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Abstract: A research study was conducted on the thermal behaviour of leaves of urban greenery
(birch, maple, and rowan) and the products of their pyrolysis and extraction as assisted by mi-
crowaves. The obtained products of pyrolysis and extraction were investigated with the use of FT-IR
and UV spectroscopies and XRD techniques. A contractive analysis of samples of chars, condensates,
after-extraction residue, and extracts showed that the changes in structural-chemical parameters of
leaves of different types of trees during pyrolysis and extraction take place in distinct ways. About
22% of material was removed from birch leaves during extraction, and more than 17% of material was
extracted from maple and rowan leaves. It was determined that, during pyrolysis of after-extraction
residue of leaves, many fewer PAH compounds with carbonyl groups along with alcohols and
phenols are emitted than during pyrolysis of non-extracted leaves. Taking into account that pyrolysis
is the first stage of combustion, a decrease in the amount of dangerous compounds in the volatile
products of pyrolysis leads to a lower contribution of such compounds in combustion products.
This indicates that leaves of urban greenery can be subjected to combustion after extraction, and the
obtained extracts can be used as a source of phytochemicals and chemical reagents.

Keywords: leaves; pyrolysis; extraction; TG/FT-IR; XRD; UV-spectroscopy

1. Introduction

Tree leaves falling in autumn are considered urban green waste. The green waste is
not classified as hazardous waste. Nonetheless, their accumulation in the place of origin is
harmful to the environment and requires special disposal. Tree leaves have diverse and
complex composition. Phenol, flavonoid and flavan-3-ol, 2,2-diphenyl-1-picrylhydrazyl,
and 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) have been identified in their
composition [1]. Plant leaves can be used to obtain phytochemicals (polyphenols and
triterpenoids) [2] and bioactive antioxidant compounds such as oleuropein and luteolin.
Eucalyptol, a chemical compound present in eucalyptus leaves, was found in bio-oils from
leaves in high concentration [3]. The leaves of Polyalthia longifolia [4] and olive trees [3] can
be successfully applied to produce bio-oils.

Other applications of leaves are widely known. Mango leaves can be used for produc-
tion of quantum dots [5] and biochars from orchid tree leaves can be utilized as “fuel of a
direct carbon solid oxide fuel cell” [6]. Attempts have also been made to include tree leaves
in the composition of forage for mature male sheep [7]. Moreover, biochars from banana
tree leaves can be used for the production of construction insulating material [8]. Celtuce
leaves are used for the production of porous coal with “outstanding supercapacitance and
CO2 capture performance” [9], and activated ginkgo-leaf-derived carbons were analysed
as a source of porous carbons made of cheap biomass that can be applied as supercapacitor
electrode materials in the acid electrolyte [10]. Carbon materials from bamboo leaves in
combination with copper oxide/cuprous oxide nanoparticles can serve as a supercapaci-
tor [11], and batat leaves can be used to obtain three-dimensionally interconnected carbon
nanorings [12].
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Composting is the most widespread and known way of utilizing the leaves of garden
trees [13,14]. However, the leaves of urban trees contain large amounts of heavy metals
because of their close proximity to roads [15–18] and therefore cannot be used for soil
fertilization. Limitation of the use of fossil fuels makes us pay attention to tree leaves
as a lignocellulosic biomass that can be applied for energy purposes [19]. According
to Makkawi et al., the leaves of Phoenix dactylifera along with other wastes arising from
its cultivation can be converted into energy without any harm to the environment or
costs for disposal of these wastes [20]. Nevertheless, it is believed that forest waste has a
much lower parameter of high heating value (HHV) compared to agricultural waste [21].
Despite this, tree leaves can be used as components of pellets applied in commercial
devices [22]. According to He et al. [3], eucalyptus leaves can be used for energy purposes.
It is characteristic of leaves that they behave differently from the wood of the same species:
“leaves tend to give a higher yield of char and a lower yield of organics in bio-oil than the
wood” [3].

