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The pyrolysis of willow samples from various plant positions was analysed using thermogravimetry-Fourier transform infrared
spectroscopy (TG-FTIR).The results indicate that pyrolysis can be divided into four stages.The first stage from 30 to 120∘C involves
free evaporation of moisture, with amass loss of 5%.The second stage from 120 to 200∘C involves the pyrolysis of hemicellulose and
unstable cellulose, with a mass loss of 4%. The third stage is from 200 to 400∘C, with a weight loss of 60%, in which the chemical
components of wood thermally decompose and emit heat, carbon dioxide, and so on. In the final stage, which occurs above 400∘C,
the pyrolysis of lignin and charring of cellulose occur, with a mass loss of 10%. Moreover, in FTIR, the samples exhibit the highest
absorbance during the main pyrolysis phase, from which wood vinegar ingredients mainly arise, including CO

2

, H
2

O, CO, and
small amounts of hydrocarbons, alcohols, phenols, acids, esters, and aromatic compounds. Additionally, leaves are decomposed
more thoroughly before the main pyrolysis phase, whereas decomposition of branches occurs fullest during this phase. Finally, we
put forward some suggestions to support further research on conversion of willow into wood vinegar products.

1. Introduction

Thewillow tree has some excellent characteristics, such as fast
growth, strong transpiration, and high biomass content. Wil-
low not only provides a purification effect to the surrounding
environment but also plays an important role as a natural
landscape with good ecological effects. The willow wastew-
ater facility (see Supplementary Material available online at
http://dx.doi.org/10.1155/2015/303212) is a type of cleaning
facility with zero discharge. This is the only type of facility
that has a positive energy balance over its lifetime. In the zero-
discharge wastewater system, willow can effectively absorb
organic compounds and heavy metals from wastewater and
thereby reduce environmental pollution. Additionally, in
three years, willow can produce about 10–20 tons of dry
matter per hectare, which can be used as building materials,
woodchips, and wood vinegar.

Beside willow, there are a number of other sources
of wood vinegar with varied performance characteristics.

Themain components of wood vinegar, with the exception of
water with a content of 80%–90%, are organic acids, phenols,
alcohols, and ketones. Acids are the most typical components
of wood vinegar and often account for more than 50% of
the organic matter. The composition and component content
of wood vinegar can be affected by different preparations,
pyrolysis temperatures, and the type of raw materials [1–3].
In agriculture, wood vinegar is used to promote the growth
of plants, improve soil fertility, eliminate pests, and so on. In
addition, it has a wide range of other uses as a feed additive,
deodorant and antibacterial agent. Wood vinegar also is safe
for use with livestock [4].

Pyrolysis is a key step in the forest biomass conversion
process and in the production of wood vinegar. However, this
method lacks reliability when used alone [5]. In this context,
TG-FTIR is an accurate and sensitive analytical technique
with excellent reproducibility and is widely used in biomass
pyrolysis and gasification research to improve the reliability
and feasibility of pyrolysis experiments [6–8].
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The formation mechanisms of different types of vinegar
have been examined and their compositions and applica-
tions in agriculture have been reported in some previous
studies [9–11]. The fundamental method of wood vinegar
collection is thermal decomposition. However, for various
applications, methods including standing only, distillation
and membrane filtration, and distributing are common
nowadays to refine vinegar production. Mao et al. analysed
the antibacterial activity and chemical composition of bitter
almond shell wood vinegar and concluded that its inhibitory
abilities were strongest when the collection temperature
was 170–370∘C, where phenol and its derivatives are the
main chemical components [12]. Using TG infrared (IR)
technology, Adebayo et al. determined the composition
of the pyrolysis products of Pennisetum and studied the
pyrolysis mechanism [13]. Zhao et al. also adopted the
TG and FTIR techniques to analyse the biomass pyroly-
sis process [14]. In addition, Liu et al. and Wang et al.
studied the pyrolysis of willow at different heating rates
and showed that the thermal cracking of wood during
pyrolysis can be attributed to the presence of three major
components, namely, cellulose, hemicellulose, and lignin [15,
16].

However, there has been little research on the pyrolysis
of willow specimens from different parts of the plant. In this
study, we have examined the pyrolysis of three types of willow
samples collected from different parts of the plant, namely,
leaves, stems, and branches, using TG-FTIR [17, 18].The data
reported in this paper is expected to help support further
research on the conversion of willow into wood vinegar
products.

2. Experimental

2.1. Materials. Selected leaves, stems, and branches from
three parts of the willow plant in the zero-discharge wastew-
ater system were used as samples for the experiments. The
willow samples were air-dried at 90∘C for 24 h. Then, the
samples were ground into particles with a 0.1mm grinder to
obtain particle sizes of ≤0.1mm.

