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ARTICLE INFO ABSTRACT

Keywords: The textile industry generates millions of tons of waste annually, making this sector one of the most polluting in
Card waste the world. The objective of this research was to study the energy potential of three industrial textile wastes of
Short fibre waste vegetable and animal origin: CW (card waste), SFW (short fibre waste) and W (wool), using conventional and
z\ll;):}i pyrolysis flash pyrolysis at 500 °C and 750 °C. CW and SFW thermogravimetric profiles were very different from W. In
Bio-char general, the bio-oil yield was higher in the conventional and in the low-temperature flash pyrolysis (up to 55 %).
Bio-fuel The gas obtained by flash pyrolysis at 750 °C has higher flue gas content and lower CO; content so their high

heating value (HHV) is higher (up to 15.34 MJ/kg). Bio-oils obtained by flash pyrolysis at high temperature stood
out for their higher HHV (>30 MJ/kg), with the highest value (34.15 MJ/kg) obtained from SFW waste. Both low
temperature flash pyrolysis and conventional pyrolysis produce bio-oils that contain aromatic (35-48 %) and
non-aromatic (18-34 %) organic compounds. Additionally, they have high levels of phenols and benzenes. High-
temperature flash pyrolysis bio-oils are mainly composed of polycyclic aromatic hydrocarbons. The textile

samples are suitable for an energetic valorisation, highlighting the best SWF behaviour.

1. Introduction

Millions of tons of textile waste are produced each year. Therefore,
ensuring its proper management is one of the current global challenges
[1]. The textile industry produces a significant amount of organic solid
waste that has a huge impact on environmental pollution [2]. With 3 %
of all greenhouse gas emissions (GHG), this industry has risen to the top
of the list of those that pollute the planet [3]. The textile sector releases a
lot of pollutants into the environment, including liquid discharge, solid
waste, and gases [4].

Based on its status and quality, textile waste can be divided into
reusable and non-reusable waste. Unfortunately, despite the enormous
efforts that numerous researchers and organizations are making [5],
recycling or utilisation of solid organic textile wastes as raw material for

manufacture to useful products is not being a widely used alternative so
far today [6]. More than 69 % of this waste is landfilled [7]. This fact
encompass many environmental concerns such as GHG emissions, soil
contamination and production of toxic leachates and biogases [8].

These factors make the usual means of textile waste disposal less
acceptable in terms of secondary environmental degradation [9]. When
the cost of reuse or recycling exceeded its economical values, waste
energy recovery was encouraged [10]. Therefore, rather than disposal,
the use of textile wastes for energy conversion will be advantageous in
terms of natural resource consumption [11].

When compared to fuel-oil, wood pellets, and wood chips, textile
waste is thought to offer a fuel price reduction of between 70 % and 80 %
[12]. A common method of disposing of textile waste is thermal treat-
ment, which enables energy recovery and the creation of chemical and
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oil products [13]. However, the raw waste also has the inherent disad-
vantages of low calorific value and high oxygen contents, causing it
unsuitable for direct combustion [14]. Pyrolysis is used as a desirable
substitute for incineration to maximize the financial gains from the
treatment of textile waste. This thermal process is based on direct
thermal decomposition of the organic matter in an inert atmosphere to
obtain a wide range of fuels, solvents, chemicals and other products from
biomass feedstock [15]. Pyrolysis products such as various liquids (i.e.,
bio-oils and tars) and gases can be directly used as fuel owing to their
higher heating value (HHV) or be converted to several useful chemicals
[16]. The pyrolysis process, based on the heating rate, can be classified,
among others, into: conventional, fast and flash pyrolysis. Conventional
pyrolysis, is the heating of the biomass/organic material in the absence
or with a limited supply of oxygen with a slow heating rate, low tem-
perature (<600 °C) and produces a solid product, called bio-char or
simply char, bio-oil and gas. Fast and flash pyrolysis occurs at higher
heating rate and with considerably shorter annealing time (much
shorter in flash pyrolysis) than conventional pyrolysis, and both
methods favour the yield of bio-oil and gases over char [17].

The cellulose content of a raw material has a significant impact on
how much energy is recovered; cellulose is particularly prevalent in
textile waste (40-60 wt%) [18]. Therefore, this thermal process is rec-
ommended for these residues [19]. This thermal process encompasses an
air-free thermal decomposition of organics with produces a combination
of gases, liquids, and/or solid products. In term of pyrolysis products,
gases were generated by the cracking of specific functional groups. Chen
et al. [20] have demonstrated that the hemicellulose had the highest
CO4 yield, whereas lignin had the highest CH, yield due to the aromatic
rings and methoxy groups in lignin structure. Whereas cellulose
demonstrated the highest CO yield at high temperatures (above 550 °C).

Both the selection of feedstock and the pyrolysis-type are critical
points to consider in order to obtain high yield bio-oil and gas from
textile waste using this thermal process in the same sense that energy
savings will be achieved in textile manufacturing industries [21].

In this research, the objective was to study, through pyrolysis pro-
cesses, the energy potential of three industrial residues of vegetable
(CW, SFW) and animal (W) origin and derived from the textile sector. To
this end, conventional and flash pyrolysis were carried out at 500 °C and
750 °C. The solid (bio-char), liquid (bio-oil) and gaseous fractions ob-
tained in the pyrolysis processes were extensively characterised to assess
the potential of the textile residues as a fuel source in the bioenergy
sector. The investigation was completed with a study of the thermog-
ravimetric behaviour of the residues and its kinetic study, in addition to
the identification of yields for the various pyrolysis fractions.

2. Experimental
2.1. Materials
A prestigious Spanish business group, Textil Santanderina S.A, pro-

vided three textile remnants of vegetable and animal origin. It works for
well-known international fashion firms and which focuses mainly its
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production in weaving and finishing of textile products. In its facilities,
all the spinning mills, weaving mills, bleaching/mercerizing, and
dyeing/finishing are processed. Thus, the wastes analysed in this study
were the following, Fig. 1:

e Card waste (CW). This residue is generated in the first cleaning of the
cotton and can contain seeds, tobacco, cotton, branches, leaves and
cross contamination acquired during harvesting among other
possible residues. It can be produced as such or ground, then called
card waste dust.

Short fibre waste (SFW). Rejection consisting of short spinning that
comes from batting, carding and combing of cotton fibres.

Wool (W). Wool discarded in a first selection within the triage of the
textile industry.

