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* Correspondence: mehmetakalin@karabuk.edu.tr

Abstract

In recent years, due to increasing concerns about the environment and sustainable pro-
duction, the effective utilization of wastes has become important. In this regard, it has
become essential to obtain products with distinct properties by utilizing different types
of biomass together. The world’s annual apricot production is approximately 4 million
tonnes. The apricot seeds can be used to produce seed oils; however, remaining residue
(apricot seed pulp) from this process is considered as waste. In this study, the co-pyrolysis
of waste from the essential oil industry (apricot seed pulp, ASP, and by-products of the
paper pulp industry (calcium lignosulfonate, CLS, and sodium lignosulfonate, SLS)) was
carried out using mixtures at different temperatures (400–700 ◦C) and different ratios (4:1,
1:1, 1:4). The effects of temperature and ratio on the yields, composition, and HHV of
biochars were investigated. Among biochars obtained from co-pyrolysis, the maximum
HHVs of 26.91 MJ·kg−1 and 25.64 MJ·kg−1 were obtained for 5ASP-5CLS-400 biochar
and 8ASP-2SLS-400 biochar, respectively. The results showed that the addition of ASP to
CLS led to an increase in the HHVs of biochars when compared to the HHVs of biochars
obtained from the pyrolysis of CLS. The use of two different types of waste has led to the
production of biochars with different properties due to the synergistic effect in the pyrolysis.
As a result, biochars with diverse properties, which have the potential to be utilized in
various applications, were produced from different types of wastes.

Keywords: apricot seed pulp; calcium lignosulfonate; sodium lignosulfonate; pyrolysis;
biochar; waste valorization

1. Introduction
Biomass is a promising renewable resource for producing a wide variety of products

for different purposes. Biomass is a renewable and abundant resource that can be regarded
as a sustainable solution in the production of environmentally friendly products. A wide
variety of biomass resources, such as corn residue [1], rice husks [2], and hazelnut shells [3],
have been converted into value-added products through various conversion technologies.
In addition to being a renewable resource, what distinguishes biomass is that it can be
used as a carbon source, unlike other renewable resources such as solar and wind energy.
Carbon-based materials produced from biomass have many potential uses, including as
biofuels, in electrochemical processes, for adsorption, and in soil applications.

Pyrolysis is an inexpensive thermochemical method that has been utilized for many
years to decompose materials in an oxygen-free environment and is also employed com-
mercially. The pyrolysis process of biomass can yield a wide range of products, each
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with distinct properties, including biofuel, fine chemicals, and carbon-based materials.
In addition to the type of raw material used, pyrolysis parameters such as temperature,
heating rate, and pyrolysis time are important in obtaining different types of products and
product characteristics [4]. Furthermore, the co-pyrolysis process, which treats two or more
diverse raw materials in the same pyrolysis system, is a widely employed technique to
obtain products with varied characteristics [5]. The interaction between the decomposition
mechanisms of these materials during the pyrolysis process enables the exploitation of
the structural properties of both materials. Moreover, this process enables the concurrent
evaluation of two waste raw materials, thus contributing to sustainable production by
facilitating their conversion into high-value-added products. For instance, it is feasible
to achieve higher-quality bio-oil through the co-pyrolysis of biomass and plastics [6]. Al-
ternatively, carbon-based materials with improved properties can be obtained with the
use of different types of wastes (i.e., municipal solid waste, plastic waste) in the pyrolysis
process. Therefore, their effectiveness in supercapacitor and adsorption applications can
be enhanced [4,5].

Apricot is classified under the rosaceae family, and it is used to make juices and
canned products. Global apricot production is approximately 4 million tons, with Turkey
accounting for about 22% of this total [7]. The seeds, which are a by-product of the apricot
fruit, constitute roughly 7% of the fruit [8], and they can be used in the production of oil
and cosmetics.

The apricot seed pulp (ASP) generated as a byproduct of apricot seed oil production
contains amygdalin, a naturally occurring cyanogenic glycoside in the seed, which poses
toxicological limitations for both human and animal consumption [8]. Therefore, the
utilization of ASP for energy production and the generation of value-added products
through safe and sustainable technologies is of great importance. In a previous study,
defatted apricot seeds using n-hexane were pyrolyzed under CO2 and N2 atmosphere
using a quartz tubular reactor. The biochars obtained from the pyrolysis of defatted apricot
seeds were used in the transesterification of apricot oil in the study [9]. There are also
studies in which apricot stones [10,11], apricot pulp [12], and apricot kernel shells [13] were
used in pyrolysis to obtain products for various applications.