The biomass of willow cultivars is known to have
good thermophysical compositions and contain cellulose
and hemicelluloses, with only small amounts of undesirable
components, such as ash, sulfur, and chlorine [19].

2.2. Pyrolysis. The willow samples were first analysed using
a PerkinElmer STA6000 TGA instrument to obtain baseline
data. To reduce the impact of heat and mass transfer, as
well as temperature gradients inside the material during the
pyrolysis process, about 10mg of the sample was placed
in a crucible made of alumina. Prior to collecting the
baseline data, the sample in the crucible was subjected to
high temperature calcination at about 1300∘C to reduce the
impact of other impurity components on the TGA curves.
Nitrogen (99.99%) at a flow rate of 30mLmin−1 was passed
through the furnace to ensure an inert atmosphere.The initial
temperature of the furnace was set at 30∘C. Once the furnace
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Figure 1: TGA curves for the three types of willow samples.

stabilised at 30∘C, the sample was heated from 30 to 600∘C at
a heating rate of 20∘C min−1.

2.3. IR Spectroscopy. The decomposition gases generated
during pyrolysis were analysed by IR spectroscopy using a
PerkinElmer Spectrum 100 FTIR spectrometer. The line con-
necting the TGA unit with the IR spectrometer was insulated
to ensure that all the gases produced during pyrolysis entered
the IR spectrometer. The compositions of the pyrolysis gases
were analysed in real time in the IR frequency range of 4500–
600 cm−1.

3. Results and Discussion

3.1. Thermogravimetric Analysis (TGA) and Derivative TGA
Curves. The willow samples underwent a series of complex
chemical reactions during the pyrolysis process. Figures 1 and
2 are the TGAandderivative TGAcurves, respectively, for the
three types of willow samples. In the TGA curves, the rate
of change of mass was continuously recorded as a function
of temperature. The derivative TGA curves were obtained by
computing the first derivative of the TGA curves with respect
to temperature.

Based on Figure 2, the willow pyrolysis process can
be divided into four stages. The first of these stages lasts
from 30 to 120∘C with the first TGA peak at about 75∘C.
During this stage, moisture evaporates freely from the willow
samples. Moisture evaporation is an endothermic process
and the weight loss during the first stage is about 5%. The
second stage occurs from 120 to 200∘C. During this stage,
the pyrolysis of hemicellulose and unstable cellulose occurs
and the mass loss is about 4%. The third stage lasts from
200 to 400∘C. The maximum pyrolysis rate is achieved in
this stage at a temperature of 360∘C and the weight loss
during the third stage is about 60%. In this temperature
range, carbonisation occurs and the various chemical com-
ponents of wood, such as lignin, hemicellulose, and cellulose,
undergo thermal decomposition to emit carbon dioxide,
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Figure 2: Derivative TGA curves for the three types of willow
samples.

carbon monoxide, methane, methanol, wood tar, and so
forth, while simultaneously emitting heat. Finally, the fourth
stage of pyrolysis occurs between 400 and 600∘C. During
this stage, pyrolysis of lignin and charring of cellulose take
place.This final phase is exothermic and themass loss is about
10%.

It is evident from Figure 1 that the trends in the TGA
curves for the three samples are similar. The curves of
the stems and branches lie close to each other; however,
there is a significant difference compared with that of the
leaves. This indicates that different parts of the willow plant
exhibit significantly different behaviour during the third and
fourth stages. In addition, branches exhibit smaller mass
loss rates below 360∘C and larger ones above 360∘C. This
observation may be accounted for by thermal decomposition
during the third stage of the chemical components of wood,
such as lignin, hemicellulose, and cellulose, which are more
abundant in branches, to emit heat, carbon dioxide, carbon
monoxide, methane, methanol, wood tar, and so forth.
Next, with increasing time and temperature, the branches
of willow release more heat, as a result of which the willow
particles are completely decomposed. Lignin, hemicellulose,
cellulose, and other chemical components in the particles
produce more carbon dioxide, carbon monoxide, methane,
methanol, wood tar, and so forth, as the extent of thermal
decomposition increases. Therefore, the mass loss increases
above 360∘C.

The differential scanning calorimetry (DSC) curves for
the three types of willow samples are shown in Figure 3. DSC
is a reliable thermal analysis technique.The vertical axis of the
curve is the amount of heat per unit time and the horizontal
axis represents the temperature. The area under the curve is
proportional to the change in the heat. From Figure 3, it is
evident that the willow branches, which have the curve with
the highest peak at 75∘C, absorb the most heat from 30 to
75∘C. The large endothermic peak at about 75∘C is mainly
a result of the volatilisation of water present in the willow
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Figure 3: DSC curves for the three types of willow samples.

wood flour and the absorption of the heat emitted during
endothermic heat volatilisation. Moreover, the DSC curve
corresponding to the willow leaves is more similar to that
of stems than that of the branches. The endothermic peak is
mainly caused by the thermal decomposition of cellulose at
about 370∘C.

