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Abstract: Pyrolysis is one of the most popular methods for the thermal conversion of biomass-derived
materials, which can be applied to produce valuable products such as biochar, bio-o0il, and pyrolysis
gas. However, this does not change the need for more precise data on the products obtained from such
processes under different conditions, using different types of reactors or types of biomass material.
Pyrolysis products can have a high energy value and have been extensively studied. In the presented
research, three potential energy feedstocks from waste biomass, wheat cereal straw (CS), tobacco
waste (TW), and furniture waste (FW) were comprehensively evaluated in terms of product yields, as
well as the chemical composition of the volatile products of the pyrolysis process using the pyrolysis—
gas chromatography—mass spectrometry technique and the chemical distribution of the products
obtained under fixed-bed pyrolysis conditions. The obtained results were compared to data from the
literature, which provided thorough information on the pyrolysis of biomass materials in diverse
systems. The research identified the primary elements of the liquid fraction, such as N-compounds,
furans, phenols, benzene, PAHs, aldehyde-ketone-alcohol, and organic acids, which were the main
constituents of the liquid fraction, and the concentration of non-condensable components of gaseous
products. The research discussed in this article provides a comprehensive approach to the thermal
conversion of biomass materials, which, depending on their origin, processing conditions, and
methodologies, can be utilised for more than only energy production.

Keywords: Py-GC/MS; fixed-bed reactors; comparison analysis

1. Introduction

Biomass can be used as a renewable feedstock to produce bioenergy and can be utilized
in the production of syngas, bio-oil, and biochar, which have numerous applications [1-5].
The role of biomass in pyrolysis processes to produce biofuels [6] is essential to achieving
future sustainable energy development goals. This process is a thermochemical conversion
process, which must be improved before biofuel production [7]. Owing to bio-oil’s ability
to be converted into fuels, chemicals, and energy, it is considered a renewable resource [8].

Several investigations have shown that bio-oil contains a wide variety of chemical
compound groups, such as phenolics, acids, alkaloids, aldehydes, alcohols, ketones, and
ethers [9,10]. A solid product of pyrolysis is biochar, which is a substance rich in carbon,
possesses a porous structure, and exhibits a high calorific value. Therefore, it can potentially
be utilized in the energy industry as either an adsorbent or catalyst [11].

The production of first-generation biofuels from energy crops is not encouraged due
to its rivalry with the food industry [1,12]. However, the concept of biomass also includes
second-generation sources such as waste biomass feedstocks, waste oils, and vegetable
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oils [1,12]. Pyrolysis—gas chromatography-mass spectrometry (Py-GC/MS) is one of the
most common methods for swift screening and determination of bio-oil composition
because of its versatility and the minimal amount of feed required. Recent studies have
summarisd the rapid analysis of pyrolysis products [5,13—22]. This technique has been
applied to many different types of microalgae [13,14], corn cob, wheat straw, rice husk [17],
rice straw [16,17] tobacco waste [18], pinewood, switchgrass—pine residues [20], date
pits, coffee waste, catalysts [19], cow dung [21], teff husk [22], eucalyptus, mentha, and
palmarosa biomass [5].

Understanding the parameters influencing both the quantitative and qualitative pa-
rameters of the pyrolysis products obtained from various materials belonging to the waste
biomass group makes it possible to provide the necessary data, e.g., in the construction of
predictive models [23-27]. Therefore, research into such raw materials is still necessary to
gain better insight into the potential applications of thermal conversion methods in the
valorisation of waste biomass. The presented research compared three different types of
waste biomass for their viability as a renewable energy resource.

In this study, three types of waste biomass were selected, wheat cereal straw (CS),
tobacco waste (TW), and furniture waste (FW), due to their wide availability and their
potential for use as alternative sources for the production of chemical compounds or as
substrates for further synthesis and biofuel production [28-32].

Straw was chosen because it has been identified as one of the best possible biomass
feedstocks in Europe [33], and it has the potential to play a significant role in advanced
biofuels in the future. There is little competition from other land uses, resulting in relatively
low matching land use change effects. The use of straw is regarded as an environmentally
beneficial and socially acceptable choice of feedstock for bioenergy provision. Nonetheless,
there are a number of questions regarding the actual potential of agricultural leftovers
such as straw for the sustainable production of bioenergy. Tobacco waste was the second
feedstock chosen for these investigations because tobacco is a major cash crop in the global
market, with an annual production of more than 4 million tonnes [34], approximately
20% of which was converted into tobacco waste during cigarette production, including
tobacco stems and shredded leaves [35]. A greater understanding of tobacco’s pyrolytic
characteristics is critical for influencing the design of tobacco products and offering a more
efficient use of tobacco waste.