Lignocellulosic biomass, one of the most common biomass sources on a global scale,
consists primarily of cellulose, hemicellulose, and lignin. Lignin is a renewable aromatic
natural polymer, which is the second most abundant land-based bioresource after cellulose.
It is also a by-product resulting from the utilization of cellulose and hemicellulose [14,15].
Its abundant availability and high oxygen content make it available for use as a natural
adsorbent and precursor of activated carbon [16]. Lignosulfonate (LS), a by-product of the
paper and pulp industry, is a water-soluble natural polymer with an aromatic and complex
three-dimensional network structure. LS can be considered as a sustainable precursor
of carbon and sulfur sources due to the sulphonate groups it has. Due to their unique
properties, LSs can be used as, but are not limited to, animal feed, surfactants, lubricants,
and stabilizers [16–20]. LSs constitute 90% of the total market share for commercial lignin.
Their production is extensive on a global scale, with an estimated annual output of ap-
proximately 1 million tons of dry matter [20,21]. CLS and SLS are among the various
types of lignin which are produced from the paper and pulp industry [22]. CLS is a highly
promising material due to several factors. It is biodegradable, non-toxic, and eco-friendly.
Furthermore, it is inexpensive and contains reactively functional groups [17]. SLS, which is
a product from the sulfite pulping of lignin, contains many oxygen-containing functional
groups. The interaction of numerous β-O-4′ and α-O-4′ linkages in lignin with sulfonic
acid groups results in an improvement in its water solubility [23].



Processes 2025, 13, 4053 3 of 17

In recent years, LSs have been used to prepare carbon-based materials for various
applications. NiS/activated carbon composites were produced for supercapacitor appli-
cation using SLS as a precursor [24]. Carbon spheres as activated carbon precursors were
produced by the hydrothermal carbonization of SLS at 230 ◦C for 16 h. In another study,
it was used as a raw material to prepare a high-efficiency catalyst for the synthesis of
dimethyl adipate [25]. SLS was also used with biochar derived from pretreated waste
cotton to prepare a carbon-based adsorbent for the removal of lead ion and methylene blue
from wastewater [26]. Sulfur-doped carbons were produced by carbonizing solid powder
mixture in which SLS was used as a carbon precursor. The solid powders were carbonized
at 500–900 ◦C for 2 h with a heating rate of 5 ◦C·min−1. Prepared carbon materials were
used for the photocatalytic degradation of tetracycline under visible-light irradiation [27].
CLS was pyrolyzed at 700 and 800 ◦C for 1 h with a heating rate of 5 ◦C/min. After
washing carbonized materials with HCl and deionized water and drying, the prepared
N-O-S co-doped hierarchical porous carbons were used in high-performance supercapacitor
applications [28]. CLS, SLS, and alkali lignin were carbonized at 800 ◦C for 10 h without
any additional templating/activation agent to prepare hierarchical porous carbons for the
decolorization of wastewater dyes. It was reported that the prepared carbon materials
(SLS-C, AL-C, and CLS-C with surface areas 346 m2·g−1, 405 m2·g−1, and 512 m2·g−1,
respectively) showed excellent adsorption–decolorization abilities for five dyes [29]. The
global annual production of apricots is substantial, and the seeds of this fruit can also
be utilized by extracting seed oil. The apricot seed pulp resulting from this process is
regarded as waste. Consequently, it is imperative to utilize this substantial amount of
waste biomass. Furthermore, due to the presence of sulfonic groups in their structure,
lignosulfonates were considered a suitable material for the production of biochar with
promising and distinct properties through the co-pyrolysis with ASP. To the best of our
knowledge, there is no study regarding the production of biochar from ASP and CLS/SLS.
In this study, the pyrolysis of ASP, CLS, and SLS and the co-pyrolysis of ASP with CLS and
SLS were carried out at temperatures ranging from 400 to 700 ◦C and ratios of 4:1, 1:1, and
1:4. The effect of raw material type, in addition to the effect of temperature, on the yields
of biochars obtained as a result of co-pyrolysis was investigated. The synergistic effect of
different types of materials on the elemental composition and HHVs of biochars obtained at
different temperatures was investigated. The characteristics of biochars obtained from the
pyrolysis process was also determined. The results obtained from this study are expected
to contribute to the more effective utilization of waste/by-product from two different
industries and to the production of sustainable carbon-based materials.

