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Abstract: TG/FT-IR techniques, UV-spectroscopy, microwave extraction, XRD and SEM were used
to study how densification of the three types of agricultural biomass wastes (wheat straw, soft
wood, and sunflower husk) changes the composition and structure of their pyrolysis products. It
was determined that densification changes the composition of volatile products of pyrolysis at the
temperature of 420 ◦C: sunflower husk emits 4.9 times less saturated and unsaturated hydrocarbons
and 1.9 times less compounds with carbonyl group; soft wood emits 1.8 times more saturated and
unsaturated hydrocarbons and compounds with carbonyl groups and 1.3 times more alcohols and
phenols; and wheat straw emits 2 times more compounds with carbonyl groups. These changes are
probably caused by the differences in interaction of formed volatiles with the surface of chars. These
differences can be caused by distinct places of cumulation of inorganic components in the densified
samples. In the densified char, the inorganics cumulate on the surface of sunflower husk whereas for
wheat straw they cumulate inside the sample. In the case of soft wood, the inorganics cumulate both
inside and on the surface. The decreased contribution of hydrocarbons in volatiles can be connected
with the morphology of nano-particles formed in inorganics.

Keywords: environmental chemistry; biomass; pyrolysis; densification; volatile-char interaction

1. Introduction

Limitations on the use of fossil fuels to obtain heat and electrical energy resulted in
intensification of research on ways of their substitution by renewable sources, including
various types of biomass. In order to increase the efficiency of its use, biomass was sub-
jected to densification—pelleting, briquetting, granulation etc. [1]—before combustion.
The densification of biomass made its transportation and storage easier and facilitated
the work of equipment applied to its thermal conversion [2,3]. The densification is con-
ducted both without binders [4,5] and with application of binders of various types: coal
tar, coal tar sludge, paraffin [6], microalgae [7], or carboxymethyl cellulose [8,9], for ap-
propriate biomass species. There is a wide range of works connected with the search for
new ways of biomass pre-treatment before briquetting [5,10–12] and obtaining of new
biomass species [13,14]. The influence of moisture content and pressure on the formation
of pellets [15] and biomass/water ratio in hydrothermal carbonization [16] was analyzed.
Mainly, the influence of additives of different types on physical-mechanical properties of
briquettes [7,17–21] was evaluated along with the optimalization of pelleting conditions by
mixing biomass of various types [22] or reheating of obtained pellets [23]. The combustion
process of briquetted biomass was studied from the viewpoint of emission of particulate
matter [8,24].

Research conducted by a number of authors shows that the obtained volatile products
can interact with char [25–28] and tar [29] formed during biomass pyrolysis and change
their composition and yield. According to Hosoya et al. [30], during biomass pyrolysis there
can occur some interactions between solid and liquid phases that accelerate the formation
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of char from cellulose and lignin. Chen et al. suggested [31] that secondary reactions can
take place between volatile products of even unmixed biomass components. These findings
give good reason to suggest that the biomass densification during briquetting will hinder
the removal of volatile products from the inside of briquette and in fact can enhance the
aforementioned interactions. However, this suggestion was not studied completely.

During the process of pyrolysis, the basic components of biomass (hemicellulose,
cellulose, and lignin) undergo the process of thermal decomposition, when solid (char),
liquid (condensate, bio-oil), and gaseous products are formed. Based on mass spectrometric
analysis, Penzik et al. [32] stated that, in the composition of pyrolytic gases, H2O and
CH4, have a greater contribution and CH4, CH3COOH, furans, phenols, and aromatic
compounds are present to a lesser extent. According to Osman [33], nitrous oxide, hydrogen,
methyl alcohol, acetaldehyde, acetic acid, and ethane can evaporate from lignocellulose
biomass during pyrolysis. Ojha et al. [34] confirmed the results obtained by the previous
authors and completed the list with a further group of compounds that are formed during
the pyrolysis of bagasse: condensed organics, furans, cyclo-oxygenated compounds, N-
containing organics, and aromatics. On the basis of research on thermal behavior of basic
biomass components, Chen et al. [35] stated that anhydrosugars and furans were the main
components of bio-oil from cellulose whereas the bio-oils from hemicellulose and lignin
contained acids, phenols, aldehydes, ketones, and alcohols. Based on kinetic studies on
agro-waste, Osman et al. [36] proposed a 10-step pyrolysis mechanism. In their opinion,
the pyrolyses of hemicellulose and cellulose can occur in 3 steps whereas that of lignin can
occur in 4 steps. The mechanism was proposed on the basis of studies on the decomposition
of single components without any interaction between them.

