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a b s t r a c t

Combustion of wheat straw incorporating TiO2, CuO and MnO2 was investigated by means of thermal
analysis carried out at 20 ◦C/min in the temperature range from 50 ◦C to 900 ◦C. Combustion characteristic
indexes had been put forward to describe wheat straw combustion characteristics. All the results showed
that the catalysis of the catalysts to the wheat straw combustion had been embodied in facilitation of the
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volatile matters release from wheat straw, which reduced the temperature of the maximum combus-
tion rate, and the relative active sequence of catalysts to the ignition characteristic could be improved
remarkably. The catalysis of different catalysts to the Devolatilization Index could be described as fol-
lows: MnO2 > TiO2 > CuO, and the relative active sequence of catalysts to the Combustion Characteristic
Index could be described as follows: CuO > TiO2 > MnO2.
ombustion characteristic
evolatilization Index

. Introduction

Since the energy crisis in the mid-1970s, the energy utilization
f biomass resources had received considerable attention. Biomass
as a kind of renewable energy source [1,2]. The utilization of

iomass rather than existing fossil fuels could offer more envi-
onmentally acceptable process for energy production and aid in
onserving the limited supplies of fossil fuels [3]. It was well-known
hat wheat straw was a potential source of energy and value-added
y-products among the various biomasses. In Denmark, wheat
traw was the main biomass, which was used in the production of
eat and power [4]. At present, the utilization efficiency of wheat
traw was very low, so the high-efficient and clean technologies for
he utilization of wheat straw were greatly encouraged [5].

During the last decade, more studies on coal combustion have
een performed [6,7]. Wheat straw combustion was different from
oal and carbon due to its higher volatiles, therefore it was impor-
ant to study the combustion of wheat straw [8]. The conversion
echnologies of biomass to energy are mainly combustion, pyroly-
is and gasification, biomass can be converted into useful forms of
nergy efficiently using such processes [9–11]. Some authors had
tudied to promote combustion efficiency. The concentrations of

lkali (K, Na), chlorine, CaO and Fe2O3 minerals in the fly ashes were
educed using kaolinite and clinochlore as fuel additives [12]. Wang
ad studied the behavior of wheat straw with the addition of coal
uring combustion by thermogravimetric [13], and Cai had studied
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the oxidative pyrolysis kinetics of wheat straw by thermogravimet-
ric analysis (TGA) under oxygen dynamic atmosphere [14]. In order
to make use of wheat straw widely in energy field, the research for
combustion characteristics of wheat straw was necessary.

Thermal analysis techniques had been widely used for combus-
tion and pyrolysis of biomass [15,16]. The main objective of this
study was to investigate combustion characteristics of wheat straw
incorporating MnO2, TiO2 and CuO by thermal analysis. In this arti-
cle, the catalysts were used in the process of biomass combustion,
which changed the process of combustion, leading to the energy
release in short time and avoiding the behavior of agglomeration.
It is propitious to the use of energy. On the basis of the results,
the effects of different catalysts on pyrolysis of biomass would be
investigated, so the liquid (termed bio-oil or bio-crude), solid and
gaseous fractions would be changed, the effective catalysts could
be selected in order to obtain more termed bio-oil or bio-crude.
Therefore, the results of this work would be the base of biomass
catalytical thermo-chemical conversion.

2. Experimental

2.1. Materials

The experimental materials of wheat straw came from a resident

area of Changchun. The proximate analysis of wheat straw is pre-
sented in Table 1. TiO2, CuO and MnO2 were used as catalysts in the
experiments. Wheat straw and catalysts were measured and mixed
together. The samples with 2%, 5% and 10% of catalyst weights were
prepared in the experiments.
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Table 1
Proximate analysis of wheat straw.

Chemical analysis (%) Elemental analysis (%)
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Water Volatile
matter

Fix
carbon

Ash C H N O

Wheat straw 7.34 68.80 19.20 4.66 39.68 9.68 10.42 39.35

.2. Experimental methods

The combustion characteristics of wheat straw with or without
atalysts were performed on Mettler Toledo simultaneous thermal
nalyzer (TGA/SDTA851e) with system interface device and a com-
uter workstation. The prepared compound was about 5 g, and 5 mg
ompound was used to carry out the next experiments. Air was the
urge gas and its flow rate was 20 ml/min, and the range of furnace
emperature was from 50 ◦C to 900 ◦C, with heating rate 20 ◦C/min.

.3. Methods of determination of Devolatilization Index (D) and
ombustion Characteristic Index (S)

In this study, such indexes were determined by the equations
s follows:

= (dm/dt)max
Tmax�T

= (dm/dt)max(dm/dt)mean

T2
e Th

dw/dt)max was the maximum combustion rate, (dw/dt)mean was the
verage combustion rate, Te was the ignition temperature, Tf was
he burnout temperature and Tmax was the temperature of the max-
mum combustion rate (Tmax – the corresponding temperature of
he first peak for DTA profile). �T was determined by the equation
s follows: �T = Tmax − Te. In the equations, D was used to evalu-
te the performance of volatile matters release, and S was used to
valuate the characteristic of wheat straw combustion.