According to the United States Environmental Protection Agency (USEPA), the output
of wood waste, such as waste furniture boards (WFBs), reached 18.0 million tonnes in 2018,
and around 12.1 million tonnes were disposed of in landfills [30]. This large waste volume
could be ascribed to the strong demand for new furniture as well as the unfavourable
method of waste disposal (e.g., landfill) currently in use. Furthermore, when businesses
shift or close, leftover furniture may be disposed of as waste, increasing the waste vol-
ume [36]. Because of its nature, Furniture Waste (FW) is difficult to transfer, recycle, and sell;
it contains toxic ingredients such as waxes, binders, paints, flame retardants, and coatings,
which are difficult to dispose of securely, resulting in environmental consequences [37].

In order to ensure that the results could be compared to those of previous studies, the
tests were done at a constant temperature of 600 °C. Some of the results such as bio-oil
and pyrolysis gas that yield from pyrolysis of this biomass in several different temperature
conditions (Table 1) were studied before, which allowed researchers to gather information
about them in the literature and compare them with obtained results.

The obtained experimental results confirmed the yields reported in the literature and
provided additional insights into the importance of the following: the composition of the
different fractions, examination of the liquid and gas fractions, and the distribution of
their components based on the kind of biomass. According to our investigations, it was
confirmed which primary components (that vary depending on the material) were present
in the liquid products. This study helps a number of industrial and agricultural sectors
identify opportunities for the utilisation of biomass waste through the use of pyrolysis
methods, and for future investors interested in the thermal conversion of biomass waste,
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it provides relevant data and information on how the various parameters of the products
resulting from the pyrolysis process may change depending on the type of material and the
way in which it is treated (fast pyrolysis or slow pyrolysis in a stationary/fixed bed).

Table 1. Impact of pyrolysis process parameters on high-value products from waste biomass feedstocks.

Waste Biomass Feedstock T, °C Biochar, % Bio-Oil, % Gaseous Product, % Ref.
400 54.8 375 7.6
450 38.0 40.4 21.6
Straw biomass 500 37.6 39.8 22.6 [23]
550 324 43.0 24.6
600 29.3 47.5 23.2
300 49.2 28.7 22.1
400 38.5 37.3 24.3
Tobacco waste 500 322 43.5 243 [18]
600 29.3 429 27.8
700 27.9 40.3 31.8
400 535 32.1 14.4
450 38.5 442 17.3
Furniture waste 500 32.7 47.5 19.8 [23,24]
550 30.3 48.9 20.8
600 29.0 49.6 214

Understanding the bio-oil content in biomass wastes provides vital information to
create prediction models. Hence, investigations on such feedstocks are still necessary to
gain greater insight into the potential applications for valorisation. In order to determine the
ideal pyrolytic operating parameters for wheat cereal straw (CS), tobacco waste (TW), and
furniture waste (FW), we examined the properties of the products produced at a constant
temperature of 600 °C using a fixed-bed reactor by Py-GC-MS. The presented research
compared three different types of waste biomass for their viability as a renewable energy
resource. We provided a comprehensive approach via the comparison of the results of batch
pyrolysis and microscale pyrolysis utilizing Py-GC-MS technology. The study employed
three essential types of biomass materials CS, TW, and FW. Additional insights into the
importance of the following were obtained: the composition of the different fractions,
examination of the liquid and gas fractions, and the distribution of their components based
on the kind of biomass. This study assists the numerous industrial and agricultural sectors
regarding the appropriate disposal of waste biomass feedstocks.

2. Materials and Methods
2.1. Materials

All collected samples, including cereal straw (CS), tobacco waste (TW) (specifically
stems), and furniture waste (FW), were acquired from a company located in the Krakow dis-
trict of Poland. FW consisted of scraps of various fragments of medium-density fibreboard
(MDEF). The studied samples were prepared according to the ISO 14780:2017 standard, inter
alia, by being ground by a Retsch SM 100 mill (Retsch, Haan, Germany) to a particle size of
below 1 mm. The samples were in the form of a fine, light brown, or brown powder.