It was established that the presence of inorganic components [37–39] affects the course
of biomass pyrolysis. The inorganic components can catalyze the conversion of particular
biomass components [29,40–43] and thus change the composition of formed pyrolysis
products. According to Fan et al. [44], potassium salts can facilitate an increase in the
yield of furans, aldehydes, ketones, and CO2. Zhu et al. [45] suggest that potassium
favors the transformation of bio-oils into gas (CO2) and the reaction of demethylation of
guaiacyl at low temperature. According to Lu et al. [46], Ca can promote the activity of
Fe by the formation of Ca2Fe2O5 wherein Fe/SiO2, Ca/SiO2, and Fe-Ca/SiO2 catalysts
influence selective deoxygenation. Shen et al. [47] prove that alkaline-earth-metal additives
can decrease the content of acids and increase the content of hydrocarbons in bio-oil
whereas additives of Mg compounds can be more favorable for production of hydrocarbons
compared with the additives of Ca compounds since during biomass pyrolysis oils are
formed and the presence of Mg and Ca compounds in the densified biomass can also
intensify the course of such reactions.

The research described in the literature was mainly carried out on the briquettes
(pellets) obtained with the use of both various binders [6–9] or moisture [15]; it thus de-
termined the changes taking place under the influence of the two factors—presence of an
additive and densification. However, the influence of one factor (biomass densification
without binders) on the composition and structural chemical parameters of formed py-
rolysis products has not been well described in the literature. Evaluating the influence
of densification in research on switchgrass, Yang et al. [5] determined that densification
influences the contents of anhydrous sugars, phenols, and guaiacols in the products of
pyrolysis. Investigating switchgrass, Sarkar et al. [48] established that, under the influence
of densification, the yield of H2 increases, the yield of CH4 decreases, and both carbon
conversion and cold gas efficiencies rise. However, there is still no detailed information
and comparison of pyrolytic behavior for different types of loose and densified biomasses.

This research aims to investigate the way that biomass densification without binders
influences: (i) the thermal behavior and composition of volatile products of pyrolysis of
wheat straw, soft wood, and sunflower husk, (ii) the thermal stability of their basic compo-
nents, (iii) the structural chemical characteristics of liquid products of thermal conversion of
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biomass, (iv) the structure and texture of the formed char along with inorganics cumulating
in it.

2. Materials and Methods
2.1. Materials

The samples of wheat straw (WS), softwood (SW), and sunflower husk (SH) were
dried at room temperature, then ground and sieved through a 0.2 mm sieve, and dried at
the temperature of 105 ◦C. The elemental composition of the samples determined by an
Elementar Vario Micro Cube CHNS analyzer is presented in Table 1.

Table 1. Main characteristics of studied samples.

Main Characteristics WS SW SH

C [%] 39.90 ± 0.15 45.34 ± 0.13 45.82 ± 0.08
H [%] 5.75 ± 0.02 5.86 ± 0.04 6.32 ± 0.02
N [%] 0.65 ± 0.08 0.58 ± 0.11 2.61 ± 0.05
S [%] 0.13 ± 0.05 0.17 ± 0.07 0.14 ± 0.02

O a [%] 41.97 ± 0.07 42.45 ± 0.04 38.31 ± 0.08
A d [%] 11.59 ± 0.76 5.60 ± 0.38 6.81 ± 0.51

HHV b [MJ·kg−1] 16.12 ± 0.19 18.23 ± 0.13 19.31 ± 0.13
a calculated by difference, O [%] = 100 − C − H − N − S − Ash; b calculated by HHV [MJ·kg−1] = 0.3491 × C +
1.1783 × H + 0.1005 × S − 0.0151 × N − 0.1034 × O − 0.0211 × Ash. d dry basis.

It follows from the data in the table that SH sample has the greatest content of C, H,
and N elements and a greater value of the HHV parameter. WS sample has the greatest
content of inorganic components—the ash content in this sample is almost twice as highas
that in other samples.

Table 2 shows the data on the contents of selected inorganic elements that are present
in the studied samples.

Table 2. The content of selected inorganic elements in studied biomass [%].

Elements WS SW SH

Al <0.01 0.20 ± 0.05 0.08 ± 0.05
P 0.04 ± 0.02 0.07 ± 0.01 0.36 ± 0.02
S 0.19 ± 0.01 0.08 ± 0.01 0.33 ± 0.02
Cl 0.46 ± 0.01 0.03 ± 0.01 0.10 ± 0.01
K 1.30 ± 0.04 0.36 ± 0.02 1.30 ± 0.04
Ca 0.54 ± 0.04 1.32 ± 0.06 0.76 ± 0.05
Fe 0.10 ± 0.01 0.37 ± 0.01 0.14 ± 0.01
Si 2.58 ± 0.05 0.71 ± 0.03 0.70 ± 0.05
Zn <0.01 <0.01 <0.01

The contents of these elements were determined by the ED-XRF technique. A Thermo
Scientific Niton Goldd+ analyzer was used for this purpose. The data in Table 2 show
that K element is present in the studied WS and SH samples in the amount of 1.3%,
and that the greatest amounts of Ca were detected in the SW sample. According to the
authors [42,44,49,50] the compounds containing K, Ca, and Mg elements can be catalyzers
in the process of biomass pyrolysis. In the studied samples, the following elements were
detected in different amounts: Si (WS sample has most of all), P and S (SH sample has most
of all), Cl (WS sample has the greatest content), and Fe (SW sample contains the greatest
amount of this element).