. Results and discussion

The combustion profiles of different blends with different cata-
ysts and the pure wheat straw had been compared. Fig. 1 shows the

G–DTA profiles of wheat straw, and the curves reveal that com-
ustion of wheat straw has been mainly divided into two stages. In
he temperature range 100 ◦C–500 ◦C, there were two exothermal
eaks in the DTA curve. The first step in the combustion of wheat
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Fig. 1. TG-DTA of wheat straw combustion.
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straw (100–350 ◦C) showed an exothermal peak and the mass loss
was about 64%. The second step of the mass loss was about 32%
in the TG curve (350–500 ◦C), with an exothermal peak in the DTA
curve.

The additive quality of the catalysts was 0%, 2%, 5% and 10%,
respectively. The DTG curves are shown in Fig. 2a–c, and the results
indicate that ignition temperature and Tmax are lower than the case
without catalysts in air atmosphere. When additive quality of cata-
lysts was 10%, the catalyzed efficiency was higher than others. Fig. 3
shows the DTG profiles of wheat straw with 10% different catalysts.
As shown in Table 2 and Fig. 3, the temperature of the maximum
combustion rate has been decreased from 325 ◦C to 273 ◦C due to
the existence of the catalysts.

3.1. Devolatilization Index (D) of wheat straw with different
catalysts

Table 2 shows the characteristic parameters of the blends with
different catalysts and pure wheat straw, obtained from the burn-
ing profiles (Fig. 3). Table 2 and Fig. 3 indicate that Te and Tmax of
pure wheat straw are 287 ◦C and 325 ◦C, respectively, which are
decreased to a certain degree with the catalysts used in experi-
ments. The parameter (dm/dt)max increased from 2.11 mg/min to a
certain degree. Among (dm/dt)max of the blends containing different
catalysts, MnO2 had preferable catalyzed performance to the max-
imum combustion rate of wheat straw. The phenomena showed
that catalysts could facilitate wheat straw combustion. Further-
more, the Devolatilization Index D had been put forward to describe
the performance of volatile matter release. With the increasing
value of D, the temperature of volatile matter release became lower
and (dm/dt)max became larger, which facilitated the release of the
volatile matters. Table 2 indicates that D (10−6) of pure wheat straw
is 1.1, and incorporating with catalysts in experiments can increase
D to a certain degree. D of the samples with 10% MnO2, TiO2 and CuO
increased to 4.1, 3.1 and 3.0, respectively. The results showed that
MnO2 had preferable catalyzed action to the release process of the
wheat straw volatile matters, but all the kinds of catalysts had made
D increased. For Devolatilization Index of wheat straw, the relative
active sequence of catalysts was described as: MnO2 > TiO2 > CuO.

3.2. Combustion Characteristic Index (S) of wheat straw with
different catalysts

The ignition and burnout temperature could not directly reflect
the combustion characteristics of wheat straw, but Combustion
Characteristic Index S was used to evaluate the characteristic of
combustion. In other words, with the increasing value of S, the
ignition temperature became lower and the performance of com-
bustion became better. Table 2 shows that S (10−10) of pure wheat
straw is 28.2. Compared with the combustion characteristics of
wheat straw with different catalysts, it had been shown that the
wheat straw Combustion Characteristic Index S of the samples
with 10% MnO2, TiO2 and CuO had increased to 124, 142 and
157, respectively. For Combustion Characteristic Index, the relative
active sequence of catalysts was described as: CuO > TiO2 > MnO2. It
indicated that all the catalysts had catalytic actions to the combus-
tion of wheat straw, and the combustion performance had been
greatly improved with CuO used in the experiment. Finally, CuO
showed markedly catalytic activity to combustion.

The previous study reported the catalyzed combustion of high
ash coal by thermogravimetric analysis [6], MnO2 had better effect

on ignition performance and Fe2O3 had better effect on burnout
performance, the ignition index and burnout index increased obvi-
ously due to addition of the catalysts. Compared with the previous
study, MnO2 and CuO were the effective catalysts to the combus-
tion of wheat straw, which had showed markedly catalytic activity
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Fig. 2. DTG of different amounts of catalysts: (a) CuO, (b) MnO2, and (c) TiO2.

Table 2
The influences of different catalysts on combustion characteristic of wheat straw.

No. Te (◦C) Tmax (◦C) Th (◦C) (dm/dt)max (mg min−1) (dm/dt)mean (mg min−1) D (×10−6) (mg min−1 K−2) S (×10−10) (mg2 min−2 K−3)

1 287 325 500 2.11 0.33 1.1 28.2
2 275 289 499 6.63 0.44 4.1 124

3
1

N

3 271 290 497 5.15 0.6
4 257 273 493 4.78 0.7
otes: 1, wheat straw; 2, wheat straw + 10% MnO2; 3, wheat straw + 10% TiO2 and 4, whea
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Fig. 3. DTG of wheat straw with 10% catalysts gr2.
3.1 142
3.0 157

t straw + 10% CuO.

to combustion and made Combustion Characteristic Index increase
largely in this article.

4. Conclusions

The combustion of wheat straw could be divided into two stages.
One was volatile matter release and combustion, and the other was
the combustion of residual volatile matters and fixed carbon. The
existence of catalysts could enhance the release of volatile mat-
ters for the first stage, which made the ignition and the maximum
combustion rate of wheat straw happen at lower temperatures than
that without catalysts. In the second stage, the action of catalysts for
fixed carbon combustion might be as the carrier of oxygen, which
supplied oxygen to the char easily. Therefore the combustion of

wheat straw became more fully due to the addition of these cat-
alysts. The energy released in a short time was propitious to the
use of it. The results might be used to understand the characteris-
tics and also provide a useful basis for further application of wheat
straw in energy field.
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