irradiation present high-polysaccharide content
[mass loss (%) = 10.72/13.01 for D15U/G15U], the sam-
ple that used gelatinized starch being characterized by the
highest starch concentration, meaning that an optimum of
the synthesis parameters (mainly homogenization) is
achieved regarding of Zn>"-complex formation.

The samples obtained by a longer ultrasound irradiation
time (6 h) contain a smaller amount of starch [mass loss
(%) = 9.9/9.25 for D16U/G6U]. Such effects could be
related with the break-down (depolymerization) of starch
polymer determined by the longer time of energetic ultra-
sound treatment [40]. Gelatinized starch should be there-
fore stronger degraded than dissolved one [41], which may
explain the smaller amount of the removed organic com-
pound in the sample G6U compared to D6U.

The exothermic processes positioned above 460 °C are
assigned to the nucleation and growth of the solid ZnO
particles (Fig. 7). Previous studies on nanocrystalline ZnO
powders [42] evidenced that nucleation and, respectively,
growth exothermic effects are well separated when a
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Fig. 7 DTA curves of nucleation/growth of ZnO from ZnO-starch
composites: a pre-dissolved starch and heating treatment (DT); b pre-
gelatinized starch and heating treatment (GT); ¢ pre-dissolved and
pre-gelatinized starch and 15 min ultrasound treatment (D/G15U);
and d pre-dissolved and pre-gelatinized starch and 6 h ultrasound
treatment (D/G6U)

high-heating rate (20 °C min~") is used, the corresponding
DSC maxima being located at 465 and 500 °C. The
heating rate decrease determines an increase of the over-
lapping of these two exothermic effects, together with a
shift toward lower temperature values of the correspond-
ing DSC peaks (i.e., for 10 °C min~': 430 and 465 °C,
respectively). In the case of the investigated samples, the
above-mentioned processes occur at higher temperatures
than pure in ZnO due to the initial burning of the carbo-
naceous material.

The samples D80T, D90T, and D100T prepared with pre-
dissolved starch solution present a relatively broad exo-
thermic effect with a similar DT A shape and a maximum that
follow the order: 615 °C (D80T) > 633 °C (D90T) >
660 °C (D100T) (Fig. 7a). This sequence can be related to
the uniformity of zinc distribution along the polysaccharide
chains: a better separation of the ZnO domains by the organic
component induces a crystalline growth at higher tempera-
tures after the removal of the carbonaceous residues.
Because no distinct exothermic effect correlated with
nucleation is observed, the overall process may be associated
mainly with ZnO particles growth.

In the case of the samples prepared with pre-gelatinized
starch solution, G80T, G90T, and GI100T, the thermal
behavior is not so unitary (Fig. 7b). The DTA signal of
G80T is characterized by a single maximum at 612 °C, the
curve profile being similar to DS8OT sample. For G90T and
G100T samples, a broad plateau-shape exothermic region
with not well-defined maxima starts at 512 and, respec-
tively, 484 °C up to 572 °C. A plausible explanation of the
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obtained profile is an overlapping in the investigated tem-
perature range of the nucleation with growth processes.
The increased homogenization of the gelatinized starch
comparative to the dissolved one may determine a more
uniform Zn**/polysaccharide distribution and as conse-
quence, the exothermic effects are shifted at lower tem-
peratures. For the G80T sample, the synthesis temperature
(80 °C) seems to be too low for a proper homogenization,
hence only minor differences are observed if pre-dissolved
or pre-gelatinized starch is used.

The application of an ultrasound irradiation alters the
influence of the different starch preheating treatments
(dissolution vs. gelatinization). A short ultrasound irradia-
tion time (15 min) generates a similar thermal behavior in
the investigated interval (Fig. 7c): a broad DTA peak with
a quasi-plateau between two DTA maxima, 522/519 °C
(D15U/G15U) and 593/590 °C (D15U/G15U). The DTA
signals (Figs. 6¢c, 7c) of the composites containing dis-
solved and gelatinized starch are similar, behaviour that
may be explained by the similar Zn*"/polysaccharide dis-
tribution induced by the ultrasound irradiation.

A longer ultrasound irradiation time (6 h) determines a
shift of the two DTA maxima to lower temperature values
(Fig. 7d), the shape of the DTA curves depending on the
used starch pre-heating treatments. The sample D6U pre-
sents a better separation of the peaks, although a certain
overlapping is also noticed: the first maximum registered at
480 °C may be attributed mainly to ZnO nucleation and the
slightly more intense one from 550 °C can be caused by
ZnO growth. The maxima temperatures of G6U are shifted
to lower values: 470 °C as a relatively strong and well-
defined exothermic effect, followed by a weak shoulder at
540 °C. Such behavior could be connected to a better
crystallization of the ZnO during the prolonged ultrasound
treatment, the XRD analysis confirming for this sample the
best crystallization degree of the ZnO (Table 1).

Conclusions

The thermal behavior of the ZnO-starch composites con-
sists of three decomposition stages, a dehydration assigned
to water evolving (~50-170 °C) and a two-step starch
degradation (175-500 °C), followed by phase transforma-
tion processes (~470-690 °C) assigned to the ZnO crys-
tallization and crystal growth. The starch decomposition is
different comparative with pure starch. The degradation
occurs at lower temperature ranges, being associated with
an inferior exothermic effect, behavior attributed to the
catalytic effect of ZnO.

The registered starch content is explained as a result of
two processes, starch homogenization in reaction medium,
and Zn>T—starch complex thermal stability. The samples
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submitted for 15 min to an ultrasound irradiation present the
highest polysaccharide content because of an optimum
synthesis in terms of Zn®T-complex formation and the
absence of polysaccharides chains breaking-down reactions.

The nucleation and crystal growth processes of ZnO that
follow the burning of the carbonaceous materials occur at
higher temperatures than in bulk oxide. The lowest temper-
atures are registered for the samples ultrasound irradiated for
6 h, due to a better ZnO crystallization during the synthesis.

Our present investigations confirm the applicability of
the thermal analysis as a valuable tool for a quantitative
and qualitative characterization of the organic—inorganic
composites.
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