The bulk densities of the WS, SW, and SH samples were 0.29 ± 0.03, 0.34 ± 0.02, and
0.19 ± 0.03 g·cm−3, respectively. The tablets were formed from loose biomass without



Energies 2022, 15, 4257 4 of 20

binder additives. Pistons of 1.2 cm and 0.7 cm diameter were used to compress the biomass.
The tablets’ densities were as follows: 1.02 ± 0.03 g·cm−3 for the tablets from WS sample,
1.15 ± 0.01 g·cm−3 for the tablets from SW sample, and 1.04 ± 0.02 g·cm−3 for the tablets
from SH sample. The obtained tablets of about 0.7 mm in thickness were studied by
TG-FT-IR.

2.2. A Pyrolytic Test in a TG/FT-IR Analyzer

The ground biomass in loose and densified forms was heated in a Q50 thermobalance
under nitrogen atmosphere up to a temperature of 750 ◦C. The samples of 25 ± 0.05 mg
in weight were heated with a heating rate of 4 ◦C·min−1. The obtained DTG curves
were deconvoluted using OMNIC9 software. The deconvolution was conducted by Gaus-
sian/Lorentzian functions, taking into account the constant base line according to the
methodology presented in the work [51].

The rate of nitrogen flow through the thermobalance was 10 mL·min−1. The formed
products of biomass decomposition were moved by a nitrogen stream of 90 mL·min−1

through a transporting line and interface to a Nicolet iS10 spectrometer in order to register
the FT-IR spectra. The obtained spectra were elaborated by OMNIC9 software. The FT-IR
spectra of volatile products were normalized with respect to the CO2 band.

2.3. A Test Conducted in a PyrolyticOven

Loose and densified biomass was additionally heated in quartz cuvettes that were
placed in a pyrolytic oven PRC 70 × 708/110 M manufactured by Czylok company. The
heating to the temperatures of 450 and 750 ◦C was conducted under the stream of nitrogen
of high purity with the flow rate of 330 mL·min−1. The average heating rate was 4 ◦C·min−1.
During the pyrolysis up to 450 ◦C, the volatile products were passed through a layer of
methanol that was cooled by water with ice. The decomposition products condensed in
methanol were regained by distillation of solvents under vacuum.

2.4. Microwave-Assisted Extraction

The biomass samples in loose and densified forms with a mass of 2.0 g were extracted
by a mixture of 25 mL of methanol with 25 mL of chloroform in an Anton Paar Multiwave
3000 microwave extractor at the temperature of 150 ◦C under the pressure of 18 bar. After
filtration, the solvents were distilled away from the extracts under vacuum.

2.5. Spectroscopic Investigations of Pyrolysis Products

Liquid and solid pyrolysis products were obtained in the pyrolytic oven during heating
to the temperature of 450 ◦C and the extracts were investigated by the Attenuated Total
Reflectance (ATR) techniques. The ATR investigations of these samples were performed
using a Smart MIRacle module placed in the Nicolet iS10 spectrophotometer. The samples
were placed on a ZnSe monocrystal and pressed with a stamp with great force. The ATR
spectra in the range of 4000–600 cm−1 were registered by 32 scans. The spectra were
elaborated by an automatic correction of the base line (OMNIC9 software) taking into
account local optical minima near 2400, 2000, and 900 cm−1. The obtained spectra of
chars, condensates, and extracts were normalized with respect to the C=C band near the
wavenumber of 1600 cm−1.

2.6. XRD and SEM Investigations

After the addition of 10% of the internal standard (NaF) to the samples of chars
pyrolyzed to the temperatures of 450 and 750 ◦C, they were studied using the technique of
X-ray quantitative phase analysis. The diffractograms were obtained with a variable step
using Cuk radiation; the X-ray tube voltage was 40 kV, whereas the current—20 mA, the
pulse counting time was 20 s. The obtained diffractograms were normalized with regard to
the reflex (002) from NaF. The Cord parameter, which characterizes the number of carbon
atoms that participate in origination of the reflex of coherent scattering in the range of
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2θ angles from 14 to 31 degrees, was determined according to the formula presented in
work [51].

The chars obtained at the temperature of 750 ◦C were studied by a scanning elec-
tron microscope Quanta 3D FEG manufactured by FEI Company. An Everhart-Thornley
Detector (ETD) was used during the SEM tests. The samples of densified biomass were
investigated on the surface and inside of the tablets. The EDX analysis was made for the
samples of chars.