A serious problem arising during combustion is the formation of ash and the emission
of suspended dust along with volatile organic compounds, including terpenoids [23–25].
An analysis of the composition of suspended dust proved that coal atoms prevail in its
elemental composition. According to transmission electron microscope (TEM) investiga-
tions, the composition of coal atoms corresponds to the presence of fringes formed due
to pyrolysis and the combustion of compounds containing aromatic hydrocarbons [26,27].
This gives reasons to suggest that hydrocarbons in the composition of volatile pyroly-
sis products (as the first stage of combustion) along with inorganic particles lead to the
formation of suspended dust.

In order to verify the aforementioned statements and to propose a more economical
way to dispose of leaves from selected tree types of urban greenery, the following aims
were set:

(i) to investigate the course of the pyrolysis process of birch, maple, and rowan tree leaves
using a pyrolytic oven manufactured by the Czylok company and a thermogravimetric
Fourier transform-infrared (TG/FT-IR) measuring unit;

(ii) to compare structural-chemical parameters of the pyrolysis products of birch, maple,
and rowan samples;

(iii) to determine the extraction yield of birch, maple, and rowan samples and to investi-
gate the obtained products of extraction using the techniques of Fourier transform-
infrared (FT-IR) and ultraviolet (UV) spectroscopies and X-ray diffraction (XRD).

2. Materials and Methods

The objects of the research were birch leaves (BL), maple leaves (ML), and rowan
leaves (RL). These tree species are among the most common ones in Polish urban greenery.
The washed leaves were dried at a temperature of 105 ◦C and ground to a diameter of
particles <3 mm. The elemental analysis of samples was carried out in a CHNS Elementar
Vario Micro Cube analyzer. The results of elemental analysis and the values of HHV
parameters of the studied samples are presented in Table 1.

Table 1. The main characteristics of leaves.

Main Characteristics BL ML RL

C [%] 49.39 ± 0.21 41.99 ± 1.02 48.55 ± 0.04
H [%] 6.97 ± 0.05 5.71 ± 0.03 6.69 ± 0.05
N [%] 0.78 ± 0.71 1.46 ± 0.03 1.33 ± 0.07

S [%] 0.06 ± 0.05 a 0.07 ± 0.01
O a [%] 34.42 ± 0.22 34.49 ± 0.28 33.05 ± 0.04
A [%] 8.38 ± 0.06 16.35 ± 0.02 10.32 ± 0.02

HHV b [MJ/Kg] 21.72 ± 0.22 17.46 ± 0.28 21.19 ± 0.04
(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; a—absent; BL—birch leaves; ML—maple leaves;
RL—rowan leaves.
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Table 2 presents the results of the determination of the content of inorganic elements
in the samples. This determination was made using elemental analysis with the energy
dispersive X-ray fluorescence (ED-XRF) technique, using a Niton XL3T Goldd+ analyzer
manufactured by Thermo Fisher Scientific Inc (Waltham, MA, USA).

Table 2. Content of inorganic elements.

Elements BL ML RL

Ca [%] 2.39 ± 0.02 3.06 ± 0.02 3.92 ± 0.03
K [%] 3.30 ± 0.03 1.64 ± 0.02 1.84 ± 0.02

Fe [mg/kg] 125 ± 18 231 ± 21 579 ± 28
P [mg/kg] 603 ± 115 2999 ± 118 1152 ± 133
S [mg/kg] 2475 ± 94 1707 ± 71 3563 ± 106
Si [mg/kg] 2129 ± 133 2224 ± 114 11,577 ± 227
Sr [mg/kg] 38 ± 1 78 ± 1 99 ± 2
Zn [mg/kg] 98 ± 6 12 ± 3 27 ± 4

It follows from Table 2 that the greatest amount of determined inorganic elements
(apart from K atoms) was observed in the RL sample.