After a random sample, raw materials were directly sampled from
the industry in accordance with the standard ISO 24153 2009. When the
analysis demanded it, these materials were milled with a Fritsch™ mill
Model P-19 instrument to a 1 mm particle size and later using a Retch™
ball mill model MM200, particle diameters of 0.2 mm were obtained.

The samples were identified with an appropriate nomenclature. The
first part of the name is related to the type of waste (CW, SFW and W, for
card waste, short fibre waste or wool waste, respectively) and the second
part includes the pyrolysis temperature (500 °C or 750 °C) as well as the
type of pyrolysis (P or F: conventional or flash pyrolysis).

2.2. Samples characterisation

2.2.1. Chemical characterisation

A LECO CHN-2000 equipment was used to determine the concen-
trations of carbon (C), hydrogen (H), and nitrogen (N). With a LECO S-
144-DR instrument, the Sulphur (S) concentration was determined
(LECO Corporation, Groveport, Ohio, United States). Oxygen (O) con-
tent was estimated by difference. On a TGA 701 LECO, moisture and ash
content were assessed in relation to proximate analysis. The UNE 32019
standard for volatile matter was met, and the fixed carbon (FC) content
was computed using the difference. The adiabatic IKA-calorimeter
C4000 was used to perform the high heating values (HHV) (IKA, Ger-
many). Regarding the elemental analysis of the bio-oils obtained, a
LECO CHNS-932 automatic equipment was used. The oxygen analysis of
these oils was determined in a LECO VTF-900 system. Analysis was done
by triplicate.

HHV of the various fractions (bio-char, bio-oil, and gas) was esti-
mated using the elemental analysis data. By doing so, Doulong-Petit
[22], Eq. (1), was employed to estimate the HHV for bio-chars. Bio--
oils calorific values were estimated following Beckman [23], Eq. (2),
Friedl [24], Eq. (3) and IGT (Institute of Gas Technology) [25], Eq. (4),
formulas. The HHV of the bio-oils calculated with Eq. (4) was made
without considering their ash content. Similar to this, a number of ma-
terial and energy balances were required to determine the HHV for the
gases.

Fig. 1. Textile samples analysed. (A) Card Waste, CW; (B) Short Fibre Waste (indigo dyed fibre), SFW and (C) untreated Wool (W).
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HHV (kcal/kg) = 8140 C + 34,400 (H - O/8) + 2220 S (€8]

HHV (MJ/kg) = 0-352C + 0-994H + 0-105-(S - O) 2)

HHV (MJ/kg) = (3-55 C>-232C - 2230 H 4+ 512 H + 131 N + 20,600) x
1073 3)

HHV (MJ/kg) = (341 C+ 1323 H+ 68 S—-15-3 A-120 (O + N)) x 1073(4)

C, H, S, A, O and N are the mass fractions (%) of the carbon,
hydrogen, sulphur, ash, oxygen and nitrogen contents, respectively. In
Doulong-Petit equation the data is not in %.

A portion of the CW and SFW bio-oils were dragged with dichloro-
methane and a portion with acetone during the collection process. This
indicated the non-polar and polar character of the compounds present.
However, W samples were dragged exclusively with dichloromethane.
For the elemental analysis of the oils, the polar and non-polar parts were
combined.

2.2.2. Thermogravimetric analysis and characteristic indexes

A TGA instrument Q 5000IR was used for thermal analysis. With the
help of this device, sample weight can be continuously measured as a
function of time or temperature. In a titanium crucible, milled textile
samples were heated while being surrounded by a nitrogen atmosphere,
weighing between 14 and 25 mg. A flow of 10 mL/min of Ny was used
for heating, and the temperature was increased by 30 °C/min until it
reached 750 °C. This way, thermogravimetric (TG) profiles were ac-
quired. It is recommended to create these TG profiles to distinguish
between the various stages (DTG profiles). They enabled the identifi-
cation of significant parameters, including the temperature at which
each stage occurs and the mass loss.

A series of comprehensive indexes were used as a criterion for py-
rolysis release characteristics depiction. T, estimate these indexes,
temperatures for ignition (T;) and burnout (Tp) are required. Tj, which
can be calculated using the Li et al. [26] protocol, is defined as the
lowest temperature at which a fuel will spontaneously ignite in an
environment without an external source of ignition [27]. Its degree of
reaction is indicated by the burnout parameters. Ty, refers to the tem-
perature at which the fuel is almost completely consumed. This way, it
corresponds to the temperature value, once the maximum DTG value has
been exceeded. For this work, the final stage temperature was consid-
ered as Ty, There are fewer combustible components in the fuel at higher
burnouts [28]. In addition, several parameters were estimated to know
how well the fuels burned.

Based on the expressions already present in the current literature for
the various thermal processes, authors obtained the pyrolysis charac-
teristic index (P), stability index (Ry), H¢, and D indexes using the above-
mentioned factors [29-311]:

DTGmax 'DTGmean
P=—m—« —————

5
T, 5)

ATy 3

Hy =T,1 <107
P = TG, ©
D= DTGmax'DTGmean M (7)

Ti'Tb'ATI/z

DTGpax is the maximum rate (%/min), DTGpean the average rate
(%/min) considering as start and end the 10 % of the DTGpay, T; is the
ignition temperature (°C), T}, is the burnout temperature (°C), T, is the
peak temperature (°C), M is the pyrolysis mass loss for the stage tem-
perature interval (%) and ATy, is the temperature range (DTG > 0.15
%/min) for stage.

An improved thermal property has a higher P value [29]. Related to
Hf parameter, it describes the rate and the intensity of the thermal
process. A smaller value reflects better properties [30,32]. To further
evaluate the pyrolysis characteristics, the comprehensive pyrolysis
characteristic index (Index D) was developed [31,33]. The degree of
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pyrolysis difficulty is represented by index D. The value of index D is
significantly influenced by the initial decomposition temperature, re-
action time, and maximum rate. A more active material decomposition
and a more intense pyrolysis reaction are indicated by high values of D
[34].

2.3. Pyrolysis process

An original experimental set-up already employed in [35,36] was
used. The experimental device has been extensively detailed in these
works. In addition, Fig. 2 has been included in the work for a better
understanding of the pyrolysis processes. The experimental setup con-
sists of a horizontal tubular furnace with a quartz reactor, a Ny mass flow
controller, a cooling condenser, a Tedlar bag for gas collection and a
stick with mechanical device to introduce the crucible in the oven
(Fig. 2).