3. Results and Discussion
3.1. An Analysis of the TG and DTG Curves of Loose and Densified Samples

Figure 1 presents the curves of mass loss and mass loss rate of the studied WS, SW,
and SH samples pyrolyzed in loose (WSL, SWL, SHL, respectively) and densified forms
(WSD, SWD, SHD, respectively). Taking into account only the shape of the TG and DTG
curves in this figure, it could be suggested that densification does not substantially change
their shape. The densification of WS and SH samples lowers the peak value of the mass
loss rate and changes the yield of char at the temperature of 750 ◦C. During the pyrolysis of
SWD sample, the mass loss rate does not change but the amount of char shows a tendency
to increase. More differences in thermal behavior of loose and densified samples can be
observed in the Gram–Schmidt plots (Figure 1a).

The DTG curve characterizes the changes in mass loss rate depending on the tempera-
ture of pyrolysis. These changes were caused by the decomposition of pyrolyzed biomass
components and show their thermal stability at different temperatures. On the basis of
published data on thermal behavior of basic biomass components [52,53], we can estimate
in which temperature ranges their decomposition in the studied samples took place.

Taking into account the aforementioned temperature ranges, it is possible to calculate
the contribution of distinct biomass components in formation of the DTG curve using
the deconvolution method. Hence, it is possible to evaluate the changes in their thermal
stability that was caused by densification. The deconvolution carried out for DTG curves
shows that the general contribution of decomposition of cellulose pseudocomponents in
formation of the DTG curve during pyrolysis of WSD samples tends to increase. This
contribution increases from the value of 49.3% for WSL samples to the value of 52.1% in
WSD samples. This is connected with a lower thermal stability of the pseudocomponent
of cellulose I—the contribution of cellulose I in formation of the DTG curve increases by
nearly 5%. Gong et al. [54] also pointed out that granulation can disrupt the structure of
biomass cell walls, and Cao et al. [55] suggested that there is a possibility of decomposition
of crystalline cellulose in pellets into amorphous carbon.

The shape of the Gram–Schmidt plots in Figure 1b suggests that starting from 80 min
there are some deviations in the course of pyrolysis of SWD sample compared to SWL
sample. The results of deconvolution of the DTG curves suggest that the densification
of SW samples does not facilitate the decomposition of hemicellulose and cellulose pseu-
docomponents but only tends to increase the contribution of the pseudocomponents of
moisture and light volatile components (LVS) in formation of the DTG curve. Hence,
it should be presumed that the densification of SW samples does not affect the results
of deconvolution of the DTG curve—the contribution of basic pseudocomponents does
not substantially change. The lack of interaction between softwood components during
pyrolysis was reported by Kawamoto et al. [56].

The Gram–Schmidt curves of SHL and SHD sample presented in Figure 1c differ from
each other in shape in the whole time range of pyrolysis. The deconvolution results of the
DTG curve presented in Figure 1c clearly show substantial changes in thermal stability
of particular pseudocomponents that were caused by the densification of SH samples.
Densification does not practically affect the thermal stability of the pseudocomponents
of moisture, LVS, and extractives but it reduces the capacity of thermal decomposition of
hemicellulose—the contribution of hemicellulose in formation of the DTG curve decreases
from 45.5 to 29.6%. Moreover, under the influence of densification, the thermal stability of
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the pseudocomponents of cellulose II and lignin diminishes. This can be caused by mutual
interaction between cellulose and lignin [57–59] that was intensified by densification. The
deconvolution results of the DTG curve suggest that a new pseudocomponent decomposes
during pyrolysis of SHD sample in the temperature range of 450–500 ◦C. Such a pseudo-
component could have been formed as a result of interaction between the components of
hemicellulose material or the course of secondary reactions between volatile products of
decomposition of hemicellulose, cellulose, and lignin. Possible courses of such secondary
reactions were reported in a number of works [31,39,60].
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Therefore, depending on biomass type, the densification influences the interaction
between biomass components and changes the thermal stability of hemicellulose, cellulose,
and lignin in different ways.

3.2. The Influence of Densification on the Composition of Volatile Products of Pyrolysis

Figure 2 presents the FT-IR spectra of volatile products of pyrolysis of WSL and WSD
samples at the temperatures of 260, 300, and 420 ◦C. It follows from comparison of the
FT-IR spectra of volatile products of WSL and WSD samples that the densification of wheat
straw does not substantially change the contribution ratio of saturated and unsaturated
hydrocarbons, alcohols, and phenols in the composition of volatile products of pyrolysis but
it increases the contribution of compounds containing carbonyl groups at the temperatures
of 260 and 420 ◦C.

The ratios of the surface area of these bands (range 1850–1700 cm−1) normalized
in relation to the CO2 band from the densified samples were calculated with respect to
appropriate bands from loose samples. The calculations prove that at the temperatures of
260, 300, and 420 ◦C these ratios are 1.7, 1.3, and 2.2 respectively. On the basis of research
conducted by other authors [3,61–63], it can be suggested that during pyrolysis of the
samples of densified wheat straw more compounds with carbonyl groups are released with
volatiles, e.g., more aldehydes, ketones, acids, sugars, and aromatics.