2. Materials and Methods
2.1. Procurement of Chemicals and Biomass Samples

ASP, SLS, and CLS were used as the biomass source in this study. ASP was obtained as
a by-product of the mechanical pressing process carried out using the cold-press method at
temperatures below 40 ◦C and was supplied by SNS Food and Cosmetics Trade and Indus-
try Ltd. Co. (Tokat, Türkiye). Upon receipt, the ASP samples were dried under laboratory
conditions for 24 h at room temperature. The dried material was sieved to obtain particle
sizes in the range of 0.1–3 mm to standardize the particle size distribution. The resulting
samples were stored in airtight containers until further analysis. SLS (C20H24Na2O10S2,
CAS No.: 8061-51-6) and CLS (C20H24CaO10S2, CAS No.: 8061-52-7) were of commercial
purity and supplied by Obafer Chemical Industry and Trade Co., Ltd. (İzmir, Türkiye).
The materials were stored under the supplier’s recommended conditions and were used
directly in the pyrolysis experiments without any further purification. Figure 1 shows ASP,
SLS, and CLS.
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Figure 1. Appearance of raw materials used in pyrolysis process: (a) ASP, (b) SLS, and (c) CLS.

Other chemicals used in the study, including anhydrous sodium sulfate (Na2SO4,
CAS No.: 7757-82-6, ISOLAB GmbH, İstanbul, Türkiye) and hydrochloric acid (HCl, CAS
No.: 7647-01-0, Fluka Chemie GmbH, Buchs, Switzerland), were of analytical grade and
used as received.

2.2. Production of Biochars

The co-pyrolysis of ASP with CLS and SLS was carried out at 400–700 ◦C using
a pyrolysis system consisting of a stainless-steel reactor heated by an electric furnace
(Uniterm, Ankara, Türkiye) and a series of condensate collection vessels connected to the
reactor outlet; a schematic diagram of this system is presented in Figure 2. This process
resulted in the formation of biochar and bio-oil.

 
Figure 2. Schematic diagram of the pyrolysis system used for pyrolysis experiments.

Before being fed into the reactor, individual samples of ASP, CLS, and SLS, as well
as mixtures of ASP with LSs (ASP-SLS and ASP-CLS), were prepared. The mixtures were
formulated at three different ratios (4:1, 1:1, and 1:4), and a total of 10 g of sample was placed
into the reactor for each experiment. After sealing, the reactor was purged with nitrogen
gas (N2) for 30 min to remove any residual air. Subsequently, the reactor was heated to the
target temperature range (400–700 ◦C) at a constant heating rate of 10 ◦C·min−1 under a
continuous flow of N2 and maintained at that temperature for 1 h. Pyrolysis experiments
were performed in triplicate, and the results were averaged.

During pyrolysis, the vapors produced were carried by the N2 flow into the condensate
collection vessels, where the bio-oil was condensed. After the heating period, the system
was shut down and allowed to cool to room temperature under N2 flow before opening.
The biochars were removed from the reactor, weighed, and then immersed in 20 mL of
0.1 M HCl solution in order to remove inorganic salts and metal impurities. Subsequently,
the samples were washed under vacuum with deionized water until the filtrate reached
neutral pH. The washed biochars were dried at 103 ± 2 ◦C for 24 h and stored in sealed
containers for characterization analyses. The biochar samples were designated as XASP–
YLS–Z, where X:Y represents the mixing ratios of ASP and LS, and Z denotes the pyrolysis
temperature. LS refers to either lignosulfonate (calcium or sodium).
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2.3. Characterization of Raw Materials and Biochars

The proximate analysis parameters of the ASP biomass (moisture, volatile matter, ash,
and fixed carbon) were determined in accordance with the ISO 18134-1:2015(E) [30], ISO
18123:2023(E) [31], and ISO 18122:2022(E) standards [32], and all analyses were performed
in triplicate. The corresponding parameters for the CLS and SLS biomasses were used
based on the analysis certificates provided by the supplier. Proximate analyses of ASP, SLS,
and CLS are shown in Table 1.

Table 1. Proximate analyses of ASP, SLS, and CLS samples.

Raw
Material

Moisture
Content (%) Volatile Matter (%) Ash

(%)

a Fixed Carbon
(%)

Average SD Average SD Average SD Average SD

ASP 3.66 0.26 88.88 0.04 2.84 0.07 4.61 0.23
SLS 5.36 0.20 56.58 0.39 17.70 - 20.36 0.59
CLS 6.44 0.09 55.00 0.62 16.85 - 21.71 0.72

a by difference.