The sample weight used in each pyrolysis experiment ranged from 2
to 5 g for all industrial textile wastes. Samples were placed in an alumina
crucible for both flash and conventional pyrolysis (Sigma-Aldrich, USA).

The conventional pyrolysis experiment was carried out using a Ny
flow of 100 mL/min, a heating rate of 25 °C/min, a pyrolysis tempera-
ture of 500 °C or 750 °C, and a residence time of 1 h at final temperature.
Initially, the crucible with the sample was placed in the geometric centre
of the quartz reactor installed in the furnace; then, a nitrogen flow was
passed for half an hour to make the atmosphere inside the reactor inert.
After that time, the oven-heating program started. The gas and bio-oil
fraction were collected in the temperature interval between 200 °C
and 550 °C (temperature range in which biomass devolatilization is
shown by thermogravimetric analysis).

In flash pyrolysis, the oven (without the sample) was heated to the
final pyrolysis temperature (500 °C or 750 °C). A N flow of 100 mL/min
was passed during all of the experiment. Once the oven reached the
pyrolysis temperature, the sample was instantly introduced into the
oven by a mechanical mechanism. The gas and bio-oil fraction were
collected for 10 min after introducing the sample in the oven. After that
time, the sample was removed from the oven.

The wool residue (W) has a high nitrogen content, 17.1 %, which is
why argon was used as inert gas in the pyrolysis processes, instead of
nitrogen.

Dichloromethane (CH»Cls) was used to extract the biooils from the
condenser. For CW and SFW samples, in addition to dichloromethane,
acetone was also used to completely remove all bio-oils from the
condenser. The organic solvent solution and bio-oil fraction was passed
through a column packed with anhydrous sodium sulphate (Na2SO4), to
remove moisture from the bio-oil. Subsequently, the bio-oils and organic
solvent solutions were placed in glass containers, sealed and kept
refrigerated at — 3 °C (optimal conditions for subsequent chromato-
graphic analysis).

2.4. Chromatographic analysis

A GC System 7890 A chromatograph was used to carry out the
chromatographic examination of the gases fraction (Agilent Technolo-
gies, Wilmington, DE, USA). The flame ionisation detector (FID) was set
up to analyse hydrocarbons with one to five carbons, with components
with six and more carbons aggregated and measured in a single peak at
the start of the study. Helium was used as the reference gas or mobile
phase in a thermal conductivity detector (TCD) setup to analyse the
fixed gases. The second TCD was used for the Hy analysis, with Ny
serving as the reference gas.

The chromatographic examination of the bio-oil was performed
using an Agilent 7890 A chromatograph and a 5975 C mass spectrom-
eter (Agilent Technologies, Wilmington, DE, USA). The chemicals were
separated using an HP-5MS capillary column (Agilent Technologies,
Wilmington, DE, USA) (5 % phenyl-methylpolysiloxane).

For the identification of compounds, the NITS 08 and WILEY 7 N
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Fig. 2. A) Pyrolysis set up schema. B) Cold part of the quartz reactor and device for mechanical introduction of the sample.

libraries were used. There are many organic compounds in bio-oils, and
those whose peaks had areas greater than 0.2 % were identified in the
chromatograms. The discovered compounds were categorised into
families: non-aromatic and aromatic, distinguishing the latter between
aromatics without benzene rings and aromatics with 1, 2, 3 or 4 benzene
rings.

2.5. SEM-EDX

An energy-dispersive X-ray analysis system-equipped scanning
electron microscope, the ZEISS Model DMS-942 (ZEISS, United States),
was used to investigate the textile samples and the bio-char produced by
conventional and flash pyrolysis (Link-Isis II). Iridium was applied to the
samples before inspection to lessen their charge and enhance the SEM
images. For this, an Emitech K575X instrument was used.

3. Results and discussion
3.1. Chemical characterisation

Textile samples characterisation results appear in Table 1. A slight
observation reveals a significant difference between the W and CW-SFW
values. Both types of materials had their potential as energy sources. In
fact, the results of the CW and SFW analytical studies were consistent
with a number of raw materials whose thermal degradation has already
been researched and reported [37,38]. Samples carbon (C) content (~
47 %) was higher than the present in bibliography for agricultural
biomass residues [39] and so like woody biomass sources [40]. This
profile suggests a favourable future for this energy material conversion,
although coals’ carbon concentration is far away [41]. The behaviour of
nitrogen (N) and hydrogen (H) values was similar. Wool stood out from



B. Ruiz et al.

Table 1
Ultimate, proximate analysis and calorific values for textile residues.
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Ultimate analysis

Proximate analysis

C* (%) H" (%) N* (%) S* (%) Cl* (%) 0" (%) Moisture Ash” (%) VM (%) FC* (%) HHV (MJ/ LHV (MJ/
(%) kg) kg)
CcwW 45.2 5.8 1.24+0.2 0.08 0.18 44.3 8.2+0.3 3.5 79.1 17.4 17.40 16.18
+ 0.5 +0.2 +0.01 + 0.00 +0.6 +0.3 + 0.6 +0.5 + 0.42 + 0.30
SFW 47.1 6.1 2.0+0.2 0.09 0.01 43.5 8.6 £0.2 1.2 81.2 17.6 18.74 17.46
+0.3 +0.1 +0.01 + 0.00 +0.3 +0.1 + 0.4 +0.7 + 0.53 + 0.29
w 48.6 6.3 17.1 2.41 0.12 20.9 12.7 £ 0.4 4.7 79.5 15.8 20.67 19.52
+ 0.4 + 0.1 + 0.6 + 0.08 + 0.00 +0.2 + 0.5 +0.3 + 0.0 +0.34 +0.27
2 Dry basis.

b Determined by difference.

other materials in terms of its nitrogen content (17.1 %). As is well
known, besides carbon element, wool fibre contains a large amount of
nitrogen and sulphur element [42]. Regarding oxygen, it is also an
important parameter in the HHV calculation. CW and SFW samples had
similar O values (~ 44 %) which denoted lower HHV in comparison with
W, that had lower O data (20.9 %). As the sulphur and chlorine was
concerned, although the main problems appear with high levels for
these elements under combustion thermal process, these elements as
well as their reaction products may be related to heating equipment
corrosion and damaging emissions. This way, low values for both ele-
ments are desirable. CW (0.08 % S) and SFW (0.09 % S) have lower
sulphur values than W (2.41 %). CW and SFW sulphur values are so close
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to pyrolysis oil [43] and the great majority of the biomass sources [37,
44,45]. Chlorine is yet another element that reduces the yield of a
particular fuel [46]. The results obtained for this parameter, lower than
the typical ones for agricultural wastes, reflected that it would not a be a
problem when pyrolytic process was carried out [47].