Figure 3 presents the FT-IR spectra of volatile products emitted from SWL and SWD
samples at the pyrolysis temperatures of 240, 380, and 420 ◦C.

The analysis of the shape of the normalized spectra and the calculations of the surface
areas of bands imply that the densified sample tends to a lower emission of hydrocarbons,
alcohols, and phenols only at T = 240 ◦C. Starting from the temperature of 380 ◦C, during
pyrolysis process SWD sample emit 1.5 times more saturated and unsaturated hydrocar-
bons, 1.7 times more compounds with carbonyl groups, and 1.3 times more alcohols and
phenols than SWL sample. This implies that the densification of SWD sample substantially
influenced the interaction between volatiles and char.

SHD sample behave in a different way during pyrolysis (Figure 4). A contrastive
analysis of the spectra of volatile products of SHL and SHD samples at the temperatures
of 300, 340, 420, and 480 ◦C shows that much lower contribution ratios of hydrocarbons
along with compounds containing carbonyl groups, alcohols, phenols, and moisture are
emitted with volatiles during the entire pyrolysis process from the densified sample. At
the temperature of 300 ◦C, SHL sample emit 1.3 times more compounds with carbonyl
groups (ketones, aldehydes, acids, and ethers [3,61–64]) and 1.6 times more alcohols and
phenols than SHD sample; at the temperature of 340 ◦C they emit 2 times more saturated
and unsaturated hydrocarbons, 1.2 times more compounds with carbonyl groups, and
1.9 times more alcohols and phenols; at the temperature of 420 ◦C they emit 4.9 times
more saturated and unsaturated hydrocarbons, 1.9 times more compounds with carbonyl
groups; at the temperature of 480 ◦C they emit 3.5 times more saturated and unsaturated
hydrocarbons, 1.7 times more compounds with carbonyl groups, and 2.7 times more
alcohols and phenols [3,61–64]. These results suggest that the densification of SHD sample
affected the volatile-char interactions to a greater extent.

The initial WS and SH samples have the same content of K element and similar contents
of Ca element (Table 2). Taking into account the catalytic properties of these elements
described in works [39,44,57], such changes in the course of the pyrolysis process in WS
and SH samples was expected as well as their influence on changes in the composition of
volatiles. However, the data presented in Figures 2–4 imply that the changes in composition
of volatile products of pyrolysis after the densification of WS and SH samples take place in
different ways. In WSD and SHD samples, the interaction between volatiles and their chars
takes place in a different way.
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3.3. The Influence of Densification on Structural-Chemical Parameters of Liquid Products
of Pyrolysis

Figure 5 sets out the ATR spectra of the material extracted from the studied samples
and of condensates obtained during the process of pyrolysis to the temperature of 450 ◦C.
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In the ATR spectra of extracts and condensates, there are some spectra that correspond
to the same functional groups and groups of atoms. This implies that, when performing
extraction of the samples of studied biomass, some precursors, which cause the occurrence
of saturated and unsaturated hydrocarbons, aldehydes, ketones, alcohols, and phenols in
volatile products [65], can be partly removed from samples before pyrolysis.
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It follows from the comparison of the normalized spectra in Figure 5 that the den-
sification increases the contribution of polar compounds that are able to form hydrogen
bonds in the extracts from WS (Figure 5a) and SH (Figure 5c) samples and condensates
from WS (Figure 5a) and SW (Figure 5b) samples but it decreases the contribution of polar
compounds in the extract from SW samples (Figure 5b). The densification increases the
contribution ratio of compounds that cause the appearance of band near 1030 cm−1 in the
extracts and condensates from WS (Figure 5a) and SH (Figure 5c) samples but decreases
it in the extract from SW samples (Figure 5b). This band corresponds to C-O stretching
in fragments of cellulose [51,63,64]. The densification does not exert influence on the
contribution ratio of groups in fingerprint range (1500–1100 cm−1) in the extracts from
WS (Figure 5a) and SW (Figure 5b) samples and in the condensate from SW (Figure 5b)
samples. This indicates an increase in the relative contribution of cellulose and lignin
decomposition fragments in the discussed samples. This is confirmed by the deconvolution
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results of the DTG curve presented in Figure 1. The densification increases the intensity of
deformation vibrations of the Car-H type (in the range of 900–600 cm−1) in the ATR spectra
of the condensates from WS (Figure 5a) and SH (Figure 5c) samples.

3.4. The Influence of Densification on Changes in Structure Texture of Chars

Figure 6 presents the diffractograms of studied samples in loose and densified forms
that were pyrolyzed to the temperatures of 450 and 750 ◦C. A wide reflex in the range of
angles of 2θ 14–30 degrees is present on all diffractograms. Taking into account this range
of angles, it can be suggested that γ-fraction formed C atoms of ordered aliphatic chains has
a significant contribution in formation of this reflex. These chains form the so-called local
molecular arrangements, which were caused by the interference of the radiation scattered
by the sample [66,67]. The appearance of γ reflex on diffractograms of chars was reported
in works by other researchers [68,69]. The contribution of C atoms in graphite-like sheets
(the peak of which should be near 2θ = 26 degrees) is insignificant in shaping of this reflex.