3.2. Pyrolysis and IRAnalysis ofWillow Samples Collected from
Different Stalk Positions. A large absorbance value implies
that the gas being analysed has a high concentration. From
Figures 4(a), 5(a), and 6(a), it is observed that the willow
samples exhibit high absorbance values at 200, 525, 830,
1100, and 1420 s during the thermal decomposition process,
implying that the willow sample decomposes more severely
at these points of time.

Figure 4(a) shows the three-dimensional IR spectrum of
willow leaves. The characteristic absorption peaks of some
functional groups can be known from the FTIR analysis of
previous reports as mentioned above [11–15]. In Figure 4(b),
which is the FTIR spectrum acquired at 200 s, peaks cor-
responding to gaseous and liquid water molecules can be
seen at 3500–3950 cm−1 and 3400–3500 cm−1, respectively.
This corresponds to the TG-DTG curve peak at about 75∘C,
which is regarded as the water loss phase. Moreover, a
characteristic carbon dioxide peak appears in the 2200–
2400 cm−1 range, whichmay be caused by the decomposition
of hemicellulose with poor thermal stability. The peak at
2820–2930 cm−1 corresponding to the C–H stretching vibra-
tion and the peak at 2800 cm−1 attributed tomethane are also
produced by hemicellulose. In addition, the peak at 3356–
3600 cm−1 corresponds to the O–H stretching vibration,
which confirms the appearance of alcohols. In Figure 4(c),
the FTIR spectrum acquired at 525 s shows an increase of
the characteristic carbon dioxide peak compared with that
of Figure 4(b), which is due to the glass transition stage
of pyrolysis. At the same time, the absorbance of alcohols
and phenolic compounds near 3000 cm−1 also increases.
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Figure 4: FTIR spectra of willow leaves at different times. (a)Three-dimensional IR spectrum of willow leaves and IR spectra obtained at (b)
200 s, (c) 525 s, (d) 830 s, (e) 1100 s, and (f) 1420 s.
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The broad peak in the range of 1680–1700 cm−1 corresponds
to C=O, representing the presence of ketone and aldehyde
functional groups. Furthermore, the peak at 2820–2960 cm−1
is strengthened, which may be caused by the C–H stretching
vibration of aromatic compounds.We believe that the spectra
in Figure 4(c) indicate the softening of hemicellulose accom-
panied by the evolution of small amounts of low molecular
weight volatile gases and partial cellulose decomposition at
a temperature of about 200∘C. From Figures 4(d) and 4(e),
the rates of decomposition are observed to be much higher
at 830 and 1100 s, which correspond to decomposition tem-
peratures of about 280 and 390∘C, respectively, referring to
Figure 2. In these spectra, it is clear that the peak observed at
1200–1300 cm−1 corresponds to carboxylic acid groups, the
peak at 1000–1100 cm−1 corresponds to ethanol, and the peak
at 3000 cm−1 is attributed to methanol. Moreover, the peak at
1000–1500 cm−1 originates from the vibration of the benzene
ring, the peak at 1370 cm−1 corresponds to C–O, and the peak
at 1743 cm−1 represents C=O. Further, the peak at 2800 cm−1
attributed to methane is obvious. Therefore, we can conclude
that gases containing hydrocarbons, aldehydes, ketones, phe-
nols, alcohols, carboxylic acids, and other small molecules
are generated during the third stage. From Figure 4(f), we
can determine that the temperature corresponding to the
production of methane is about 500∘C. At this temperature,
the pyrolysis process enters the carbonisation stage, andC–H,
C–O, and C=O bonds are broken down to produce methane,
carbon dioxide, carbon monoxide, and other gases and small
phenolic molecules [20].

As evidenced from Figures 4, 5, and 6, the IR spectra
obtained for the three types of willow samples are substan-
tially similar. The IR spectra of the three types of willow
materials at 200, 525, 830, 1100, and 1420 s indicate that
vigorous thermal decomposition occurs at these times and
gases are continuously generated. Overall, the absorbance
of the willow stems is lower than that of the leaves. The
stems and branches also exhibit higher absorbance at 830
and 1100 s because more gas is produced at these two times
during the pyrolysis process. However, the absorbance of
the stems and leaves is lower than that of the branches at
830 s but higher than that of the branches at 1100 s. This may
be attributed to the different chemical components of the
three samples. Further, for the different stalk positions, there
are differences in the time at which more gas is produced.
The amount of gas generated decreases over the course of
the IR spectrum scanning process, and, consequently, acids,
alcohols, aldehydes, phenols, and so forth, in addition to
some gases, can be detected.The presence of these substances
indicates that cellulose, hemicellulose, and lignin decompose,
which produces heat.