On the other hand, low values for moisture and ash are recom-
mended for pyrolysis. When compared to W, CW and SFW residues have
lower values for these two parameters. This is true because wool is a
protein fibre that is hydrophilic. Wool possesses a -CO.NH- group in its
protein, which may draw moisture from the surrounding air. When its
environment changes, it has the ability to both absorb and expel mois-
ture vapour. Wool absorbs roughly 13-18 % of moisture under typical

Card Waste (CW)
--------- Short fibre waste (SFW)
- === Wool (W)

400 500 600 700

Temperature (°C)

Card Waste (CW)
--------- Short fibre waste (SFW)
- === Wool (W)

400 500 600 700

B Temperature (°C)

Fig. 3. Textile samples DTG (A) and TG (B) profiles.
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atmospheric conditions. [48], values in line with the W selected for this
work (12.7 %). In consequence, several desorption of moisture methods
is pursued when wool is used [49]. Samples ash content (lower than 5 %)
had have acceptable values for a pyrolytic thermal process when
compared with literature [40,50].

Finally, and linked to HHV, CW and SFW both produced findings
(~18 MJ/kg) that were similar. They were less expensive than fossil
fuels [51] and comparable to woody biomass [52]. However, wool
shows a 20.67 MJ/kg result, which is substantially higher than that of
biomass used for energy purposes [53] and higher even than hydrochar
[54]. The average HHV results for textile residues were frequently
higher than those for wood, lignite, food, and leather wastes [55].

Hence, and contrary to what happens with other waste derived from
the textile industry, such as the like the textile dyeing sludge, TDS, (with
a high moisture and ash contents as well as low calorific value) [56], the
materials selected for this study have a promising pyrolytic behaviour.

3.2. Textile samples TGA profiles. Characteristic parameters and indexes

The thermogravimetric TG and DTG profiles are shown in Fig. 3
together with the characteristic parameters in Table 2. Pyrolysis pat-
terns were obtained by TGA up to 650 °C. Literature [57] states that the
volatiles are primarily lost up to 500 °C, this temperature was chosen.
The mass loss rates for all the samples from 500 °C forward are very
stable, as shown in Fig. 3.B, hence not much further weight loss was
anticipated above 650 °C.

Profiles here obtained were so like literature results for textile fab-
rics/materials/waste [58]. Initial, main, and char decomposition are the
three stages of pyrolysis for textile samples. The temperature, rate, and
weight loss of each stage can be calculated using the TGA curve. Due to
moisture loss, the fibres initially experience some physical changes and a
small weight variation when the temperature range is below 100 °C. In
this instance, the cellulose is most severely harmed in the amorphous
region of the polymers. Between 150 and 380 °C, the primary pyrolysis
stage takes place. The weight loss is rapid and significant at this point.
The primary components of cotton, cellulose and hemicellulose, are
disintegrated during this time. Additionally, these biopolymers are
linked to additional transformations that start at 415 °C [59]. In this
stage, most pyrolysis products are created (being L-Glucose one of the
major products, together with all kinds of combustible gases). When the
temperature is higher than 430 °C, char pyrolysis takes place. The
charring and dewatering reactions compete with the production of
L-glucose during this process, with the latter two reactions being more
pronounced. As the products of decomposition contain an increasing
amount of carbon, charred residues are produced [60].

Comparing these materials with other possible residues of the textile
value chain, such as the textile dyeing sludge (TDS), results here ob-
tained denoted higher mean DTG values. For TDS, DTGy x values were
between 1.5 %/min [61] and 3 %/min [62] whereas this same param-
eter was above 16 %/min in the case of CW and SFW. Note how for TDS
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there was a final residue close to 50 %, while in this study the values for
this parameter are always less than 30 %, Fig. 3B.

Regarding characteristic profiles and indexes, Table 2, it can be
stated that CW and SFW materials had better pyrolytic behaviour than
W. With a DTGy value of 4.216 %/min for wool, it was far from the
more than the 16 %/min results for the other materials. In the case of W,
the main region of thermograms was also much wider, indicating that
the mass release was not only lower but also occurred more gradually
given the conditions. In contrast, weight release for CW and SFW ma-
terials were faster than W, as depicted in the shortest and narrowest DTG
profiles, Fig. 3A. The SFW final residue (14.18 %) was less than half of W
value (29.31 %); which reported a better SFW energy use. The above
assumptions were reaffirmed with the characteristic indexes. Looking
for high values for P, and D, as well as low values for Hf, it was again
confirmed that the best pyrolytic performance was for CW and, espe-
cially, SFW. The values of the characteristic index, P, were, for the three
cases, higher than 2-1077, which indicates a good thermal behaviour of
the materials [63]. The few or no publications related to the pyrolysis of
this type of materials make it difficult to compare these indexes.
Nevertheless, for textile materials, the values of P index were higher
than those obtained by the same authors for biomass samples [64]. D
index results for CW and SFW, in contrast, were better than those for
paper mill sludge and municipal solid waste [33].

3.3. Pyrolytic process

3.3.1. Yield

The yields obtained for each fraction of pyrolyzed textile material at
500 and 750 °C during flash and conventional pyrolysis appear in Fig. 4.
These temperatures were chosen based on previous thermogravimetry
trials. In the first place, there is a generalised performance in which, for
each material, the solid fraction (bio-char) was the one that varied the
least regardless of the temperature increase and the pyrolysis type. W
sample was the one that, under any circumstances, showed a higher bio-
char content. Secondly, and with the exception of flash pyrolysis at 750
°C (where the gas fraction prevails), for the rest of the tests, the bio-oil
fraction predominated. The largest amount of bio-oil was obtained for
SFW-500P, where more than half of what was obtained in the pyrolysis,
55.12 %, was bio-oil. Regarding gas fraction, yield results showed that,
flash pyrolysis at 750 °C was the thermal process linked to the higher gas
fraction for all the textile results here studied, focusing on the SFW-750F
with a 55.53 %. This contrast with similar research made by the authors
concerning pomegranate (Punica granatum L.) peel wastes, where at
these same conditions and with the same equipment, liquid fraction
stood out above the rest [35].