It follows from the shapes of the diffractograms that WS and SH samples, both loose
and densified, after heating to the temperature of 450 ◦C, have similar surface areas under
diffractograms, and hence they do not substantially differ by integral intensity. The values
of the Cord parameter that determines the general degree of ordering of carbon atoms in
aliphatic chains (γ-fraction) and in graphite-like sheets in their chars are 33.4 and 34.1%
for WSD and WSL samples appropriately, and for SHD and SHL they are 35.9 and 32.4%,
respectively (Figure 6).

However, SWD and SWL samples pyrolyzed to the temperature of 450 ◦C substantially
differ from each other by Cord parameter that amounts to 54.9 and 42.1%, respectively. The
degree of ordering increases in WSD and WSL samples when the pyrolysis temperature
rises to 750 ◦C as is evidenced by an increase in value of the Cord parameter. WSD samples
have a greater degree of ordering (parameter Cord = 57.5%) in comparison to WSL samples
(parameter Cord = 46.8%). The ordering of structure takes place in a different way in SWD
sample that at the temperature of 750 ◦C have the value of Cord parameter (Cord = 50.5%),
less than it has at the temperature of 450 ◦C. The Cord parameter for SWL sample at the
temperature of 750 ◦C was equal to 42.1%, and this parameter has the same value for SWL
sample at the temperature of 450 ◦C. The processes of transformation of structure in the
temperature range 450–750 ◦C occur for SHD sample in a completely different way. At the
temperature of 750 ◦C, SHD sample have a somewhat lower value of the Cord parameter
(Cord = 34.1%) compared to the value at the temperature of 450 ◦C (Cord = 35.9%). However,
at the temperature of 750 ◦C there is an increase in the Cord parameter up to 44.9% of that
observed for SHL sample.

The diffractograms and given values of the Cord parameter presented in Figure 6
imply that the densification influences transformations of structure of WS, SW, and SH
samples during pyrolysis at various temperatures in different ways. The phenomenon of
transformation of diffractogram profiles in the studied temperature ranges was observed
by other researchers [70–72] who attributed a decrease in total intensity of reflexes in the
studied range of 2θ angles to degradation of cellulose macromolecules.

Besides the reflex caused by the presence of ordered carbon atoms in ordered aliphatic
chains and graphite-like sheets, there are some reflexes from inorganic components on the
diffractograms of chars. The intensity of these reflexes rises with an increase in temperature
from 450 ◦C to 750 ◦C. On the diffractograms of densified samples, the reflexes from
inorganic components have somewhat greater intensity. This implies that volatile inorganic
components can be emitted from densified samples to lesser extent. Hwang et al. [73]
established that K and Ca agglomerate in higher concentration in bio-chars. Inorganic
components [57] including alkali metals and alkaline earth metals can have a catalytic
effect on the course of pyrolysis processes [39]. Compounds containing K can catalyze
secondary reactions of cracking of volatile products of pyrolysis [43]. This would suggest
that the reorganization of structure of chars in WS and SH samples would have taken place
in similar way. However, the comparison of transformation of the profiles of reflexes on
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the diffractograms of WS and SH samples having similar content of K and Ca elements
(Table 2) and the comparison of changes in their ordering degree at the temperatures of 450
and 750 ◦C do not confirm this.

Energies 2022, 15, x FOR PEER REVIEW 12 of 20 
 

 

Figure 6 presents the diffractograms of studied samples in loose and densified forms 
that were pyrolyzed to the temperatures of 450 and 750 °C. A wide reflex in the range of 
angles of 2θ 14–30 degrees is present on all diffractograms. Taking into account this range 
of angles, it can be suggested that γ-fraction formed C atoms of ordered aliphatic chains 
has a significant contribution in formation of this reflex. These chains form the so-called 
local molecular arrangements, which were caused by the interference of the radiation scat-
tered by the sample [66,67]. The appearance of γ reflex on diffractograms of chars was 
reported in works by other researchers [68,69]. The contribution of C atoms in graphite-
like sheets (the peak of which should be near 2θ = 26 degrees) is insignificant in shaping 
of this reflex. 

 
Figure 6. The diffractograms of obtained chars. 

It follows from the shapes of the diffractograms that WS and SH samples, both loose 
and densified, after heating to the temperature of 450 °C, have similar surface areas under 
diffractograms, and hence they do not substantially differ by integral intensity. The values 

Figure 6. The diffractograms of obtained chars.