The elemental composition of the biomass and biochar samples obtained from the
pyrolysis experiments including carbon (C), hydrogen (H), nitrogen (N), and sulfur (S)
was determined using an elemental analyzer (Elementar Vario MICRO Cube, Hessen,
Germany). Functional group analyses were performed by Fourier Transform Infrared
(FTIR) spectroscopy (Thermo Scientific Nicolet iS50 FTIR-ATR, Waltham, MA, USA) in
the wavelength range of 4000–600 cm−1. The surface morphology was examined using a
field emission scanning electron microscope (FESEM, Carl Zeiss Ultra Plus Gemini, Baden-
Württemberg, Germany). The crystalline structures were identified by X-ray powder
diffraction (XRD) using a Rigaku Ultima IV diffractometer (Tokyo, Japan) with Cu Kα

radiation (λ = 1.5406 Å) in the 2θ range of 10–90◦, operating at 40 kV and 40 mA. The
thermal behavior of the biomass was analyzed by thermogravimetric analysis (TGA) using
a PerkinElmer STA 6000 instrument (Shelton, CT, USA) within the temperature range of
30–800 ◦C, at a heating rate of 10 ◦C·min−1, under a nitrogen flow rate of 30 mL·min−1.
The weight-based yields of the biochars were calculated using Equation (1).

Biochar yield (wt%) =
Mass o f recovered biochar (g)

Intial mass o f biomass (g)
(1)

The higher heating values (HHV, MJ·kg−1) of the biomass and biochar samples were
calculated from their elemental composition using the Dulong equation (Equation (2); [33]):

HHV
(

MJ
kg

)
=

[
(0.338 × C) +

(
1.428 ×

(
H − O

8

)
+ (0.095 × S)

]
(2)

3. Results and Discussion
3.1. Thermogravimetric Analysis of Raw Materials

Figure 3 shows TGA thermographs of ASP, CLS, and SLS. The first stage of thermal
decomposition of the ASP was observed at 30–175 ◦C. This weight loss stage can be attributed
to the removal of water and some volatile compounds in the structure of the ASP [34]. The
weight loss which occurred at around 175–240 ◦C can be related to the volatilization of the
hemicellulose content of the ASP biomass. The main decomposition of the cellulose and lignin
content of the ASP can be attributed to the weight loss between 240 and 450 ◦C [34]. The ASP
had the highest weight loss ratio among all samples. This may be due to the lower lignin
content of the ASP when compared to LSs. The weight loss rate of the SLS was found to be
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slightly higher than that of the CLS. A similar trend was reported in a previous study [35]. The
weight loss stages of the CLS may include the removal of water in the structure (ca. 30–125 ◦C),
intermolecular dehydration, formaldehyde removal, condensation reactions, the release of
small molecules and the decomposition of the framework of the CLS (ca. 125–400 ◦C), the
formation of calcium compounds and hydrocarbons via the reaction of small molecules with
each other (400–550 ◦C and 550–750 ◦C) and the chemical decomposition of the previously
mentioned compounds (above 750 ◦C) [36].

 
Figure 3. Thermal degradation characteristics of ASP, CLS, and SLS samples.

3.2. Biochar Yields

The biochar yields both calculated and obtained from the pyrolysis of the ASP and
CLS alone, as well as their mixtures in different ratios (4:1; 1:1; 1:4) at different temperatures
(400–700 ◦C), are presented in Figure 4. The biochar yields obtained from the individual pyrol-
ysis of the ASP and CLS were found to be between 23.58 and 17.85 wt% and 52.97–48.25 wt%,
respectively. Increasing the pyrolysis temperature from 400 to 700 ◦C resulted in a decrease
in biochar yields for both feedstocks due to the further decomposition of raw materials and
pyrolysis products. In case of ASP, increasing the temperature from 400 ◦C to 500 ◦C led
to a noticeable decrease in biochar yields from 23.58 wt% to 19.62 wt%. A further increase
in temperature resulted in a slight decrease in biochar yields. Biochar yields from the CLS
slightly decreased with increasing the pyrolysis temperature up to 600 ◦C. A further increase in
temperature resulted in a noticeable decrease in the CLS biochar yield. This can be attributed
to the lignin content of the CLS. For similar reasons, biochar yields obtained from the CLS
were found to be higher than those obtained from the ASP due to its higher lignin content. The
biochar yields obtained from the co-pyrolysis of the ASP–CLS mixtures at different ratios and
temperatures were between the char yields obtained from the pyrolysis of both raw materials
individually. As the LS content in the mixtures increased, so the biochar yields also increased,
approaching the levels observed in LS pyrolysis. At an elevated temperature of 500 ◦C, the
biochar yields of the ASP–CLS mixtures, at ratios of 4:1, 1:1, and 1:4, were found to be 26.34,
34.95, and 45.15 wt%, respectively. Theoretical yields were found to be close to these values, at
26.20, 36.06, and 45.92 wt%, respectively.
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Figure 4. (a) Experimental and theoretical biochar yields obtained from pyrolysis of CLS, ASP, and
their mixtures at 400–700 ◦C. (b) Experimental and theoretical biochar yields obtained from pyrolysis
of SLS, ASP, and their mixtures at 400–700 ◦C.