When compared with herbaceous biomass, like sugarcane bagasse,
results were different according to the pyrolysis types. For slow pyrolysis
at approximately 750 °C, textile bio-oil values were higher than the
obtained for here studied, focusing on the SFW-750P with a 41.42 %.
This behaviour, the above, not maintained for the same temperature at

Table 2

Textile samples TGA pyrolysis profiles characteristic parameters and indexes.
Sample DTGmax" %/min TDTGmayx” °C Main region® °C Final Residue’ % T °C Ty °C pé Hf" D'
Ccw 16.223 346.55 141-379 19.61 305.07 379 3.48E-06 1.188 9.62E-05
SFW 16.937 330.28 165-362 14.18 285.62 362 4.40E-06 1.026 1.88E-04
w 4.216 300.16 166-497 29.31 249.08 497 2.54E-07 1.370 1.73E-05

# DTGpayx: maximum value of DTG (%/min).

Y TDTGmax: Temperature at which DTG,y is achieved (°C).

¢ Main region: Temperature interval for the pyrolysis main region (°C).

4 Final residue: Mass remaining at the end of the pyrolytic profiles, ~700 °C, (%).
¢ T;: ignition temperature (°C).

f Tp: burnout temperature (°C).

8 P: characteristic factor (%2/(min?- °C%)).

" Hy: ignition parameter.

ip: comprehensive index (%3/(min?- °C%)).
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Fig. 4. Yield of gas, bio-oil and bio-char fractions in the different pyrolytic processes.

flash pyrolysis. Under these conditions, the percentage of liquid fraction
increased notably for biomass (up to 50.89 %) [65] and decreased for
textiles.

On the other hand, conventional pyrolysis fractions percentages
were so similar to the presented for lignocellulosic biomass [66].
However, when an analogy is made with this same raw material for fast
pyrolysis at 500 °C, this research textile samples had higher bio-char and
gas values but considerably lower bio-oil yields (~ 38 + 5 % vs ~70 %)
[671].

Considering all the particularities about this section, the obtained
results verified the possibility of conversion of the textile samples
selected through conventional and flash pyrolysis processes in different
fuels (bio-char, gas, bio-oil).

3.3.2. Gas fraction

Fig. 5 shows the gas chromatographic analysis for the different py-
rolysis processes and textile samples. Several differences were observed.
While for W, regardless of the type of pyrolysis and temperature, the
most emitted gas was Oy (>90 %), for SFW this predominant gas was the
CO (with values above 45 % in all cases). Regarding SFW, CO, and CO
were the gases emitted to a greater extent (depending on the type of
pyrolysis and temperature).

For all three materials, a greater variety of gases were emitted during
flash pyrolysis. In fact, for CF and SFW materials, only three gases were
detected in conventional pyrolysis, CO, CO, and O,. However, many
other gaseous species appeared in the flash pyrolysis (noteworthy:
methane, ethane, ethylene, propane and propylene). In the same way,
all of the samples examined show a significant increase in the methane
and hydrogen content as the temperature of the flash pyrolysis rises
(from 500 to 750 °C). Methane went from 1.32 % in CW-500F to 13.94 in
CW-750F and Hs, under the same circumstances, increased from 0.28 %
to 11 %. The analogous percentages for SFW-500F and SFW750F were
3.73-14.23 % for methane and 0.29-10.87 % for hydrogen.

Raw materials chemical composition (Section 3.1) greatly influenced
the components presented in the syngas fraction. Thus, the higher SFW
carbon content (47.1 %) when compared to CW (45.2 %), was conse-
quently reflected in a higher CO level within gas fraction for all the
pyrolysis conditions (CO values for SFW are always higher than 43 %,
whereas CO percentages for CW were not, in any case, higher than 40
%). CO SFW content was similar than the achieved for the same authors

of this work for biomass samples [36].

Chromatographic gases obtained from this fraction were in line with
the few published works on the characterisation of the pyrolysis gases
derived from these materials [68]. In particular, and it is also corrobo-
rated in this research, when a pyrolytic process under Ny is carried out,
there was a clear trend characterised by the emission of small amounts of
Hj, CHy4, and CyH4, while CO levels are higher [69,70].

The HHV values for the gases obtained through conventional and
flash pyrolysis of industrial textile wastes varied significantly for both.
The highest values of HHV were for the gases obtained by high-
temperature flash pyrolysis due to the presence of higher flue gas (CO-
Hj-CHy-light hydrocarbons) and lower CO; contents in these conditions;
gaseous components that, in isolation, provide greater energy to the
final gas mixture. The pyrolysis gas obtained from the wool waste (W)
showed much lower HHV values (0.01-1.30 MJ/Kg) than pyrolysis
gases of cotton waste (1.44-13.18 MJ/Kg and 4.19-15.34 MJ/Kg, from
CW and SFW wastes, respectively), which can be due to its high Oy
content. This element did not oxidise further and, therefore, it did not
provide calorific value to the final gas fraction. The SFW-750F gas
reached the highest HHV value (15.34 MJ/kg). Although CW-750F HHV
result was also acceptable (13.80 MJ/kg), SFW textile residue, under
flash pyrolysis, released a greater quantity of gases such as methane,
ethylene, propylene and, above all, CO, which influenced the higher
HHYV value.

Both conventional and flash pyrolysis HHV results were in line with
previous studies undertaken by the authors following the same or
similar conditions [35,36]. Similarly, and despite being further away
from the HHV connected to fossil fuels [71], results here obtained for
CW and SFW were acceptable according to the values obtained for
different materials recently analysed [72,73].

To sum up, the gas fraction of CW and, especially SFW, during flash
pyrolysis together with their high HHV, advised us to employ these gases
as fuels. Table 3.

3.3.3. Bio-oil fraction

The cotton residue-derived bio-oil samples, CW and SFW, exhibit two
distinct phases: an oily phase and an aqueous phase. These phases were
separated and characterised independently by GC-MS. While, the py-
rolysis bio-oils derived from wool residue, W, only had an oily phase.
This difference observed in the pyrolysis bio-oils obtained from the
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Fig. 5. Composition of the gas fraction for the different textile samples and pyrolysis processes.
Table 3 shows the proportion of organic compounds identified in the oily phase.
able

Textile samples HHV for the gas fractions obtained under
the different pyrolysis processes.

