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The purpose of the study was to determine the influence of the steam explosion process on the change in properties of the material
subjected to this process. Wood chips were used before and after the steam explosion (SE), and pellets made from wood chips subjected
to steam explosions (black pellet). The scope of the study included determination of physical and chemical characteristics such as
moisture content, combustion heat and calorific value, determination of lignin and hemicellulose, cellulose and hydrogen, carbon,
nitrogen and sulfur content. hemicellulose compounds. After the process biomass, there are still mainly cellulose and lignin compounds
that are readily biodegradable. The process results in a slight increase in material humidity and lower calorific value, but further
processing in the form of agglomeration results in reversal of these effects.
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INTRODUCTION

Pellets with improved properties such as water resistance and lower dust content which can reduce the high cost of
storage and transport are currently available on the market. These pellets stored under high humidity conditions at both
ambient and elevated temperatures are characterized by a higher mechanical strength compared to other types of pellets
(Graham et al., 2016). Unfortunately, with the increase in the quality of the granulates the cost of their production increases.
Black pellets compared to standard pellets provide significant savings due to the lower storage and transport costs (Bjorklund,
2016). Another advantage of improved pellets is the fact that they do not present a danger of self-ignition (Graham et al.,
2016). To improve the properties of pellets, the raw material is subjected to additional heat treatment. The most common is
torrefaction, and pellets obtained from the raw material after this treatment have advantages such as: shorter ignition time,
lower moisture content and better grindability (Jakubiak and Kordylewski, 2009).

Another solution is a steam explosion. In this process biomass is treated with steam at a temperature of 180-
240°C under pressure of 1-3,5 MPa. During heating, the intermolecular bonds break off and reduce the molecular
weight of lignin. Then the hot and softened biomass is expanded. A sudden decrease in pressure to atmospheric pressure
leads to a partial destruction of the biomass structure (Grala et al., 2014). The main source of fiberisation are shear
forces created during passing the biomass through the expansion valve to the cyclone. Hot lignin and released sugars
link together and create a pseudo-lignin structure that improves the binding properties of the material. In the pressure
agglomeration process a valuable product is obtained. Pellets made of material treated with steam explosion have dark
colour and smooth, glassy surface. These pellets are characterized by increased calorific value, relatively high bulk
density and moreover, have hydrophobic properties (Adapa et al., 2010; Bjorklund, 2016; Stelte, 2013). The
conventional mechanical methods were reported to require roughly 70% more energy to achieve the same size
reduction as explosive depressurization (Holtzapple et al., 1989). The particle sizes and initial bulk density of biomass
have been identified as important factors in conversion woody biomass into pellets. In general, smaller particle sizes
led to higher bulk densities with closer packing (Lam et al., 2008; Mani et al., 2006). The purpose of the study was to
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determine the influence of the steam explosion process on the changes in properties of the material subjected to this
process.

MATERIALS AND METHODS

Research were carried out in the Department of Agricultural and Forest Engineering, Faculty of Production Engineering
at Warsaw University of Life Sciences. Wood chips of coniferous wood originated from Canadian forests, before and after
steam explosion (SE), and pellets made of wood chips subjected to steam explosion (black pellets) were used.
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Figure 1. Material used for testing: a - raw material, b - material after steam eiplosion, ¢ - blacl

The scope of the study included determination of physical and chemical characteristics such as moisture content,
gross and net calorific values, lignin, hemicellulose, cellulose contents and hydrogen, carbon, nitrogen and sulfur contents.

Determination of moisture content was carried out using the drying-weighing method according to the PN-EN 15414-
3:2011 standard. Samples were dried in the laboratory drier (SLW 115 TOP+) in the temperature of 105°C for complete
drying. Moisture content was calculated as a ratio of a mass of water contained in the material to the total weight of the moist
material. Arithmetic mean of moisture content for 3 determinations was considered as representative.