2.2. Proximate and Ultimate Analysis

Ash, fixed carbon, volatile matter, and moisture content (proximate analysis) were
measured sequentially in all biomass samples (CS, TW, and FW) as well as in the biochar
obtained from the stationary bed pyrolysis operations. These parameters were analysed
by the TGA801 thermal gravimetric analyser. Similar to proximate analysis, in all solid
samples, the concentrations of carbon (C?), oxygen (O¢?), hydrogen (H:?), sulphur (S5¢*), and
nitrogen (N?) were determined using a Vario Macro Cube elemental analyser (Elementar,
Langenselbold, Germany) (where t—total, e.g., total carbon, and a—in the analytical state,
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i.e., the sample after crushing, drying, and sieving—ready for analysis). The samples were
analysed according to the methods used for this type of material and a detailed description
can be found in previously published work [18,38-41].

2.3. Gas Chromatography (GC) Analysis

Before GC analysis of bio-oils obtained during the pyrolysis process, in all bio-oil
samples, the water content was determined by the Karl Fischer titration method. Then,
using the Thermo-Scientific Trace GC Ultra gas chromatograph (Agilent Technologies, Inc.,
Santa Clara, CA, USA), the organic content such as VOCs, NHx compounds, carboxylic
acids, aldehydes, ketones, furans, and phenols are all examples of these. Polycyclic aro-
matic hydrocarbons (PAHs) and aromatic hydrocarbons (AHCs), such as benzene, toluene,
styrene, and xylenes, were analysed. For GC analysis the ZB-Wax,s capillary columns
measuring 60 m x 0.32 mm x 0.25 pm were used at a flow rate of 2 mL/min with helium
as the carrier gas. After 5 min preheating at 50 °C, the boiler temperature was increased
by 10 °C per min until it reached 220 °C (with a run time of 38 min). A split/splitless
dispensing system (1:25) was used at 220 °C. After chromatographic analysis, all liquid
samples were vaporized at 65 °C and 0.1 atm of pressure to yield a constant mass of tar.

For the chromatographic analysis of gaseous samples obtained after carrying out
processes, a CP 3800 was used, which was equipped with two detectors: a flame ionization
detector (FID) and a thermal conductivity detector (TCD). The gaseous products, which
consist of hydrogen (Hj), carbon monoxide (CO), carbon dioxide (CO;), methane (CHy),
ethane (CyHp), etc., were studied both qualitatively and quantitatively. Energy calculations
were made in accordance with the National Standard EN ISO 6976:2016. A more detailed
description of the analyses carried out as described in the earlier studies is referenced [18].

2.4. Pyrolysis Gas Chromatography-Mass Spectrometry (Py-GC-MS)

Analysis of the biomass feedstocks (CS, TW, and FW) was achieved using a CDS 5200
(CDS Analytical, Oxford, PA, USA). At the beginning of each test, the sample (around
1.00 mg) was placed in a quartz tube, and both ends were sealed with quartz wool. The
GC oven temperature was raised from 45 to 275 °C at a rate of 5 °C/min, and the thermal
decomposition temperature was set at 600 °C. The generated sample vapours from the
tube were fed into the column at a rate of 1.91 mL/min and 27.3 kPa pressure, while
the remaining volume was evacuated. This was accomplished using a capillary column
temperature controller and MS at 70 eV on a PerkinElmer Clarus GC/MS (PerkinElmer,
Waltham, MA, USA). A Zebron™ ZB-5MS, GC capillary column 30 m x 0.25 mm X 0.25 um
(Zebron, Newport Beach, CA, USA) was used, where its stationary phase was composed
of 5% diphenyl and 95% dimethylpolysiloxane. The mass spectrometer was checked for
accuracy using the following settings: 45-300 11/z scan speed, 10> Pa, 250 °C ion source
heater, and 300 °C interface heater. The obtained chromatograms and spectra were analysed
using PerkinElmer TurboMass 6.0 software, and the NIST17.0 database, which was used
after the runs were completed [18].