A comparable trend has been observed in the comparison of actual and theoretical
biochar yields at different pyrolysis temperatures. The properties and yields of biochars
obtained from the pyrolysis of the SLS and cellulose mixtures at 500 ◦C were investigated
in previous studies [37,38]. The actual biochar yields for all mixtures were found to be
higher than the theoretical biochar yields [38]. It has been reported that the reason for
obtaining higher actual biochar yields than theoretical biochar yields at 500 ◦C may be
due to the inhibition of lignin pyrolysis by cellulose. In our study, the absence of such a
trend can be attributed to the use of waste biomass with a more complex structure instead
of cellulose. The difference between actual and theoretical yields may be attributed to
the various factors related to the structural differences in raw materials, such as lignin,
cellulose, hemicellulose, and ash content. The decomposition temperatures of biomass
components, namely hemicellulose, cellulose, and lignin, are approximately in the ranges
of 220 to 300 ◦C, 300 to 340 ◦C, and 300 to 900 ◦C, respectively [39]. It can be concluded
that the differences between theoretical and actual yields may have arisen as a result of
interactions between the products generated from those components during pyrolysis.

The biochar yields both calculated and obtained from the pyrolysis of the ASP and
SLS alone, as well as their mixtures in different ratios (4:1; 1:1; 1:4) at different temperatures
(400–700 ◦C), are presented in Figure 4. The biochar yields obtained from the individual
pyrolysis of the ASP and SLS were found to be between 23.58 and 17.85 wt% and 53.17 and
40.92 wt%, respectively. Increasing the pyrolysis temperature from 400 ◦C to 700 ◦C resulted
in a decrease in biochar yields for the SLS due to the further decomposition of raw materials
and pyrolysis products. When comparing the biochar yields obtained from the pyrolysis
of the SLS and CLS alone in Figure 4, the biochar yields obtained from the SLS at 600 and
700 ◦C (46.50 and 40.92 wt%) were noticeably lower than those obtained from the CLS
(52.18 and 48.25 wt%). In another study, the pyrolysis characteristics of the CLS and SLS
were investigated, and it was reported that the SLS exhibited greater weight loss than the
CLS [40]. This could be due to the structural differences between the SLS and CLS. The
presence of organically bonded sodium cations in the SLS can result in a major effect on
the decomposition mechanism, thereby facilitating the dehydration and de-carboxylation
reactions [41]. Biochar yields obtained from the SLS showed a decrease at a certain rate up
to 600 ◦C, similar to those from the CLS; however, increasing the temperature to 700 ◦C
resulted in a greater decrease in biochar yield.

The biochar yields obtained from the co-pyrolysis of the ASP–SLS mixtures at different
ratios and temperatures were between the biochar yields obtained from the individual
pyrolysis of raw materials. As the LS content in the mixtures increased, biochar yields
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also increased, approaching the biochar yields from LS pyrolysis. In general, the actual
and theoretical biochar yields of the mixtures at the same temperature were close to each
other. At 500 ◦C, the actual biochar yields of the ASP–SLS mixture at ratios of 4:1, 1:1, and
1:4 were 25.10, 36.14, and 44.50 wt%, respectively; the theoretical yields were also close to
these values, at 25.89, 35.29, and 44.69 wt%, respectively. A similar trend was also observed
between actual biochar yields and theoretical biochar yields at pyrolysis temperatures of
600 and 700 ◦C. The ash content and composition of ash are important parameters in the
pyrolysis process. They can affect the decomposition of biomass components and react
with products formed during pyrolysis, which may result in differences in theoretical and
actual biochar yields.

3.3. Bio-Oil Yields

The bio-oil yields, both calculated and experimentally obtained from the pyrolysis
of the ASP, CLS, and SLS individually, as well as from their mixtures at different ratios
(4:1; 1:1; 1:4) and at various temperatures (400–700 ◦C), are presented in Figure 5. The
bio-oil yields obtained from the pyrolysis of the ASP alone showed a steady increase from
50.99% to 61.98% with rising temperature. Increasing the temperature from 400 ◦C to
700 ◦C promoted the thermal decomposition of the biomass structure, thereby increasing
the bio-oil yield.

Figure 5. (a) Experimental and theoretical bio-oil yields obtained from pyrolysis of CLS, ASP, and
their mixtures at 400–700 ◦C. (b) Experimental and theoretical bio-oil yields obtained from pyrolysis
of SLS, ASP, and their mixtures at 400–700 ◦C.