The biomass samples were pyrolyzed in a PRC 70 × 708/110 M pipe oven manufac-
tured by the Czylok company under the atmosphere of nitrogen of 99.999% purity. The
heating rate in the oven was 10 ◦C/min. The samples were heated to a temperature of
450 ◦C. The volatile pyrolysis products were removed to a retort with methanol cooled
by water with ice to obtain a condensate, i.e., the volatile products of pyrolysis absorbed
by methanol. Dried samples weighing 2 g were extracted with a mixture of chloroform
and methanol (25:25 mL) in an Anton Paar multiwave 3000 microwave extractor at a tem-
perature of 150 ◦C under the pressure of 18 bars for 20 min. After the solvent evaporated,
the samples of extracts and after-extraction residues (samples RBL, RML, and RRL) were
subjected to further analysis.

The samples of initial biomass (BL, ML, RL) and after-extraction residues (RBL, RML,
RRL) were pyrolyzed in a TG/FT-IR unit under the atmosphere of nitrogen of high purity
up to a temperature of 780 ◦C in order to determine the composition of volatile products
of pyrolysis being formed. The volatile products were directed via interface to a Nicolet
iS10 spectrometer, and their FT-IR spectra were registered in the range of a wavenumber
of 4000–600 1/cm. The FT-IR spectra were elaborated and the deconvolution of differen-
tial thermogravimetric (DTG) curves was performed using OMNIC9 software. During
deconvolution, a fragment of the DTG curve was analysed in the range of 20–600 ◦C.

The samples of biomass, chars, condensates, and extracts were studied by the at-
tenuated total reflectance (ATR) technique using a Thermo Fischer Scientific Nicolet iS10
spectrometer. For this purpose, a Smart MIRacle module with a ZnSe monocrystal was
used. The automatic correction of baseline was performed by OMNIC9 software, taking
into account the local optical minima near 2400, 2000 1/cm. The UV spectra of the samples
of condensates and extracts dissolved in acetonitrile were registered by a Jasco UV-Vis
V-630 spectrophotometer in the range of wavelength of 195–350 nm. For this purpose,
0.0001 g was taken from the samples and dissolved in 50 mL of acetonitrile. The dissolved
samples were investigated in quartz cuvettes. The obtained spectra were normalized and
deconvoluted using Jasco Spectra Manager software.

The biochars were heated in a pyrolytic oven at a temperature of 450 ◦C and investi-
gated with the use of X-ray diffraction. Using Cukα radiation, the powder diffractograms
were recorded. The X-ray lamp mode was U = 40 kV, I = 25 mA, and the exposure time at
every spot was 20 s.
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3. Results and Discussion
3.1. Analysis of Pyrolysis Products

Table 3 presents the yields of char and condensate obtained during pyrolysis of the
samples of leaves.

Table 3. Yield of chars and condensates obtained during pyrolysis of samples.

Sample Yield of Char [%] Yield of Condensate [%]

BL 33.8 4.1
ML 41.8 1.9
RL 35.1 3.1

It follows from Table 3 that at a temperature of 450 ◦C, the ML sample had the greatest
char yield, and the BL sample had the lowest one.

Figure 1 presents the ATR spectra of the dried samples of leaves. The spectra coincided
in such a way that the height of the band near 1600 1/cm was the same. This height
corresponds to the presence of bonds of the C=C type in the material of samples.
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Figure 1. ATR spectra of examined leaves.

This enables a visual estimation of the contribution of particular bonds and groups of
atoms with respect to the content of C=C bonds in the studied samples. The shape of the
curves in Figure 1 implies that the samples varied from each other by a contribution ratio
of hydrogen bonds, bonds of the Cal-H type, carbonyl groups, and bonds of the Car-H type.
However, the most noticeable difference is the contribution of C-O stretching in cellulose
and lignin in the samples.

For comparison, Figure 2 presents the ATR spectra of initial samples of leaves as well
as their condensates and chars. The ATR spectra of the samples (except the BL condensate
sample) were normalized with respect to the height of the band near 1600 1/cm.