2.5. Fixed-Bed Pyrolysis

The test stand (Figure 1) consists of a steel retort placed in a two-zone electric resistance
furnace, in which approximately 100 g of the test sample is placed each time. In addition
to the steel retort and resistance furnace, the stand also consists of a set of glass scrubbers,
two of which were filled with isopropanol (i-Pr) and placed in a cryostat, to maintain
the temperature at around —15 °C and reduce the temperature of the pyrolysis oil as
quickly as possible, so as to minimise any subsequent reactions. The last scrubber in the
set was filled with glass wool to stop the aerosol particles from entering the Tedlar-type
sample bag. Once the required amount of biomass had been placed, the reactor was closed
and then flushed with nitrogen to inert the reaction environment. The gas purge was
carried out using a nitrogen flow rate of 500 cm?/h for approx. 30 min. The retort was
equipped with a thermocouple for measuring the temperature inside the retort, its length
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guaranteeing that the temperature was measured inside the sample. After this time, the
nitrogen flow rate was reduced to 100 cm®/h and the retort with the sample was placed
in a resistance furnace preheated to 600 °C, after that the temperature was increased so
that a temperature of 600 °C was also reached on the inside of the retort, in order to obtain
the fastest possible temperature ramp-up. Once the temperature inside the retort was
reached, the pyrolysis process was carried out for 10 min. After this time, the retort with the
sample was removed from the heating zone and cooled to room temperature. All products
obtained after pyrolysis were collected and submitted for further physicochemical analyses.
A more detailed description of the process carried out as described in the earlier studies is

referenced [18].

Flow controller CD>~ % Differential pressure gauge
Temperatue gauge @._ ]
I I
Dry scrubber
Cryostat Glass wool
scrubber
Tedlar -
b %2 sampling bag

Figure 1. The test set up for pyrolysis of biomass waste samples in a fixed-bed reactor.

3. Results
3.1. Materials

Table 2 displays the results of various analyses conducted on samples from the investi-
gated waste biomass feedstocks (CS, TW, and FW).

Table 2. Analytical results of air-dried waste biomass feedstock samples (CS, TW, and FW).

Characteristics CS ™ FW
Proximate analysis [%]
Moisture wa 8.3 11.1 5.8
Volatile matter VM 71.0 67.2 78.6
Fixed carbon FC* 16.9 6.9 11.3
Ash A? 3.8 14.8 43
Ultimate analysis [%]
Carbon Ci? 44.0 419 46.3
Hydrogen H¢? 51 57 52
Oxygen @) 38.2 241 33.9
Nitrogen N@ 0.5 2.1 4.4
Sulphur s? 0.1 0.3 0.1
Lower Heat Value [M] /kg] LHV 14.7 13.1 18.5

* Determined by the difference; t—total, and a—in the analytical state.
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The volatile content was lowest in TW (67%) and highest in FW (78%), highlighting
the potential range of bio-oil and syngas production in the biomass samples. In addition,
TW had the highest levels of ash and moisture; whereas, CS and FW had nearly identical
levels. TW contained the least amount of carbon (C), H,, and oxygen (O,) atoms. Similar
ranges of three elemental compositions existed in SC and FW. However, FW contained the
most amount of N, and CS contained the least.

3.2. Results from the Pyrolysis Gas Chromatography Mass Spectrometry (Py-GC-MS)

The analytical pyrolysis method (Py-GC-MS) presented in this study was used to
determine the main organic compounds that are formed during the pyrolysis of waste
biomass samples, i.e., CS, FW, and TW. The analytical results presented below were obtained
during analytical pyrolysis carried out at 600 °C. The pyrogram of the cereal straw (Figure 2)
showed that its primary components were acetic acid (1.28 min), 4-ethenyl-2-methoxyphenol
(12.72 min), 2-methoxyphenol (6.99 min), 2-methoxy-4-[(E)-prop-1-enyl]phenol (16.04 min),
furan-2-carbaldehyde (2.38 min), and 4-ethylphenol (9.38 min). The pyrogram of furniture
waste (Figure 2) contained prop-1-en-2-ylbenzene (2.98 min), 4-ethenyl-2-methoxyphenol
(12.72 min), 4-ethylphenol (9.38 min), 2-methoxyphenol (6.99 min), 2-methoxy-4-[(E)-prop-1-
enyl]phenol (16.04 min), and diphenylmethanone (19.87 min), and the pyrogram of tobacco
waste (Figure 2) contained 3-[(2S)-1-methylpyrrolidin-2-yl]pyridine (nicotine) (13.38 min), 1,3-
pentadiene (1.15 min), 1-methyl-4-prop-1-en-2-ylcyclohexene (5.49 min), acetic acid (1.28 min),
icos-3-yne (24.70 min), and nitrosomethane (1.09 min).