Textiles samples HHV (MJ/kg)
CW-500P 1.44
CW-750P 2.03
CW-500F 4.32
CW-750F 13.80
SFW-500P 4.19
SFW-750P 4.22
SFW-500F 6.15
SFW-750F 15.34
W-500P 0.01
W-750P 0.03
W-500F 0.18
W-750F 1.30

textile waste may be due to the plant origin of the CW and SFW samples
compared to the animal origin of the W sample.
For each type of pyrolysis and each textile waste considered, Fig. 6

For each type of sample and pyrolysis, the production of aromatic and
non-aromatic biooils can be compared in the figures. Additionally, the
distribution of aromatic organic compounds found in biooils is investi-
gated based on the number of benzene rings (0, 1, 2, 3 and 4).

For all the textile residues considered, the flash pyrolysis at 750 °C
stands out from the rest of the pyrolysis studies because it is the one that
produces the most aromatic oils; specifically, in the case of SFW-750F,
96.84 % are aromatic bio-oil compared to 0.54 % non-aromatic bio-oil
(2.62 area % unidentified compounds). Similar results were obtained in
the study by Pérez et al. on conventional and flash pyrolysis of the
pampa grass [36]. The 750F pyrolysis differs from the rest of the py-
rolysis studied because it has a higher cracking capacity for all of the
samples studied, producing significantly more aromatic oils than the rest
of the pyrolysis, regardless of sample. In any case, all of the pyrolysis
investigated produced more aromatic oils, with differences between the
various families of aromatics produced by each type of waste and each
type of pyrolysis generated.

Thus, in the two conventional pyrolysis studies (500 and 750), Fig. 6.
B, there are essentially no differences in the production of non-aromatic
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oils, but there are differences in the production of aromatics with one
benzene (higher in SFW P750) and aromatics with two benzenes (minor
in SFW P750). Of the non-aromatic compounds that are present in the
SFW-500P, SFW-750P, and SFW-500F bio-oils, the presence of cyclic
ketones stands out with 10-12.6 % peak are values. N-hexadecanoic and
octadecanoic acids are present in similar (8-13 % peak area). Lactones
are present at 5-8 %. The SFW-750F bio-oils do not contain the afore-
mentioned compounds.

In relation to the aromatic compounds with a benzene ring present in
SFW-500P, SFW-750P, and SFW-500F, phenol and its derivatives (9-12
%) and indole and its derivatives (2-8 %) stand out. However, in the
SFW-750F bio-oil, phenol and its derivatives constitute only ~ 5 %,
while indole derivatives increase to 12.75 % and specifically the signal
of the indole compound (9.82 %), to a retention time of 17.05 min, is the
most intense in the chromatogram. All bio-oils obtained by pyrolysis of
SFW differ from those obtained from CW and W because, regardless of
the pyrolysis conditions, they always contain PAHs. Comparatively, the
bio-oils obtained by flash pyrolysis of pampas grass were mainly
composed of PAHs, while the bio-oils obtained from their conventional
pyrolysis practically do not contain PAHs, as in the case of CW and W
bio-oils [36].

SFW-750F has a high content of aromatic compounds with several
benzene rings, highlighting, among others, compounds derived from
naphthalene, fluorene, carbazole, phenanthrene, anthracene, fluo-
rantheum, fluorene or pyrene. The highest concentration of PAHs with
two benzene rings (>45 %) occurs in SFW-750F, Fig. 6.

Despite the fact that CW and SFW residues come from the same
source, there are distinct differences in the makeup of bio-oils. Of the
non-aromatic compounds present in bio-oils CW-500P, CW-750P, and
CW-500F, the presence of cyclic ketones also stands out, reaching
maximum values of up to 21.5 % in CW-750P; n-hexadecanoic and
octadecanoic acids are also present, but in smaller quantities (3-5 %)
and with different proportions between them, always dominating n-
hexadecanoic; finally, the lactones are in 3-6 area %. Gamma-Sitosterol
(2.5-3 %), a chemical compound that belongs to the class of phytos-
terols, which are sterols that are naturally present in plants, is present in
these oils, which is consistent with the oils’ botanical origin. In the
study, this substance wasn’t discovered in any other oils. CW-750F also
does not contain cyclic ketones and lactones. Aromatic compounds with
a benzene ring present in CW-500P, CW-750P, and CW-500F bio-oils
account for 30-35 %, while in SFW-500P, SFW- 750P, and SFW-500F
account for 21-27 area %, Fig. 6.

In bio-oils CW-500P, CW-750P, and CW-500 there is a clear domi-
nance of phenol and derivatives (23-28 %), while indole derivatives are
practically absent (<2 %). In CW-750F, phenol and its derivatives are
reduced to = 5 a %, and indole derivatives increase slightly to 3.14 %, a
value four times lower than that of SFW-750F bio-o0il (12.75 %). The bio-
oil with the highest concentration of PAHs with 3 and 4 benzene rings is
CW-750F, which also stands out for its high PAH content. Thus, for
example, phenanthrene/anthracene and its derivatives are 17 % in CW-
750F vs. 4.6 % in SFW-750F, or pyrene and its derivatives with 10.5 % in
CW-750F vs. 1 % in SFW-750F.

W is distinguished by the production of aromatics at 1 benzene,
Fig. 6C, which is higher at 750F and similar for the two pyrolysis ex-
periments conducted at 500 °C. Conventional pyrolysis and low tem-
perature flash pyrolysis of W generate bio-oils (W-500P, W-750P, W-
500F) with non-aromatic compounds such as cyclic ketones (12-15 %)
but without traces of lactones and acids. W-750F barely contains cyclic
ketones (0.5 area %). W-500P, W-750P and W-500F contain almost no
HAPs, as is the case with CW-500P, CW-750P, and CW-500F and con-
trary to what is obtained with SFW-500P, SFW-750P, and SFW- 500F.
PAHs were identified in W-750F and this bio-oil stands out from all the
bio-oils in the study for having the highest amount of aromatic organic
compounds of a benzene ring (~40 %).

The analysis of the aqueous phase of the derived SFW samples shows
a different composition than that found in the oily phase; in general
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PAHs have not been detected; This phase is notable for being primarily
composed of non-aromatic compounds, aromatic compounds without
benzene, and aromatic compounds containing benzene. Specifically, in
the aqueous phase of SFW flash pyrolysis bio-oils at 750 °C, aromatic
compounds with a benzene ring stand out with 42.65 % of the detected
material.

Also, the composition of the aqueous phase of CW differs in
composition from its oil phase; These phases of the CW bio-oils have
high contents of non-aromatic compounds, reaching 46 % of the chro-
matographed material in what is obtained by conventional pyrolysis at
500 °C.