In the ATR spectra of all samples, there were some wide bands in the range of
wavenumbers of 3700–2400 1/cm. These bands point to the presence of −OH groups
that form a range of hydrogen bonds (OH· · ·π, self-associated OH, OH· · ·OR, tightly
bound cyclic OH-tetramers, OH· · ·N, carboxylic acids dimmers, SH...N) [28,29] in the stud-
ied samples and to the bonds of the Cal-H type (range of wavenumbers of 2950–2850 1/cm).
The ATR spectra suggest that >C=O groups (range of wavenumbers of 1800–1650 1/cm)
are present in the initial samples and condensates, and C=C groups (near 1600 1/cm) are
present in the initial samples, condensates (except the BL sample), and chars. In the dacty-
loscopic range, in the ATR spectra there are visible one to eight bands that are characteristic
of groups occurring in cellulose, hemicellulose, and lignin [30–32]. The assignment of the
bands is explained in the caption for Figure 2. Near the wavenumber of 1030 1/cm, there
is an intensive band of β-1,4-glycoside bond (marked as 9 in the figure). The presence of
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the aforementioned bands shows that the studied samples of leaves should be rated as
lignocellulose biomass [31–33]. The spectra in Figure 2 suggest that the height of band nine,
corresponding to the presence of C-O stretching (in cellulose and lignin) in the samples,
decreased during the pyrolysis process. This implies that this β-1,4-glycoside bond under-
went degradation: the height of band nine decreased in char of the BL sample by five times,
in char of the ML sample by three times, and in char of the RL sample by 2.5 times. As a
result of pyrolysis, the contribution ratio of the bonds of the Cal-H type decreased in all
chars. Moreover, the bands corresponding to the presence of carbonyl groups disappeared.
The contribution ratio of hydrogen bonds decreased in the chars of ML and RL. In all
chars of the studied samples in the range of 1450–1350 1/cm, there appeared a wide band
three, which can be attributed to aromatic skeletal vibration combined with CH in plane
deformation for lignin and cellulose along with CH deformation in fragments of cellulose
and hemicellulose [32].
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The bands present in the spectra of condensates correspond to the disappearance
of the aforementioned bands in the spectra of chars. Figure 2 shows that there is a high
contribution ratio of the bands corresponding to the presence of bonds of the Cal-H type, the
bands corresponding to aromatic C-H out-of-plane bend in the range of 900–600 1/cm, and
other bands one to nine, characteristic of dactyloscopic range of biomass in the composition
of condensates (for explanation, see figure caption). Special attention should be given to
band 10 in the condensates of the BL and RL samples, which correspond to the presence of
the bond of C-H bending in 1,2-disubstituted aromatics in these samples. It is important
to mention the fact that the contribution ratio of polar compounds able to form hydrogen
bonds in the condensates of the ML and RL samples increased in comparison to their
biochars. In contrast to the BL and RL samples, no substantial increase in the contribution
ratio of carbonyl groups was observed in the condensate of the ML sample.

The spectra of the initial samples of leaves and the products of their pyrolysis pre-
sented in Figure 2 show that the differences in contribution ratio of particular groups of
atoms in initial samples of different leaves also cause differences in the contribution ratio
of these groups in condensates and biochars. In the condensates of samples, there are
some compounds able to form hydrogen bonds and compounds with polar groups. This
implies that there can be intermolecular interactions, leading to self-aggregation of these
compounds in volatile products and to the formation of aerosol particles. Taking into
account that pyrolysis is the first stage of the combustion process, it can be presumed that
these aerosol particles will form particles of suspended dust and additionally poison the
environment. To describe the observed differences in composition of the condensates in
Figure 2, UV spectroscopy was included in the analysis.

Figure 3 presents the UV spectra of the condensate material of the BL, RL, and
ML samples.
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Figure 3. UV spectra of obtained condensates.