In contrast, the bio-oil yields from the pyrolysis of the CLS and SLS alone were lower
compared to the ASP. This demonstrates the tendency of high-lignin-content materials to
yield lower amounts of liquid products during pyrolysis [42]. For the CLS, bio-oil yields
were not affected by temperature and remained within a narrow range of 22.08% to 24.06%.
For the SLS, the yields increased up to 600 ◦C, reaching 33.98%, but then decreased to
28.96% at 700 ◦C. Due to the high lignin content and aromatic structure of lignosulfonates,
biochar formation is favored, resulting in lower liquid yields compared with the ASP.
The slightly higher bio-oil yield of the SLS compared to the CLS may be attributed to the
catalytic effect of sodium ions present in its structure.

When investigating the bio-oil yields obtained from the co-pyrolysis of the ASP–
CLS mixtures, it was observed that increasing the proportion of ASP in the mixture also
increased the bio-oil yield, approaching the yields obtained from the pure ASP pyrolysis.
Notably, at 400 ◦C, the experimental bio-oil yield (54.75%) of the 8ASP–2CLS mixture
was noticeably higher than the theoretically calculated value (45.52%). This can be due
to the interaction of pyrolysis products during pyrolysis of the ASP and CLS at lower
temperatures, promoting the formation of liquid products.
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However, at 500 ◦C and 600 ◦C, for mixtures with a higher CLS content (5ASP–5CLS
and 2ASP–8CLS), the experimental yields were generally close to the theoretical values,
while at 700 ◦C the experimental yields were lower than predicted. This can be due to the
interaction between formed products from the ASP and CLS, which results in a further
decomposition during pyrolysis.

The bio-oil yields obtained from the co-pyrolysis of the ASP–SLS mixtures exhibited be-
havior different from the ASP–CLS mixtures. For the 8ASP–2SLS mixture, the experimental
yield at 400 ◦C (48.55%) was slightly higher than the theoretical value (46.66%). However,
as the temperature and SLS content increased, the experimental yields consistently fell
below the theoretical predictions. This decrease was noticeable at all temperatures above
400 ◦C. For example, in the 2ASP–8SLS mixture at 600 ◦C, the theoretical yield was 39.33%,
whereas the experimental yield was 32.38%. In conclusion, the co-pyrolysis of the ASP with
lignosulfonates (especially CLS) created synergistic effects at specific ratios and tempera-
tures, resulting in bio-oil yields exceeding theoretical expectations. However, the inorganic
content and high LS proportions—particularly in the SLS compared to the CLS—exhibited
a limiting effect on liquid product yields.

3.4. Elemental Composition of Biochars and Raw Materials

The elemental composition and HHV values of raw materials (ASP and CLS) and
biochars obtained from the pyrolysis of the ASP-CLS mixtures are presented in Table 2. The
HHV of the CLS was found to be 13.85 MJ·kg−1. The pyrolysis process led to deoxygenation
as the oxygen content of all the biochars was found to be noticeably lower than that of both
raw materials. The HHV of the CLS biochar (23.38 MJ·kg−1) was found to be noticeably
higher than the HHV of the CLS. The HHVs of the biochars obtained from the pyrolysis of
the CLS alone were found to be between 18.96 and 23.38 MJ·kg−1, which were noticeably
higher than that of the raw material. The HHV of the biochar (27.14 MJ·kg−1) obtained
from the pyrolysis of the ASP at 400 ◦C was found to be quite close to the HHV of the
ASP raw material (27.81 MJ·kg−1). Increasing the pyrolysis temperature to 500 ◦C had a
substantial impact on the calorific value of the ASP biochar, reducing it to 24.59 MJ·kg−1.
A slight decrease in the HHVs of the ASP biochars was observed with further increases
in temperature. The reason for obtaining biochars with lower HHVs can be attributed
to the ash content of the biochars. Ash content remaining in the biochar post pyrolysis
does not contribute to energy production, and this can result in a reduction in the HHVs
of biochars [43].