CS
e P [V P e
5 10 15 20 25 30 35 40 45 50
o FW
{ ‘ 1 l\; ‘\A‘
J JJL JJL ’ et e -/
5 10 15 20 25 30 35 40 45 50
AN(@) TW
L A e i l A y A Y AT
5 10 15 20 25 30 35 40 45 50

Retention time [min]

Figure 2. Pyrograms of waste biomass feedstocks CS, FW, and TW were obtained at 600 °C.

Py-GC-MS analysis of the studied waste biomass feedstocks at 600 °C showed a
distribution of chemical compounds (Table 3). The amount of possibly generated liquid
product components varied depending on biomass type.
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Table 3. Chemical compound distribution determined by Py-GC-MS analysis (area%) of waste
biomass feedstocks (CS, TW, and FW).

. . . Area, %

Retention Time, min Compounds (IUPAC Name) cs TW W
1.09 Nitrosomethane 22 3.0 2.5
1.15 1,3-Pentadiene 4.2 11.2 -
1.22 1,2-dimethylhydrazine - - 3.0
1.28 Acetic acid 16.5 8.5 2.3
1.33 5-methylcyclopenta-1,3-diene - 1.8 -
1.36 Pyrrolidine - - 1.2
1.38 1-hydroxypropan-2-one 2.8 - 2.5
1.55 2,5-dimethylfuran 1.3 1.8 1.6
1.77 Pyridine 2.8 0.9 1.4
1.81 Toluene 0.3 3.0 2.6
1.86 Piperidine - - 1.3
1.92 2,3-dimethylpentane 3.9 - 0.4
2.06 2-butyl-1-methylpyrrolidine 14 - 2.3
2.38 Furan-2-carbaldehyde 4.8 3.0 3.6
2.61 Ethylbenzene 1.3 0.6 1.2
2.64 Furan-2-ylmethanol 0.6 1.6 -
2.98 Prop-1-en-2-ylbenzene 0.3 0.9 17.6
3.39 2H-furan-5-one 2.6 0.9 0.5
3.64 2-hydroxycyclopent-2-en-1-one 2.5 0.9 0.4
4.16 4-ethylpyridine 0.6 2.1 -
4.23 5-methylfuran-2-carbaldehyde 0.6 0.6 0.7
4.25 3-ethylpyridine 0.9 1.0 0.2
4.85 Phenol 0.8 2.0 1.4
5.49 1-methyl-4-prop-1-en-2-ylcyclohexene - 12.0 -
5.63 3-methylcyclopentane-1,2-dione 1.8 - 0.1
6.35 2-methylphenol 0.6 - 0.8
6.85 1-(furan-2-yl)-2-hydroxyethanone 0.6 0.3 -
6.99 2-methoxyphenol 7.9 2.0 8.9
8.50 Pyran-2-one 6.7 0.5
9.38 4-ethylphenol 0.8 0.4
10.82 2,3-dihydro-1-benzofuran 15 0.6 0.3
11.78 2-methoxy-4-propylphenol 1.2 - 1.3
12.72 4-ethenyl-2-methoxyphenol 12.8 0.5 11.0
13.38 3-[(2S)-1-methylpyrrolidin-2-yl]pyridine (nicotine) - 21.1 -
13.77 2-methoxy-4-prop-2-enylphenol 1.3 - 2.6
16.04 2-methoxy-4-[(E)-prop-1-enyl]phenol 5.0 - 6.9
19.87 Diphenylmethanone - - 4.4
24.70 Icos-3-yne - 6.3 1.8
27.25 Hexadecanoic acid 0.1 1.0 -

3.3. Distribution of Fixed-Bed Pyrolysis Products from Waste Biomass Feedstocks (CS, TW, and FW)

In the fixed-bed reactor, waste biomass feedstocks (CS, TW, and FW) were pyrolyzed
under the same temperature conditions as Py-GC-MS analysis. The relative amounts of
solid (biochar), liquid (condensable), and gaseous (incondensable) products from each
fraction are shown in Figure 3. All the pyrolysis fractions produced by the fixed-bed reactor
were collected for further chemical analysis. The pyrolysis tests were conducted in triplet
to ensure consistency of the results.