The comparison of shapes and locations of the reflexes on the diffractograms imply
that inorganic components can form alloys of different composition during pyrolysis of
densified samples. In biomass samples, inorganic components can influence the yield
of volatile products of biomass decomposition [41] and thus the processes of structural
ordering of chars with which these volatiles will interact. Moreover, the presence of alloys
of miscellaneous composition in the chars of samples will affect the processes of ordering
of their structure in a different way.

Figure 7 presents SEM images of chars at the temperature of 750 ◦C at magnification
of M1 k and M25 k.
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It follows from Figure 7 that the pyrolyzed WSL sample has a heterogeneous structure.
The magnification of M25 k shows the differences in shape of inorganic particles and in their
location in different areas of the sample. In some areas inorganic particles have an irregular
shape, and in others there are some nano-particles shaped like needles of about 40 nm in
diameter (magnification of M100 k) that are visible near irregularly shaped particles. There
were no such nano-objects found in the SEM images of densified samples. On the surface
of WSD samples, the organic material does not show any visible differences but the edges
of inorganic particles have some signs of melting. Inside the pyrolyzed WSD sample there
are some areas of molten inorganic particles in the form of drops visible at a magnification
of M25 k. The possibility of formation of “low melting alkali silicate component” was
reported by Zevenhoven–Onderwater et al. [40].

Such a situation could have taken place in biomass rich in silicon. The occurrence of
such areas in the pyrolyzed WSD sample suggests that they may result from a hindered
removal of volatile products from inside of the sample. The volatile organic compounds
were able to interact with inorganic components inside of the tablet longer but also the
inorganic components could have formed various alloys and undergone coalescence.

In contrast to WS samples, SW and SH samples manifest the signs of melting of organic
particles (Figure 7). At magnifications of M1 k, it is impossible to notice any differences in
relief of the pyrolyzed material in SWL and SWD samples on the surface and inside of the
tablet. However, at magnification of M25 k the material of the pyrolyzed SWL sample looks
like swollen molten fibres, and the pyrolyzed SWD sample manifest traces of stickiness in
contact points of particles of pyrolyzed material on the tablet surface. The material inside
the tablet of the pyrolyzed SWD sample shows the traces of melting too. The possibility
of melting of hemicellulose and lignin, in which cellulose chains were immersed, was
reported by a number of authors [29,37,74]. The location of cellulose chains in molten lignin
could have facilitated the formation of areas of parallel arrangement of its chains, what
caused the lowering of the background line on the diffractogram of SWD sample on the
side of lower angles of scattering at the temperature of 450 ◦C (Figure 6). The results of
the conducted microanalysis of pyrolyzed SW samples (Figures S1–S3) show a tendency
toward an increase in content of Fe and Ca elements in SWD sample. A possible influence
of Fe and Ca elements on increased content of hydrocarbons in the composition of volatile
products of pyrolysis was reported earlier by the authors [46,61]. The char of densified
SWD sample shows a tendency toward an increase in contribution of Mg and K atoms.
Moreover, the presence of Na was determined in this char. The presence of these elements
in a char can cause secondary reactions between the char and volatile products [75]. The
increase in contribution ratio of saturated and unsaturated hydrocarbons, compounds with
carbonyl groups along with aldehydes and ketones in the volatile products of densified
sample observed in Figure 3 can be probably connected with the cumulation of compounds
containing the aforementioned elements in the char of SW samples.

The magnification of M25 k exposes clear signs of melting of particles of the SHL and
SHD samples (Figure 7). It could be expected that, similar to WSD samples, SHD sample
would show a greater structural ordering at the temperature of 750 ◦C. This was proposed
on the basis of the data from Table 2; in SW and SH samples there are similar amounts
of K, Ca, and Fe elements. However, in contrast to WSD samples, at the temperature of
750 ◦C SHD sample had a worse ordering than SHL sample (Figure 6). WS and SH samples
belong to lignocellulose biomass but there is no pseudocomponent of cellulose I in the
composition of SH samples (Figure 1c). This could have been the probable reason for the
differences in thermal behavior of SHD sample and the differences in course of ordering of
these samples under the influence of temperature.



Energies 2022, 15, 4257 15 of 20Energies 2022, 15, x FOR PEER REVIEW 14 of 20 
 

 

 
Figure 7. The SEM images of chars obtained at the temperature 750 °C. Figure 7. The SEM images of chars obtained at the temperature 750 ◦C.



Energies 2022, 15, 4257 16 of 20

The comparison of the results of microanalysis of SHL (Figure S4) and SHD
(Figures S5 and S6) points to an increased content of such elements as Mg, P, S, and
Fe. The presence of Ti was detected on the surface of the SHD sample. In the char of SHD
sample, there are more K atoms cumulating than in the char of WSD. Inside of the char
of WSD, there are more Ca atoms detected than in SHD sample. Moreover, the results of
microanalysis of the chars of SH samples show the presence of N element in them. This
element was not detected in the chars of WS and SW samples. It cannot be excluded
that the presence of this element in SHD sample caused a decrease in the contribution of
hydrocarbons in the composition of the volatile products of pyrolysis.