For its part, Table 4 shows the bio-oils ultimate analysis and high
heating values (HHV). For all the samples, C content was higher under
flash pyrolysis at 750 °C. Under this particular condition, CW and SFW
values were higher than W. Considering that C is one of the main ele-
ments for energy obtention [74], the bio-oils for both samples were
really interesting as was corroborated in their associated HHV results. H
percentages were so similar being somewhat higher in the case of wool.
W oil had a large percentage of N (~12 %). This fact was due to the high
content of this element in the original raw material (Table 1). CW and
SFW oils have high oxygen content (up to 33 %) except those obtained
by F750 which values as low as 6.53 %. In the case of wool oils, the
values range between 8 % and 16 % with the lowest value for that ob-
tained by F750. Regarding HHV, the formulas used denoted were very
similar in the values of HHV. This indicated, on the one hand, that the
ash content (2-6 %) practically did not influence the final values and, on
the other hand, the validity of the use of any of these expressions. As
previously stated, 750 °C temperature flash pyrolysis bio-oils were the
ones that obtained the best results, due to their higher carbon content,
highlighting SFW-750F (34.15MJ/kg). These results, despite not being
as high as the HHV for diesel or conventional fuels (> 45MJ/kg) [75],
were in line with biomass sources [76,77] and alternative biodiesel [78],
denoting their acceptable thermal utilisation.

Despite the high HHV value of SFW-750F bio-oil, its high content of
PAHs greatly restricts its use for energy purposes (combustion). How-
ever, in the chemical industry most PAHs, such as phenanthrene, are
used to make plastics, pesticides, dyes, explosives, etc. In the plastic
industry, synthetic tanning agents and phenanthrene, under high tem-
perature and high pressure, can undergo hydrogenation to get hydro-
phenanthrene, being the fuel of senior jet aircraft [79].

Table 4
Bio-oils analysis and calorific values.

Ultimate analysis HHV (MJ/kg)

c! H" N* o Beckman  Friedl IGT-no
(%) (%) (%) (%) ash

CW- 60.70 6.60 1.45 29.21 24.86 25.58 25.75
500P

CW- 60.81 6.43 1.68 28.01 24.92 25.52 25.72
750P

CW- 60.22 6.65 1.50 29.59 24.70 25.37 25.60
500F

CW- 75.64 5.89 4.08 9.91 31.44 33.57 31.91
750F

SFW- 61.40 6.21 2.40 25.71 25.09 25.73 25.78
500P

SFW- 56.27 6.16 2.37 32.70 22.51 23.11 23.14
750P

SFW- 54.35 6.10 2.24 31.07 21.93 22.14 22.61
500F

SFW- 78.20 5.12 6.91 6.53 31.94 34.15 31.83
750F

W-500P 60.69 7.50 11.10 15.23 27.22 27.63 27.46

W-750P 58.07 7.16 11.85 15.69 25.97 25.97 26.01

W-500F 59.76 6.84 12.39 15.67 26.19 26.71 26.06

W-750F 69.74 5.69 11.90 8.41 29.32 30.87 28.87

 Dry basis.
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3.3.4. Bio-char fraction

The final analysis and HHV of the various bio-char products pro-
duced during flash and conventional pyrolysis are both shown in
Table 5. SFW contained more carbon than other materials, regardless of
the pyrolysis technique. This element is crucial to determine the quality
of a certain char as fuel. There was a tend characterised by an increase in
the C content, within each type of pyrolysis once the temperature also
raises. The highest values for this element were achieved, for the three
materials, during conventional pyrolysis at 750 °C. When compared to
CW and SFW, W had significantly less C and HHV data. For the case of
hydrogen, the highest values were obtained for flash pyrolysis at a
temperature of 500 °C. The high nitrogen values in wool are notorious
(~ 11 %). This fact was due to a large part of the nitrogen present in the
original material remains after the pyrolytic process. These char N
content may even be higher than the present in the original samples [80,
81]. Related to ash content, SFW had the lowest values (~4 %). They
were lower than the achieved by other authors for coals [82,83]. Py-
rolysis temperatures of 750 °C increased the content of these undesirable
materials in comparison to temperatures of 500 °C, with the exception of
SFW-750P (which was also the sample with the lowest ash content, 3.58
%). Sulphur content (0.30-0.52 %) was low and similar for all the
samples, being these results in line with the associated to other fuels
chars derived from other biomass sources [84].

With reference to the HHV results, SFW was, again, the textile waste
with better performance. For it, there was no clear difference neither for
the type of pyrolysis used nor the temperature. With the exception of W-
750F, where flash pyrolysis at 750 °C clearly had a negative impact on
its HHV result (19.03 MJ/kg), this was maintained for the other bio-
chars under study. This way, with values surrounding the 32 MJ/kg,
the chars derived from SFW were, by far, the ones with a better energy
power followed by CW (~28.5 MJ/kg).

Bio-char from both flash and conventional pyrolysis was therefore
suitable for use as fuel due to their high HHV and capacity to serve as
adsorbent material precursors (from 56.95 % to 90.52 % of C content).
Especially the use of SFW-750P was desirable. Textile waste character-
isation values showed a better performance for pyrolytic behaviour
when compared with other residues from similar nature studied in the
literature [85].

3.4. Scanning electron microscope (SEM)

The study of the morphology and the elemental analysis of the sur-
face of the textile residues (CW, SFW, W) as well as the different pyro-
lyzed samples was carried out by SEM-EDX. Fig. 7 shows some SEM
images of the residues taken at different magnifications (500x and
2000x).

The image of the card waste (CW) shows a fibrous morphology along
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with irregular particles, which is consistent with its nature. This is a
residue that is primarily made up of a mixture of seeds and cotton linters
from the cotton screening process used in the carding work, Fig. 7. SFW
shows a fully fibrous morphology due to its short-spun nature derived
from rejection from batting, carding, and combing of cotton fibres,
Fig. 7. The morphology of cotton fibres from CW and SFW residues, as
specified in [86,87], is characterised by the torsion that the fibres
present.

As for the wool residue (W), it presents a fibrous morphology char-
acteristic of this type of material and, contrary to what happens with
cotton fibres, there is no twist in the fibres, Fig. 7. The wool residue’s
fibres have a similar appearance to those described in some scientific
publications [87,88], where the wool fibres are covered in tiny scales, a
characteristic that the cotton fibres do not present. These outer woolly
cuticle cells (or scales) overlap like tiles on a roof.