Due to the low decomposition rate of TW at 600 °C, the biochar yield was only 29%
by weight. Additionally, biochar yields of 28% and 26% were observed for FW and CS,
respectively. Oil and gas products contained volatile compounds that were extracted
from the solid residue during pyrolysis, where CS yielded the highest percentage. Volatile
compounds predominated in the oil at 600 °C; in which, CS exhibited the highest percentage
(45.5 wt%), and TW and FW were 42.9 wt% and 34.4 wt%, respectively. Though FW’s gas
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product yielded the highest percentage of volatile compounds at the same temperature, its
maximum was only 37 wt%. CS and TW amounted to 28.4 wt% and 27.8 wt%, respectively.

®Biochar mBio-oil mGaseous products

100

=] =]
(=] (=]

=
<

The yield of product [wt. %]

20

CS ™ FwW

Figure 3. Yield distribution of waste biomass feedstocks (CS, TW, and FW) pyrolyzed at the
same temperatures.

The pyrolysis test results of the initial and final biochar analyses are shown in Figure 4.
According to biochar’s basic composition, TW’s biochar displayed the highest concentrations
of ash, FC, VM, and moisture.

T I
B VM

Fwpro. |
mFC
v I . v
mCa

Ny
prox. = He
BNz

CS prox.

pr — ms:

0 10 20 30 40 50 60 70 80 90 100

The yield of product [wt. %]

Figure 4. Evaluation of biochar’s potential and its ultimate significance (t—total, e.g., total carbon,
and a—in the analytical state, i.e., the sample after crushing, drying, and sieving—ready for analysis).

Element analysis further demonstrated that FW biochar had the highest concentra-
tions of carbon, hydrogen, and nitrogen. However, TW’s biochar possessed the highest
concentration of sulphur and oxygen among the studied samples.

The liquid and solid (biochar) fractions were also analysed. The water content (using
the Karl Fischer method), organic matter content (using volatile organic compound analysis
by gas chromatography), and tar content (using evaporation to constant mass at 65 °C
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FW

W

Cs

under 0.1 bar pressure) of all liquid products were examined. Yields of water, volatile
organic compounds (VOCs), and tar from waste biomass feedstocks obtained at the same
temperatures are shown in Figure 5. Figure 3 shows that at 600 °C, CS yield was 45.5% and
contained 29.2% water and 9.6% VOCs. At 9.0 wt%, FW displayed the highest tar content.

N water Mtar * BVOCs

10 15 20 25 30 35 40 45
The yield of liquid product [wt. %a]

Figure 5. Pyrolysis of waste biomass results in a variable liquid product yield distribution (CS, TW,
and FW). Evaporation of the residue to a constant mass of liquid products (at 0.1 bar, 65 °C), allowing
for the determination of tar concentration (*).

Quantitative analysis of the amount of water and final analysis was performed to
determine the impact of waste biomass feedstocks on the characteristics of the liquid
fraction (Figure 6). The final analysis showed that the organic component of oil was
relatively high, with a C content of 68-70 wt% despite a high water content of 20-29 wt%.
In general, all samples exhibited similar tendencies in hydrogen and nitrogen content,
while FW had a higher oxygen content. The tar content may have affected similar carbon
concentrations in all samples. In addition, during the research study, it was attempted
to minimise the effect of heterogeneity of the liquid samples; hence, immediately before
sampling for analysis, the samples were homogenised.

W water mQd uC = He N ms

100

Ultimate analysis [wt. %]
n
>

CS ™ FwW

Figure 6. The ultimate analysis of liquid compounds generated under the same pyrolysis conditions
(d—dry condition).
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Fraction based on GC-FID [% m/m]

Figure 7 shows the chemical groups’ concentrations in the liquid products under
investigation. The liquid sample obtained from CS pyrolysis contained aldehydes, ketones,
alcohols, and acids. The liquid samples obtained from CS and TW pyrolysis contained
similar amounts of furans and phenols. In addition, it was noted that the liquid sample
from TW pyrolysis had the highest concentrations of PAHs, N-compounds, and benzene
derivatives. Compared to the other samples, the one obtained from the thermal conversion
of FW had the lowest amount of organic compounds.

mN-compound = Aldehyde- Ketone-Alcohol mAcid mFuwan mPhenol wBenzene derivatives mPAHs

CS ™ Fw

Figure 7. Measurement of the fractional composition of liquid oil produced by pyrolysis of waste
biomass feedstocks (CS, TW, and FW) at a constant temperature using Py-GC-MS.