Similar to the ATR spectra, the UV spectra of condensates have different shapes,
which implies differences in their composition. These differences concern the presence of
compounds containing chromophore groups. The condensate of the ML sample has the
greatest value of absorbance in the entire discussed range of wavelengths (195–350 nm).
This suggests that there is a greater concentration of the mixture of various compounds
with chromophore groups in this condensate. The condensate of the BL sample is a
more homogeneous material with respect to the occurrence of compounds with particular
chromophore groups. In the spectrum of this condensate near 235 nm, there is a distinct
maximum, which implies the presence of a prevailing amount of compounds of the same
type. In the ATR spectrum of the condensate of the BL sample, there is no band near
1600 1/cm; however, in the ATR spectra of the RL and ML samples, such a band is visible
(see Figure 2). This implies a greater homogeneity of the material of the BL condensate.
On the basis of the ATR spectra of this condensate (Figure 2), it can be suggested that the
compounds with carbonyl chromophore group in the acyclic aliphatic compounds prevail
in its composition [34].
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3.2. Analysis of Extraction Products

The studied samples of leaves were extracted in order to explain other details about
their composition. Table 4 presents the results of the extraction of dried samples of leaves.
The data in this table imply that the birch tree has the largest amount of the material soluble
in a mixture of chloroform and methanol under extraction conditions.

Table 4. Yield of material soluble in mixture of chloroform and methanol and yield of
residual material.

Sample Yield of Extract Calculated from
the Mass of the Extract [%]

Yield of Extract Calculated
from the Mass of the

After-Extraction Residue [%]

BL 22.12 ± 0.20 24.13 ± 1.74
ML 17.20 ± 0.03 17.93 ± 1.77
RL 17.78 ± 1.30 19.26 ± 2.12

Figure 4 presents the ATR spectra of extracts and after-extraction residues of leaves
normalized with regard to the C=C band near 1600 1/cm. For better comparison, the
spectra of initial samples are presented by a dotted line. The assignment of bands one to
five in the ATR spectrum is explained in the figure caption. Attention should be drawn
to the fact that the β-1,4-glycoside bond, giving band six in the spectra near 1030 cm−1,
underwent degradation as a result of extraction. The relative height of this band decreased
in the after-extraction residue but increased in the extract. This implies that the part of the
material of leaves that contained this bond was extracted. The analysis of the spectra in
Figure 4 shows that, in the extracts, after-extraction residue, and initial samples there occur
some bands near the same wavenumbers. Hence, it can be suggested that the same groups
of atoms occur in these samples. However, the contribution ratios of these groups of atoms
and bonds in the formation of the ATR spectra of the discussed samples are different.

The contribution ratio of hydrogen bonds in the RBL sample is lower, whereas in the
RRL sample it is higher than in initial samples. In the RML sample, the contribution ratio
of hydrogen bonds in the after-extraction residue and initial sample is the same. Attention
should be drawn to the fact that, similar to the condensates, the samples of BL, ML, and RL
have a high contribution ratio of carbonyl groups. However, the compounds, the presence
of which in the spectra causes the occurrence of bands in the range of somehow greater
values of wavenumbers, prevail in the extracts of the BL and ML samples. These can be
esters (1750–1735 1/cm), carboxyl acids (1760 1/cm), aldehydes (1740–1720 1/cm), and
aliphatic ketones (1725–1705 1/cm). In the extract of the RL sample (the bands in the
area of somehow higher values of wavenumbers), the presence of dimmers of conjugated
acid (1710–1680 1/cm), conjugated aldehyde (1710–1685 1/cm), and conjugated ketone
(1685–1666 1/cm) should be expected [35].

The discussed results show that there is some material moved out as a result of the
microwave extraction of leaves. The compounds able to form hydrogen bonds and the
compounds with carbonyl groups are removed together with this material. The contribu-
tion ratio of almost all functional groups decreases in the after-residue extract. This implies
that extraction before pyrolysis makes it possible to decrease the content of hydrocarbons
hazardous to the environment in the composition of volatile products of pyrolysis. Ipso
facto, the contribution of hazardous compounds in the composition of combustion products
emitted to the environment will be decreased. However, the obtained material of extracts
after fractionation can be used as a source of platform chemicals.
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Figure 5 shows the UV spectra of the material extracted from the initial samples
of leaves.
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Figure 5. UV spectra of extracted material.