Tests of cellulose, hemicellulose and lignin contents were carried out using the UV/VIS Shimadzu spectrometer,
model UVmini 1240. The extraction was carried out with a mixture of chloroform and 96% ethyl alcohol in a ratio of 93:7
in (Antczak et al., 2006). Percentage of extractable substances was calculated according to the formula (Krutul, 2002):

E = 100-a (1)

n

where:

E — extractable substances content, %
a — extract amount, ¢

n —mass of dried material, g

To determine the cellulose content a 1 g of extracted fraction of the material was weighed with an accuracy of
0.001g. After that, the sample was mixed with ethyl alcohol and nitric acid in a ratio of 4:1. Counting the time from
boiling, the contents were heated for one hour, then the liquid from the sediment was filtered through the Schott G3 filter.
The residue in the flask was again flooded with a mixture of alcohol and acid and then incubated in a water bath and
repeated 3 times. The filter was dried to constant weight at 105°C (Krutul, 2002). The final result was the arithmetic mean
of obtained values.

The cellulose content was calculated in accordance to the formula:

C = 1o0b (2)

a

where:

C — cellulose content in the analysed sample, %
a —mass of dried material g

b — mass of obtained cellulose, g

A 1 g of extracted biomass was weighed with an accuracy of 0.001 g to determine the holocellulose content. Then
the sample was flooded with 45 cm? of distilled water. Material was placed in the flask and was heated for 10 minutes in
the bath at temperature of 75°C. After that, the 0.5 g of sodium chlorite and 6 drops of acetic acid were added to the
sample. Material was placed in a water bath for 60 min once again and from time to time was mixed. This action was
repeated four times and then flasks were cooled in cold water for 10 min. After cooling, the contents of flasks were filtered
throw the Schott G2 filter and were washed with 500 ml of distilled water. Filters were placed in the drier at the
temperature of 105°C and were dried to a constant weight (Kacik and Solar, 1999). The final result was the arithmetic
mean of obtained values.

The holocellulose content was calculated in accordance to the following formula:
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H=—"2 (3)

where:

H — holocellulose content, %
a — mass of sediment, g

n — mass of dried biomass , g

A 1 g of extracted dried material was weighed with an accuracy of 0.001 g to determine the lignin content. Then
it was flooded with 15 cm? of 72% sulphuric acid. The mixture in the beaker was mixed, and the action was repeated
every 10 minutes for 2 h. After that to the mixture was added the 560 ml of distilled water and it was placed in a water
bath at a temperature of 95°C. The content was heated for 4 h and then was filtered and washed with 500 ml of hot distilled
water to wash off the acid. After drying the obtained material was used to spectrophotometry test in order to determine
the concentration of lignin at wavelength of 205 nm.

Percentage analysis of the elements C, H, N, S, O in tested samples was performed using the "vario MACRO
elementar" element analyser. As a catalyst for combustion, regardless of the tested material, a pure oxygen (99.995%)
was used. While to rinsing the device between the tests a helium of min. 99.996% purity was used. The biomass samples
were dried to a dry state, finely precisely milled and sieved onto a sieve with 2 um of opening angle. To one repetition, a
50 mg of material was used. To tested sample a 50 mg of tungsten trioxide WQO3 was added, which served as an additional
catalyst. The sample for analysis was prepared in a zinc film, which was then pelletized using a press. The device was
flushed from the residual gases and was calibrated using sulphanilamide. The measurement was done automatically.

The calorific values of biomass were determined according to PN-1SO 1928:2002 standard by determine a gross
calorific values using KL-10 calorimeter. Tests were carried out for dried material, and gross calorific value was
calculated using a following formula:

Q =(Qg—206W( H ))+(1-0,01w)—23w (4)

where:

Qi — gross calorific value, J-g71,

Qs — net calorific value, J-g1,

w(H) — hydrogen content in a dry fuel, %,
w — total moisture content, %,

All tests were performed in three repetitions. The statistical analysis of the results was conducted using a computer
program Statistica v.12.