The concentrations of H,, CO,, CO, and alkanes (CHy, CoHy, CoHg, C3Hg, C3Hg, etc.)
analysed by chromatographic methods in the gaseous product obtained from pyrolysis are
shown in Figure 8.

wH wCO wmCH: mCO: mC:Hs wCoHe CsHs = CsHs

36
32
28
24
20
16
12

Amount of gas released [wt. %]

= oo

CS ™ FwW

Figure 8. Amount of gas released at the same pyrolysis temperature from waste biomass feedstocks
(CS, TW, and FW) (composition converted to oxygen-free and nitrogen-free conditions).

The highest CO, concentration of approximately 21 wt% was determined in the gas
samples obtained after TW pyrolysis. It is known that decarboxylation of cellulose and
hemicellulose, and the possibility of volatile compounds occurring during the secondary
reaction, produce CO,. However, compared to CO;, the amount of CO released was
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much higher, where FW was approx. 10.2 wt%. The measured hydrogen content of the
studied samples revealed that FW was the highest content at approx. 2 wt%. This stemmed
from the demethoxylation of lignin in the solid residue or from the release of volatile
compounds during the secondary reaction. It was observed that a discernable release of
C2-C3 compounds occurred at 600 °C. At this temperature, the low calorific values (M]/m?)
of TW, CS, and FW gas were 12.8, 13.3, and 14.0, respectively.

Previous studies reported similar findings, even with other biomass-derived products
such as rice straw and husk, corn cob, wheat straw, tobacco waste, pinewood, switchgrass,
pine residues, date pits, coffee waste, cow dung, teff husk, eucalyptus, metha, and pal-
marosa biomass [5,13-22,42-45]. According to the literature, hemicellulose deteriorates
at an accelerated rate at first when temperatures increase rapidly. The decomposition of
hemicellulose occurs between 219 and 290 °C. Furthermore, cellulose’s structure is more
sturdy and rigid than most organic compounds; hence, it degrades over time upon ex-
posure to high temperatures. Between 269 and 388 °C, hemicellulose’s cellulose breaks
down. In the third phase of pyrolysis, the temperature is raised to degrade lignin, the most
resistant component of lignocellulosic biomass. Even though lignin decomposes at a higher
temperature than the other components, all decompose simultaneously.

4. The Py-GC-MS and Fixed-Bed Pyrolysis—Discussion

The first step involves the removal of moisture and light organic substances, such as
waxes, terpenes, and alkaloids (including nicotine found in TW), from the sample during
the drying process. Pyrolysis consists of four main steps which schematically was presented
in Figure 9.

The presented data are comparable with other studies [32]. Based on the performed
analysis with the highest moisture content, TW was analysed (11.1%). Samples of CS and FW
were characterized by a slightly lower moisture content of 8.3% and 5.8% m/m, respectively.

When the pyrolysis temperature was consistently increased, the main building blocks
of biomass (cellulose, hemicellulose, and lignin) decomposed to smaller chemicals, such as
water, tar, and organic matter. The decomposition of hemicellulose and cellulose depended
on the process conditions and generates water, ketones, aldehydes, furans, and carboxylic
acids [13-22]. Thermal decomposition of lignin leads produced phenols (siring derivatives
and guaiacol) and the majority of tar substances.

The second step (pyrolysis process) is related to the secondary thermal decomposition
of the primary pyrolysis products and is affected by the temperature and the amount of
time the liquid and gaseous components remain inside the heated zone of the reactor. A
variety of aromatic hydrocarbons, including PAHs, toluene, benzene, xylenes, and styrene,
are products of this system. It also affected the yield of gaseous products which increased
with decreasing liquid product yield. The secondary process that uses water is steam
gasification (mostly pyrogenetic) and biochar [42-45].

The pyrolysis of the various waste biomass feedstocks used in this study highlights
the ability of the distribution of the main components to change.

In the case of TW, the drying process (the first stage) increased water production
and the presence of nicotine in the collected products [13,14,16-22]. The primary and
secondary decomposition efficiency of organic compounds (stages 2 and 3) in test samples
were evaluated, where competitive secondary decomposition processes began to dominate,
leading to increased gaseous product output. Anhydrosaccharides, one of the primary
decomposition products of polysaccharides, such as cellulose and starch [46,47], were not
detected at detectable concentrations (Figure 7). This was probably due to its brief exposure
to the reactor’s core. As the residence time of liquid products was increased at elevated
temperatures, the yields of the aforementioned compounds increased. However, benzene
and its derivatives were detected in low yields due to the short residence time of liquid
products in the heated zone of the reactor. The rapid temperature increase within the reactor
(the retort with the tested sample was inserted into a heated furnace; thus, the heating rate
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was limited only by heat conduction through the retort walls) promoted pyrolysis in an N
stream, as well as the turbulence of drying and thermal degradation processes.