The presence of distinct maxima in the UV spectra of extracts (Figure 5) implies
that there are certain classes of chemical compounds with similar chromophore groups
occurring in the composition of extracts of the studied samples but not a mixture of various
chemical compounds (what can be suggested on the basis of the shape of spectra of the RL
and ML samples as seen in Figure 3). This fact will make the separation of extract material
into particular fractions easier.

3.3. Analysis of Pyrolysis Process in a TG/FT-IR Unit

Figure 6a presents the TGA and DTG curves of BL initial samples and their after-
extraction residues.
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Figure 6. TGA and DTG curves (a) along with the results of deconvolution of the DTG curve (b) of BL and RBL samples.

The results of deconvolution of the DTG spectra are seen in Figure 6b. The curves of
mass loss in Figure 6a imply that the RBL sample in the temperature range of 200–600 ◦C
has an inclination towards a yield in volatile products of pyrolysis lower than the BL sample.
However, in the temperature range of 270–320 ◦C and higher than 430 ◦C, it shows a greater
mass loss rate. In case of the RBL sample, the mass loss rate decreased after extraction
in the ranges of 120–260 ◦C and 320–420 ◦C, but at the temperatures of 260–320 ◦C and
higher than 430 ◦C, it increased. This implies that during extraction not only were some
components that underwent decomposition at lower temperatures removed from the
BL sample, but the structure of material of the entire sample loosened. On the basis
of thermogravimetric studies presented in works [37,38], the temperature ranges were
established in which basic components of biomass (hemicellulose, cellulose, and lignin)



Energies 2021, 14, 2091 10 of 18

should undergo decomposition during pyrolysis. The deconvolution of the DTG curves
of BL and RBL samples was carried out taking into account these temperature ranges. It
follows from the comparison of shape of the DTG curves of samples that, during extraction
of BL, the extractives in the composition of volatiles were removed as the first from the
sample. The contribution of these extractives during pyrolysis of RBL decreased by almost
9.5 times (Figure 6b). The contribution of pseudo-components of moisture and light volatile
substances (LVS) increased during pyrolysis. Attention should be drawn to an increase in
contribution of the pseudo-components of hemicellulose and cellulose I and a decrease in
contribution of cellulose II in the formation of the DTG curve. This implies that, under the
influence of microwave extraction and an increased pressure, there occur destabilization
and loosening of the structure of hemicellulose, cellulose, and lignin of the BL sample,
which caused a decrease in their thermal stability. The contribution of a new pseudo-
component in the formation of the DTG curve of the RBL sample increased. In work [3], the
authors stated that the course of pyrolysis of leaves of forest trees differs from the course of
pyrolysis of wood of the same species. In the DTG curves near the temperatures of 470 and
675 ◦C, there appear some peaks. The presence of these peaks can be caused by interactions
between cellulose and lignin [39,40] or lignin and hemicellulose [41,42]. The course of
interaction of the inorganic components on the surface of char with the volatile products of
the pyrolysis of leaves cannot be excluded [43]. These interactions could have caused the
formation of the new products, the decomposition of which contributed to the increase in
mass loss rate at the temperatures of 470 and 675 ◦C and the formation of maxima visible
in the DTG curve.

Figure 7a presents the thermogravimetric curves and the results of deconvolution of
the DTG curve of ML and RML samples (Figure 7b).
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Figure 7. TGA and DTG curves (a) along with the results of deconvolution of the DTG curve (b) of ML and RML samples.