When the same amount of the ASP was added to the CLS, the HHV of the biochar
obtained at 400 ◦C (26.91 MJ·kg−1) was found to be very close to the HHV of the ASP-400
biochar (27.14 MJ·kg−1). This value is noticeably higher than the HHV of the biochar
obtained from the pyrolysis of the CLS at 400 ◦C (23.38 MJ·kg−1). Furthermore, the HHVs
of biochars obtained from all ASP-CLS mixture ratios in the pyrolysis process at 400 ◦C
were found to be higher than the HHV of the biochar obtained from the pyrolysis of the
CLS alone at 400 ◦C. A similar situation has been observed in biochars obtained from other
pyrolysis temperatures. Among the biochars produced from the pyrolysis of the ASP-CLS
mixtures, the biochar with the highest HHV (26.91 MJ·kg−1) was obtained from pyrolysis
at 400 ◦C with a 1:1 ASP-CLS ratio; the HHV of the 8ASP-2CLS-400 biochar (26.11 MJ·kg−1)
was quite close to this value. Based on these results, it can be concluded that using mixtures
of the CLS and ASP instead of performing the pyrolysis of the CLS alone at a low pyrolysis
temperature of 400 ◦C would be beneficial in obtaining biochars with a higher HHV.

The elemental composition and HHV values of the raw materials (ASP and SLS)
and biochars obtained from pyrolysis of the ASP and SLS are presented in Table 3. The
HHV of the SLS raw material was found to be 15.77 MJ·kg−1. The HHV of the SLS
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biochar (22.11 MJ·kg−1) obtained from pyrolysis at the lowest temperature was found to be
noticeably higher than the SLS. At pyrolysis temperatures above 400 ◦C, the HHVs of the
SLS biochars were higher than those of the CLS biochars. The highest HHV (25.64 MJ·kg−1)
in the ASP–SLS mixtures was obtained from the 8ASP to 2SLS-400 biochar. This value is
higher than the HHV of the biochar (22.11 MJ·kg−1) obtained from the pyrolysis of the
SLS at the same temperature. The HHVs of biochars obtained at 400 ◦C were found to
be noticeably affected by the ASP ratio in the mixture; as the ASP ratio in the mixture
increased, the HHV of the biochar increased. However, this effect was observed to be
diminished at higher pyrolysis temperatures. Based on these results, it can be concluded
that using mixtures of the SLS and ASP instead of performing the pyrolysis of the SLS
alone at a low pyrolysis temperature of 400 ◦C would be beneficial in obtaining biochars
with a higher HHV.

Table 2. Elemental composition (%) and HHV (MJ·kg−1) of biochars obtained from pyrolysis of CLS,
ASP, and their mixtures.

Material C% H% N% S% O% a HHV b (MJ·kg−1)

ASP 58.59 8.97 5.33 0.13 26.98 27.81
CLS 41.02 5.41 0.82 6.13 46.62 13.85
ASP-400 69.16 4.82 8.07 0.32 17.63 27.14
CLS-400 62.91 4.3 8.66 1.04 23.09 23.38
2ASP-8CLS-400 66.17 4.04 8.79 0.43 20.57 24.50
5ASP-5CLS-400 68.73 4.87 7.54 0.33 18.53 26.91
8ASP-2CLS-400 68.54 4.42 7.72 0.31 19.01 26.11
ASP-500 68.75 3.43 7.90 0.02 19.90 24.59
CLS-500 58.36 3.06 7.27 1.67 29.64 18.96
2ASP-8CLS-500 60.19 2.96 6.79 1.14 28.92 19.52
5ASP-5CLS-500 63.32 3.08 7.1 0.52 25.98 21.21
8ASP-2CLS-500 66.93 3.28 7.48 0.20 22.11 23.38
ASP-600 71.28 2.45 7.23 0.04 19.00 24.20
CLS-600 61.09 2.8 4.10 1.92 30.09 19.46
2ASP-8CLS-600 62.67 3.01 5.00 2.54 26.78 20.94
5ASP-5CLS-600 65.06 2.37 5.55 1.94 25.08 21.08
8ASP-2CLS-600 68.08 2.32 6.42 0.82 22.36 22.41
ASP-700 71.46 2.24 6.05 0.06 20.19 23.75
CLS-700 62.39 3.17 3.17 2.79 28.48 20.80
2ASP-8CLS-700 62.77 3.03 3.48 1.74 28.98 20.54
5ASP-5CLS-700 65.30 2.78 5.07 1.67 25.18 21.71
8ASP-2CLS-700 69.62 2.04 5.22 0.43 22.69 22.44

a by difference, b calculated using Dulong formula.

Table 3. Elemental composition (%) and HHV (MJ·kg−1) of biochars obtained from pyrolysis of SLS,
ASP, and their mixtures.