The CW sample EDX demonstrates the differences between the parts.
The fibrous portion exhibits a surface and is primarily composed of C
(50.6 %) and O (45.97 %), and some N (3.4 %), the CW non-fibrous part
maintains high contents of C and O (41 %) with 5 % of N, 11.7 % of K
and smaller proportion of S and Ca. The surface composition of SFW
residue, short cotton fibre residue, preserves high contents of C and O
(42.8 % and 51.9 % respectively), moderate K (4.6 %) and low N. As
stated in [89], the EDX spectrum of untreated cotton fabric also shows
high carbon (46.13 %) and oxygen (53.87 %) contents, which is
consistent with our results.

Finally, in the W residue EDX spectrum of the wool residue, C (51.8
%) stands out as the main element, followed in importance by O (24.4
%), N (11.5 %) and S (7.08 %). Alkaline (K, Na) and alkaline earth (Ca)
elements were also found, albeit in lower concentrations. In [88], goat
wool, sheep wool and horse mane were studied by EDX and C, O, N and S
stand out as major elements on the surface of the wool fibres and
horsehair.

Fig. 8 shows some SEM images of the pyrolyzed residues under
different conditions of the thermal process and taken at different mag-
nifications (500x, 2000x and 10000x).

SEM images of CW-500F pyrolyzed material reveal that the fibrous
nature of the parent material (CW) is preserved. The torsion of the
cotton fibres, a typical feature of these materials, can be seen in detail in
the image at a magnification of 10000 times. The cross section of a fibre
bundle can be seen in the image at 2000x, Fig. 8. The higher temperature
pyrolysis treatment seems to break the cotton fibres as can be seen in the
500x image of CW-750F where shorter fibres can be seen. In the same
way, a generation of porosity is observed in the particles that accompany
the fibres of this precursor, images at 2000x and 10000x of CW-750F.
The pyrolyzed samples from the other cotton waste (SFW) also retain
their fibrous morphology after the pyrolysis heat treatment, as can be
seen in the 500x image of SFW-750P. Details of these fibres can be seen

Table 5
Chars ultimate analysis, HHV and ashes.
Ultimate analysis HHV (MJ/kg) Ash (%)
C* (%) H" (%) N (%) S (%) 0" (%)
CW-500P 77.99 + 1.48 2.70 +£ 0.14 1.11 £ 0.31 0.36 + 0.01 8.54 28.96 9.29
CW-750P 82.29 +1.53 0.93 £ 0.07 1.19+£0.30 0.37 £ 0.00 5.48 28.43 9.74
CW-500F 75.42 + 0.03 3.37 £0.11 1.11 +0.29 0.31 £ 0.06 10.39 28.71 9.41
CW-750F 80.87 + 0.68 1.23 £ 0.14 1.05 + 0.27 0.32 £+ 0.06 6.71 28.15 9.82
SFW-500P 84.02 +1.71 2.92+0.03 3.72 £ 0.40 0.47 £ 0.04 4.61 32.06 4.26
SFW-750P 90.52 + 0.76 0.88 £0.11 3.70 £ 0.35 0.49 £+ 0.01 0.83 32.01 3.58
SFW-500F 82.16 + 0.66 3.41 +0.03 3.58 4+ 0.26 0.49 4+ 0.03 6.47 31.79 3.89
SFW-750F 87.03 + 2.41 1.65 + 0.35 3.04 £ 0.66 0.52 + 0.04 3.21 31.50 4.56
W-500P 63.96 + 1.36 2.28 +£0.12 11.16 + 0.88 0.33 £0.01 5.83 24.07 16.44
W-750P 69.20 -+ 0.74 0.75 4 0.02 9.66 + 0.45 0.34 4+ 0.01 1.37 24.45 18.68
W-500F 63.06 + 0.98 3.15+0.01 11.69 + 0.76 0.30 + 0.01 7.24 24.74 14.57
W-750F 56.95 + 0.75 0.93 £0.12 8.88 £ 0.58 0.41 £+ 0.04 9.71 19.03 23.12

@ Dry basis.
b Determined by difference.
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Fig. 8. Pyrolyzed waste SEM-EDX.

in the images that are at 2000x and 10000x.

Contrary to this behaviour, the pyrolyzed materials from the wool
residual lose the precursor’s fibrous shape regardless of the temperature
heating process and the type of pyrolysis. Hence, particles of different
sizes are obtained as can be seen in W-500P, W-500F and W-750F. These
particles of the pyrolyzed samples present a large amount of porosity or
holes through which the volatile matter has come out. The wool residue
passed through a plastic phase during the pyrolysis process, forming
vacuoles or devolatilization bubbles during the thermal process as a
consequence of the release of volatile matter. Vacuoles or devolatiliza-
tion bubbles can be seen in bio-char samples obtained with flash py-
rolysis, being especially notable at high temperature, as can be seen in
W-750F bio-char, Fig. 8.

4. Conclusions

An extensive experimental study on the conventional and flash py-
rolysis has been performed on textile factory residues of animal (wool)
and vegetable origin (card waste and short fibre waste) using an original
pyrolysis oven. HHV and chemical characterisation of the samples
revealed that they had good fuel properties. TGA analysis revealed dif-
ferences between the DTG and TG profiles for the samples. CW and SFW
released a greater amount of mass in a smaller temperature range
compared to W. The highest DTG value was reached for SFW (16.937
%,/min). Better results for all of the estimated thermal indices also
supported the improved performance of SFW. Regarding fraction yield,
the bio-oil fraction predominated for practically all the study conditions
except for flash pyrolysis at 750 °C where gas is the majority fraction
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reaching values between 48 % and 56 %. SFW-500P denoted a bio-oil
percentage of 55.12 %. Gas chromatographic analysis displayed a
greater number of gaseous species in the case of flash pyrolysis. CO and
CO, were the most emitted gases for CW and SFW, while in the pyrolysis
of W, O, predominated. Oil fraction HHV results denoted a good thermal
performance being the 750F the best pyrolysis conditions (34.15MJ/kg
for SFW-750F). Contrary to high-temperature flash pyrolysis bio-oils,
which are primarily made up of polycyclic aromatic hydrocarbons,
conventional pyrolysis bio-oils and low temperature flash pyrolysis bio-
oils both contain significant amounts of non-aromatic organic com-
pounds. As chars is concerned, SFW was also the textile sample with
better HHV and lower ash content (~32MJ/kg and ~4 % ash). SEM
analysis revealed that, whereas for CW and SFW the torsion of the fibres
was present, it was not so for W residue. This same analysis for the
pyrolysis waste also denoted different behaviour with relation of the
fibrous morphology.
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