It follows from comparison of the curves of mass loss of ML and RML samples in
Figure 7a that the extraction did not substantially influence the course of the pyrolysis
process of the RML sample. The rate of removal of volatile products from the RML sample
decreased in the temperature ranges of 170–275 ◦C and 360–610 ◦C and increased in the
temperature range of 270–360 ◦C. The results of deconvolution in Figure 7b proved that the
extraction did not cause any significant changes in contribution of extractives, moisture,
and LVS. However, it increased the removal of hemicellulose from the RML sample by
4.6%, the removal of cellulose I by 3%, and the removal of cellulose II by almost 12%.
As a result of the extraction, the removal of volatile products corresponding to lignin
pseudo-components decreased by almost 20%.
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Figure 8 presents the TGA and DTG curves of RL and RRL samples and the results of
deconvolution of the DTG curves of these samples.
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Figure 8. TGA and DTG curves (a) along with the results of deconvolution of the DTG curve (b) of RL and RRL samples.

In contrast to the RBL and RML samples, the RRL sample has a much lower mass loss
than the RL sample in the temperature range above 225 ◦C (Figure 8a). In the temperature
range of 155–450 ◦C, the RRL sample emits much fewer volatile products of pyrolysis
compared to the RL sample. It follows from Figure 8b that the extraction did not increase
the yield in extractives but decreased the yield in moisture and LVS along with the thermal
stability of hemicellulose pseudo-components by 23.2%. The thermal stability of pseudo-
components of cellulose I and lignin increased substantially after the extraction.

The results presented in Figures 6–8 imply that some part of organic components that
are present in the composition of volatile products during pyrolysis is removed from BL, RL,
and ML samples during extraction. Although the studied leaves belong to lignocellulosic
biomass, the extraction affects the loosening of structure and the thermal stability of its
basic components in different ways and therefore the interactions taking place between
these components. In turn, this means that during pyrolysis of initial samples of leaves
and their after-extraction residues, the structural changes in these materials will take place
in different ways.

Figure 9 presents the diffractograms of chars of leaves and their after-extraction
residues pyrolyzed at a temperature of 450 ◦C. In the diffractograms, there are visible
reflexes from the biochars included in biochars of inorganic components and from the reflex
of (002) NaF. In this case NaF is used as an internal standard. With regard to NaF reflex,
the differences in integral intensity of the reflex from the biochar of samples can be visually
evaluated. Such differences point to the degree of ordering of pyrolyzed material. Based
on the data in Table 2 and the results published in works [31,44], it can be suggested that
the peaks in the diffractograms of biochars point to the presence of inorganic components
in the form of quartz, calcite, K-feldspar, plagioclase feldspar, magnetite, etc. The shape
of the reflex from biochar in the range of 2 theta 14–34 implies that, in biochar material,
except in the amorphous phase, the occurrence of two types of ordering, γ-fraction and
crystalline phase, can be expected. The presence of γ-fraction is caused by local molecular
ordering of aliphatic or alicyclic chains whereas crystalline (graphite-like) phase is formed
from lamellas that have a structure similar to graphene layers [45,46].
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m—magnetite (magnetite and maghemite overlap).

The comparison of the diffractograms implies that the char of RML sample has the
best degree of ordering. Compared to the diffractogram of ML sample, it has a smaller
angle of deviation of the background line on the side of smaller 2 theta angles. The char
of RRL sample is less ordered, its diffractogram has the greatest angle of deviation of the
background line on the side of smaller 2 theta angles. Taking into account that the loosening
of the structure of material facilitates its ordering, it can be suggested that a better ordering
of char from the RML sample results from a decrease in thermal stability of hemicellulose,
cellulose I, and cellulose II. The results of deconvolution of the DTG curve presented in
Figure 7b point to this. A worse ordering of the char of the RRL sample could have been
caused only by a lower thermal stability of hemicellulose. The data in Figure 8b imply that
the pseudo-components of cellulose and lignin of the RRL sample increased their thermal
stability. The ordering of the char of the RBL sample took the medium position because the
pseudo-components of hemicellulose, cellulose I, and lignin reduced their thermal stability
(see the results of deconvolution in Figure 6b).

The FT-IR spectra of samples were registered at different temperatures in order to
evaluate the influence of extraction on the composition of volatile products of pyrolysis.
Figure 10 presents the FT-IR spectra of volatile products of pyrolysis of BL and RBL samples.
To make a contrastive analysis easier, the spectra were presented in such a way that the
height of the CO2 band in them was the same.
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Figure 10. FT-IR spectra of volatile products emitted during pyrolysis of BL and RBL samples.