Moisture removal Cellulose decomposition
dehydration Syn-gas, bio-oil, minor biochar
<200°C <240-350°C

Hemicellulose decomposition Lignin decomposition
Syn-gas, minor bio-ail Bio-oil, biochar
200 -280°C 280 -500 °C

\l‘/\c/
H,O o o o ~ ~ ..._,_/ @
© Q_{ /lLOH ":© MX@ é

Ko
Ao © ot |04 o4
. %Hd? CH(CHa)1sCHs iOH fo>0 67'1' }, @ C::b/dj\wo

CH3(CHz)15CHs

Figure 9. Biomass decomposition behaviour of components at various temperatures together with
selected chemical compounds released during the different stages of pyrolysis.

The analysis of volatile components produced by pyrolysis of waste biomass feedstock
(CS, TW, and FW) at the same temperature, and the comparison of the chemical composition
of liquid samples obtained using two different methods reveals differences that were
attributed to factors such as heating rate, duration of exposure to secondary reactions, and
process size.
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According to Py-GC-MS, when the peak area and relative abundance of compounds
related to the area percentage were compared, it was discovered that benzene derivatives,
specifically toluene, were present in greater quantities in TW and FW samples. This was
in contrast to waste biomass feedstock pyrolysis in a fixed bed reactor, where benzene
derivatives were present in low concentrations.

TW and FW had the highest and lowest toluene concentration values at 0.4% m/m
and 0.1% m/m, respectively. It was considered that both benzene derivatives and PAHs
showed the most increase during the condensation and structural reformation of biochar.

The percentage area of alkenes (1,3-pentadiene) was discovered in TW (confirmed in
other studies of this type [35]) and CS samples, but alkenes were not detected in liquids
derived from fixed-bed pyrolysis, which was most likely due to the substantial longer
residence time in the reaction zone. Phenolic chemicals are typical lignocellulosic biomass
products, principally derived from the degradation of lignin. These chemicals were ob-
served in all examined samples, with the highest quantities recorded in CS and TW. To-
gether with the temperature, prolongation of the residence time of volatile chemicals in
the heating zone (compared to Py-GC-GM) could contribute to the concentration increase.
However, in the case of Py-GC-MS, which includes pyrolysis in a matter of seconds, the
liberated chemicals were delivered directly to the chromatographic column, with little
probability of subsequent reactions increasing the number of phenolic compounds. We
revealed the presence of a high concentration of the acid group in the pyrolysis products
of waste biomass feedstocks. At 600 °C, the primary component was acetic acid, with a
concentration of 16.5% for CS; while, the greatest concentration of this compound in a fixed
bed reactor for SC was 2.8% m/m. Furan was formed largely through the degradation
of hemicellulose and cellulose, and its concentrations were the highest in CS and TW, as
well as the furan-2-carbaldehyde percentage area in CS (confirmed in other studies of
this type [16,17,48]).

5. Conclusions

In order to cover the topic of pyrolysis of biomass and biomass-derived waste materials
in a broader sense, three materials that differ greatly both chemically and in terms of origin
were chosen in the study: cereal straw (CS), tobacco waste (TW), and furniture waste (FW).
They were also chosen due to their widespread availability and potential for use as an
alternative feedstock source for chemical compound synthesis or biofuel production.

The study was conducted under conditions comparable to others previously conducted
by other researchers, allowing for comparison and providing a benchmark for future
researchers. The experimental results corroborated the existing data while also revealing
new information, such as the composition of the distinct fractions, with a focus on the
liquid and gas fractions, and the distribution of their components based on the kind of
biomass. The investigation demonstrated which primary components (depending on the
substance) were present in the liquid products. In addition to the characterisation of both
liquid and gaseous products, an important outcome of the study was the description of
the yield of tar-forming products, the presence of which was correlated with the absence
of anhydrosaccharides and benzene derivatives in the liquid products, which is related to
the long residence time of volatile pyrolysis products in the reaction zone in the case of
fixed-bed pyrolysis.
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