In contrast to WS and SW samples, there are greater amounts of inorganic nano-
particles shaped like multi-pointed stars (M100 k) visible on the surface of SHD sample.
Such particles were not found in SHL sample or inside the tablets of the pyrolyzed SHD
sample. Taking into account a well-known fact that inorganic components can influence
the changes in composition of volatile products of pyrolysis [43] and that the formed
char can interact with volatile components [40], the differences in thermal behavior of the
studied samples can be connected not only with the differences in composition of inorganic
elements in the composition of the densified lignocellulose biomass but also with the
location of agglomerates of inorganic components in the tablet or the type of morphology
of particles in the formed agglomerates.

The agglomerates of inorganic particles were located inside the tablet, and the mor-
phology of particles in WSD sample differed from the morphology of inorganic particles
in WSL sample. The contribution ratio of compounds with carbonyl groups was greater
in the composition of the volatile products emitted from WSD sample (Figure 2). On the
micrographs of SWD sample (inside and on the surface of the tablet) there are greater
amounts of inorganic particles than for SWL sample (Figure 7), which corresponds to
a greater intensity of the reflexes on the diffractograms of SWD sample (Figure 6); i.e.,
there were more components that could have caused not only greater degradation of basic
biomass components but also the interaction of volatile products both inside and on the
surface of the tablet. This could have caused an increase in the contribution of saturated
and unsaturated hydrocarbons, compounds with carbonyl groups, alcohols, and phenols
in volatile products of pyrolysis of SWD sample compared to SWL sample (Figure 3).
Some nano-particles in the shape of stars are visible on the surface of the tablet of SHD
sample. This could have caused a lower emission of hydrocarbons in the composition of
volatile products during pyrolysis of SHD sample. These results show that the location of
inorganics in chars influences the volatile-char interactions.

4. Conclusions

The influence of the densification without additives of the three types of lignocellulose
biomass (wheat straw, soft wood, and sunflower husk) on the composition of their solid,
liquid, and gaseous pyrolysis products was investigated. It was found that the densification
intensifies volatile-char interactions and causes the following changes in composition of
volatile products of pyrolysis: at the temperature of 420 ◦C, the contribution of compounds
with carbonyl groups emitted from wheat straw doubles; in case of soft wood, the contri-
bution of saturated and unsaturated hydrocarbons along with compounds with carbonyl
groups increases 1.8 times, and the contribution of emitted alcohols and phenols increases
1.3 times; however, in the case of sunflower husk, the contribution of saturated and unsatu-
rated hydrocarbons decreases 4.9 times and the contribution of emitted compounds with
carbonyl groups decreases 1.9 times.

At the temperature of 750 ◦C, the densification increases the degree of ordering of the
tablets from pyrolyzed wheat straw and soft wood samples but lowers it in the tablets from
pyrolyzed sunflower husk samples.

The densification changes the location of inorganic components in the samples of
pyrolyzed tablets and, hence volatile-char interactions. In the char of wheat straw tablets,
the agglomerates of inorganic particles occur inside the tablet; in the char of sunflower
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husk tablets, these agglomerates are observed only on the surface; and in the char of soft
wood tablets, the inorganic components do not show any particular location disposition—it
is the same as in the char of loose samples. It is suggested that a decrease in emission of
hydrocarbons in the composition of volatile products can be connected with the morphology
of inorganic components and the location of their agglomerates in the tablet.

The changes in composition and structural-chemical parameters of pyrolysis products
cannot be caused by a hindered removal of volatile products of pyrolysis from the briquet-
ted sample only; an interaction is powered by briquetting both between these products and
basic biomass components directly in the sample and the volatile products on the surface of
formed char. The results of the investigation of influence of the briquetting on the changes
in structural-chemical parameters of liquid products of pyrolysis of wheat straw, soft wood,
and sunflower husk samples prove that different types of lignocellulose biomass respond
differently to this technological stimulus. That is why it is very difficult (or even probably
impossible) to propose a single mechanism in order to explain the differences in nature of
transformations taking place in briquetted and loose biomass during pyrolysis.

Taking into account that the pyrolysis process analyzed in this paper is the first stage
of combustion, it can be suggested that wheat straw and soft wood should be burned in
the loose form, and sunflower husk in the briquetted form. This would avoid incomplete
combustion of wheat straw briquettes caused by formation of greater slag agglomerates
and help prevent the emission of environmentally hazardous compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15124257/s1, Figure S1. Results of microanalysis of SWL
sample. Figure S2. Results of microanalysis of the surface of SWD sample. Figure S3. Results of
microanalysis of the inside of SWD sample. Figure S4. Results of microanalysis of SHL sample.
Figure S5. Results of microanalysis of the surface of SHD sample. Figure S6. Results of microanalysis
of the inside of SHD sample.
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