It follows from the analysis of the shape of the FT-IR spectra of volatile products in
Figure 10 that during pyrolysis of the after-extraction residues of birch leaves there are
much lower contribution ratios of a mixture of saturated and unsaturated hydrocarbons,
a mixture of compounds containing carbonyl groups, and a mixture of alcohols, phenols,
and esters formed as a result of defragmentation of the β-1,4-glicoside bond observed
in the composition of volatile products. Such a shape of the spectra proves that during
extraction a significant part of the aforementioned compounds (over 20%) was extracted
from birch leaves.

Somehow, less material (about 17%) was extracted from the ML and RL samples. It was
expected that the transformation of the shape of the spectra of volatiles from these samples,
which was caused by extraction, would take place in similar way. However, it follows from
the shape of the spectra in Figure 11 that, in the case of the ML and RML samples, the
differences in shape are visible in the FT-IR spectra of volatile products that were emitted
in the temperature range of 300–400 ◦C. In the composition of volatile products of the RML
sample (like RBL sample), there is an increased contribution ratio of water vapour and a
decreased contribution ratio of saturated and unsaturated hydrocarbons.
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No increase in the contribution ratio of water vapour was observed in the volatile
products of pyrolysis of the RRL sample. There is a visible decrease in the contribution
ratio of saturated and unsaturated hydrocarbons in the temperature range of 300–450 ◦C
and a tendency toward a decrease in the contribution ratio of the mixture of compounds
with carbonyl groups in the temperature range of 250–400 ◦C. Attention should be drawn
to the shape of fragments of the spectrum in the range of wavenumbers corresponding
to the occurrence of bands of water vapour at the temperatures of 350–450 ◦C (Figure 12).
This shape may have been caused by the interactions of water vapour with the surface of
formed char, and a decrease in its contribution ratio was observed as a result. It cannot
be excluded that these interactions of water vapour with the surface of char could have
been catalysed by inorganic components present on the char surface. The peaks on the
diffractograms of chars point to the presence of these inorganic components [47].
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The FT-IR spectra of volatile products of RL and RRL samples show some differences
starting at a temperature of 300 ◦C (Figure 12).

4. Conclusions

The leaves of urban trees falling in autumn should be utilized. The research on the
course of the pyrolysis process of leaves (as the first step of the combustion process) has
proven that leaves can be subjected to combustion after the extraction operation. The
advantages of such an approach are as follows:
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(i) The yield of extraction of birch, maple, and rowan leaves is 22.12 ± 0.20%, 17.20 ± 0.03%,
and 17.78 ± 1.30%, respectively.

(ii) The removal of such an amount of material reduces the burden on the environment
caused by dangerous chemical compounds present in the composition of volatile
products of pyrolysis (aromatic hydrocarbons, compounds with carbonyl groups,
alcohols, phenols, water vapour).

(iii) The composition of extracted material has greater homogeneity in groups of com-
pounds with carbonyl chromophore groups compared to the composition of the
condensate that is formed during pyrolysis.

(iv) The separation of extracted material into fractions will enrich the raw material
platform with materials that can be used to obtain phytochemicals and other
chemical reagents.

(v) The removal of dangerous compounds from the material of leaves will increase the
amount of energy resources that can be solely subjected to combustion or added to
other species of combusted biomass.
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Abbreviations

ATR attenuated total reflectance
BL birch leaves
DTG differential thermogravimetric curve
ED-XRF energy dispersive X-ray fluorescence
FT-IR Fourier-transform infrared spectroscopy
HHV higher heating value
ML maple leaves
RBL residual birch leaves
RML residual maple leaves
RL rowan leaves
RRL residual rowan leaves
TEM transmission electron microscope
TG/FT-IR thermogravimetric Fourier-transform infrared measured unit
UV ultraviolet spectroscopy
XRD X-ray diffraction
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