Above all, it can be seen that monitoring the pyrolysis
process via IR spectroscopy enables verification of the steps
that occur during the process and the products generated.
Moreover, the pyrolysis products mainly consist of CO

2
,

H
2
O, and CO, as well as a small amount of hydrocarbons,

alcohols, phenols, acids, esters, and aromatic compounds.
Based on the thermal IR spectra, the decomposition of the
willow particles can be divided into four stages, namely, water

loss, degradation of hemicellulose and unstable cellulose,
decomposition of cellulose and lignin, and charring. Wood
vinegar is formed from the main pyrolysis stage until the
charring stage. The analysis results are consistent with those
of Biagini et al. and Pétrissans et al. [21, 22].

4. Conclusions

From the DTG and DSC plots, it can be concluded that the
primary pyrolysis stage for the three types of willow samples
occurs in the 200–400∘C range. However, the peak in the TG
curve for the willow branches is more pronounced than those
for the willow stems and leaves, indicating that the willow
branches decompose more evenly and thoroughly compared
with the other two samples. Therefore, the actual rate of
heating in large particles is below the values set in the heating
rate experiments [17].

Thermal decomposition of the willow particles occurs in
four stages, namely, water loss, hemicellulose and unstable
cellulose decomposition, decomposition of cellulose and
lignin, and charring. These stages reflect the formation of
wood vinegar. From the three-dimensional IR spectra, willow
particles are found to exhibit higher absorbance during
thermal decomposition at 200, 525, 830, 1100, and 1420 s.The
thermal IR spectroscopy results suggest that the formation of
wood vinegar, including CO

2
, H
2
O, CO, and small amounts

of hydrocarbons, alcohols, phenols, acids, esters, and aro-
matic compounds, occurs mainly from the main pyrolysis
stage until the charring stage.

According to the qualitative results of these experiments,
we put forward some suggestions to improve conversion of
willow into wood vinegar products.

(1) For willow materials with the same particle size,
when the collecting temperature is below 200∘C,
we can acquire more active ingredient from willow
leaves, whereas when the temperature is above 200∘C,
branches should be chosen.

(2) With an increase of temperature, more types of
ingredients arise. It is suggested to collect willow
wood vinegar over different temperature ranges to
obtain targeted components for various purposes
more efficiently and effectively.

(3) In the preparation of roughwood vinegar, the amount
of organic content obtained directly through pyrolysis
is small. Therefore, it is necessary to optimize equip-
ment and improve purification during the refining
process.
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Figure 5: FTIR spectra of willow stems at different times. (a) Three-dimensional IR spectrum and IR spectra obtained at (b) 200 s, (c) 525 s,
(d) 830 s, (e) 1100 s, and (f) 1420 s.
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Figure 6: FTIR spectra of willow branches at different times. (a) Three-dimensional IR spectrum and IR spectra obtained at (b) 200 s, (c)
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Mina, andM. Sánchez-Dı́az, “Growth and development of pep-
per are affected by humic substances derived from composted
sludge,” Journal of Plant Nutrition and Soil Science, vol. 174, no.
6, pp. 916–924, 2011.

[12] Q. Mao, Z. Zhao, X. Ma, and K. Li, “Preparation, toxicity and
components for bitter almond shell wood vinegar,”Nongye Jixie
Xuebao, vol. 41, pp. 164–170, 2010.

[13] S. Adebayo, N. A. Kabbashi, M. Z. Alam et al., “Composting of
food and yard wastes by locally isolated fungal strains,” African
Journal of Biotechnology, vol. 10, pp. 18800–18806, 2011.

[14] J. Zhao, X. Wang, J. Hu, Q. Liu, D. Shen, and R. Xiao, “Thermal
degradation of softwood lignin and hardwood lignin by TG-
FTIR and Py-GC/MS,” Polymer Degradation and Stability, vol.
108, pp. 133–138, 2014.

[15] Q. Liu, S.Wang, Z. Luo, andK.Cen, “Catalysismechanism study
of potassium salts on cellulose pyrolysis by using TGA-FTIR
analysis,” Journal of Chemical Engineering of Japan, vol. 41, no.
12, pp. 1133–1142, 2008.

[16] S. Wang, B. Ru, H. Lin, and Z. Luo, “Degradation mechanism
of monosaccharides and xylan under pyrolytic conditions
with theoretic modeling on the energy profiles,” Bioresource
Technology, vol. 143, pp. 378–383, 2013.

[17] S. Li, J. Mu, and Y. Zhang, “Influence of urea formaldehyde
resin on pyrolysis of biomass: a modeling study by TG-FTIR,”
Spectroscopy and Spectral Analysis, vol. 34, no. 6, pp. 1497–1501,
2014.

[18] A. J. Tsamba, W. Yang, W. Blasiak, and M. A. Wójtowicz,
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