RESULTS AND DISCUSSION

Materials that contains compounds such as cellulose, hemicellulose and lignin belongs to easily biodegradable
materials. Based on the conducted tests (Table 1) it can be stated that tested biomasses consist mainly of these compounds.
During steam explosion process a significant loss of hemicellulose contents in samples can be observed. In addition, the
share of extraction components increases. It is possible that part of the hemicellulose with degraded chains is dissolved
and washed out by extraction.

Based on the tested samples, it can be concluded that the steam explosion process is relatively aggressive for tested
biomass. As a result, over 24% of hemicellulose is lost or degraded, and the content of cellulose and lignin remains
unchanged.

The biomass is heated up by the condensation of steam so its “capillary-like” microporous structure is soaked with
liquid hot water (Chornet et al., 1991). This causes the release of acids from the hemicellulose fraction and decreasing
the pH to 3-4 level (Mosier et al., 2005). The moderate acidic conditions can especially hydrolyse the hemicellulose (auto
hydrolysis), but cleavage the lignin ether bonds is also included (Li et al., 2007).

Table 1. Organic compounds included in the tested material

Name Extraction ingredients, % | Cellulose, % | Lignin, % Holocellulose, % | Hemicellulose, %
Raw material 3.440.1 52+1.9 30.9+1.6 76.8+1.3 24.8+0.6
Material after steam explosion 12.8+0.2 51.8+1.1 30.5+2.7 52.5+0.4 0.7+0.1
Black pellet 12.1+0.2 53.0+0.5 31.6+0.4 53.24+0.4 0.240.1

Studies on the content of elements have shown that the steam explosion of biomass resulted in a slight increase in
a carbon content in the biomass (approximately 3%) and hydrogen reduction (approximately 0.3%). The nitrogen content
remained unchanged while the sulphur was reduced by approx. 20%. According to the CEN/TS 14961-1 standard, wood
chips and pellets can be classified to a top class S0.02 in terms of sulphur content, and to NO.3 class in terms of nitrogen
content.
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Table 2. Values of elements, gross and net calorific values and moisture content of tested biomass

Gross Net .
calorific calorific Moisture
Name N, % C,% S, % H, % 1 content,
value, kJ-kg value, o
k) kgt °
Raw material 0.227+0.005 | 48.079+0.123 | 0.132+0.012 | 5.491+0.047 | 18697+19 16353+86 6.1
Material after steam explosion | 0.234+0.013 | 50.759+0.027 | 0.104+0.006 | 5.227+0.005 | 19307+123 | 15852+104 11.6
Black pellet 0.200+0.012 | 51.481+0.019 | 0.093+0.001 | 5.221+0.005 | 19553+110 17376499 5.3

All of the tested materials meet CEN/TS 14961-1 standard in terms of the moisture contents. The tested raw wood
chips had lower moisture content than after the steam explosion and should be classified to M10 and M15 classes,
respectively. The black pellet in accordance to above standard was in the M10 moisture class.

A CEN/TS 14961-4 standard classifies wood chips in terms of calorific value for classes: Al with a calorific
value above 13 MJ-kgt, A2 —over 11 MJ kg™, and class B1 and B2 where calorific values have to be reported. It follows
that both: the raw chips and chips after steam explosion in terms of calorific value belong to class Al. On the other hand,
the black pellets due to the calorific value were also in the highest class Al (designed for public sector) and 11 (for
industrial use) according to CEN/TS 14961-2 standard.

CONCLUSIONS

It has been found that the process of steam explosion mainly affects the breakdown of hemicellulose compounds.
A processed biomass still contain mainly cellulose and lignin compounds that are easily biodegradable. The process
results in a slight increase in material moisture contents and a decrease in calorific values. Further processing of raw
materials in the agglomeration process reverses these negative changes in their properties.

It should be noted that no negative environmental effects of the steam explosion have been demonstrated in the
test, on the contrary, the reduction of the sulphur content was noticed.

The tested materials were characterized by very low sulphur and nitrogen contents, high calorific values and low
moisture contents and were in the highest classes in accordance to CEN/TS 14961- 1, CEN/TS 14961-2 and CEN/TS
14961-4 standards.
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