Material C% H% N% S% O% a HHV b (MJ·kg−1)

ASP 58.59 8.97 5.33 0.13 26.98 27.81
SLS 48.53 4.11 2.73 5.37 39.26 15.77
ASP-400 69.16 4.82 8.07 0.32 17.63 27.14
SLS-400 64.44 3.45 1.17 3.40 27.54 22.11
2ASP-8SLS-400 66.28 3.55 2.05 2.79 25.33 23.22
5ASP-5SLS-400 68.21 3.89 3.74 1.91 22.25 24.82
8ASP-2SLS-400 69.21 3.99 5.93 0.99 19.88 25.64
ASP-500 68.75 3.43 7.90 0.02 19.90 24.59
SLS-500 66.70 3.32 1.24 2.96 25.78 22.97
2ASP-8SLS-500 66.14 3.07 1.74 2.96 26.09 22.36
5ASP-5SLS-500 66.74 3.07 3.15 2.40 24.64 22.77
8ASP-2SLS-500 67.19 3.05 5.22 1.48 23.06 23.09
ASP-600 71.28 2.45 7.23 0.04 19.00 24.20
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Table 3. Cont.

Material C% H% N% S% O% a HHV b (MJ·kg−1)

SLS-600 74.14 2.51 1.26 3.90 18.19 25.77
2ASP-8SLS-600 69.70 2.25 1.94 2.98 23.13 22.93
5ASP-5SLS-600 71.34 2.33 3.42 2.38 20.53 24.00
8ASP-2SLS-600 71.34 2.47 4.96 1.27 19.96 24.20
ASP-700 71.46 2.24 6.05 0.06 20.19 23.75
SLS-700 71.39 2.23 1.18 4.62 20.58 24.08
2ASP-8SLS-700 71.30 1.86 1.78 3.64 21.42 23.28
5ASP-5SLS-700 73.46 1.91 3.32 2.91 18.40 24.55
8ASP-2SLS-700 73.20 2.00 4.71 0.89 19.20 24.25

a by difference, b calculated using Dulong formula.

Compared to similar studies in the literature, the HHVs of biochars were found to be
higher than HHVs of biochars obtained from de-oiled seed cakes, including castor seed cake
(21.8 MJ·kg−1), flaxseed (22.3 MJ·kg−1), and Calophyllum inophyllum (22.24 MJ·kg−1) [44].

Similarly, the HHVs of the ASP–SLS biochars were also found to be higher than these
values in most cases. However, the HHVs of most ASP-CLS biochars has been found to be
relatively low compared to the biochars obtained from these cakes, with the exception of
biochars produced at a low temperature.

3.5. FTIR Analysis of Biochars and Raw Materials

Functional groups on the surface of the biochars and raw materials were investigated
by FTIR analysis (Figure 6). The peak observed at 3300–3310 cm−1 can be attributed to the
stretching of hydroxyl groups, which indicates the presence of aromatics, alcohols, proteins,
phenols, fiber, and water in the structure [45]. This peak cannot be observed in the structure
of the biochars due to the effect of the pyrolysis process. The presence of hemicellulose,
cellulose, and lignin in the structure can be demonstrated by the peak observed at around
2930–2910 cm−1, which is attributed to aliphatic C-H stretching. The vibration of O-CH3

in the lignin structure can be assigned to the peak observed at 2855 cm−1 [45]. The peak
at 1740 cm−1 can demonstrate the presence of carbonyl groups, and the presence of C=C
aromatic ring stretching and the N-H amine groups can be referred to the peak observed at
1650–1540 cm−1. The increase in bands at 1600–1500 cm−1 with increasing temperature can
be associated with the vibrations of aromatics [46]. The peak observed at 1462–1458 cm−1

can be attributed to the aromatic methyl group vibration which is due to the presence of
cellulose and hemicellulose [45]. The presence of aryl group in the lignin can be referred to
the peaks observed at 1235 cm−1. The peaks which were related to the stretching of C-O
can be observed at 1050–1060 cm−1 due to the presence of polysaccharides and lignin [45].

The aromatic skeleton vibration (C=C) of the lignin in LSs can be associated with the
peaks observed at around 1598 cm−1, 1511 cm−1, and 1423 cm−1. The peaks at around
1450 cm−1 can be attributed to the C-H bending vibrations of -CH2- and -CH3. The bands
observed at around 1262 cm−1 and 1026 cm−1 can be attributed to the C-O and C-H groups
of the guaiacyl unit of lignin [47]. S=O stretching, which represents -SO3H groups in the
SLS, can be associated with the band at around 1194 cm−1 and 1040 cm−1 [48]. The bands at
1040–1075 cm−1 in the CLS spectrum can be attributed to S=O stretching vibrations, which
represent sulfonic acid groups [49]. As the CLS ratio in mixtures increases, an increase
in the intensity of these bands in the biochar has been observed. Increasing the pyrolysis
temperature from 600 to 700 ◦C resulted in a decrease in these bands. The decrease in
bands, which is attributed to the stretching of SO2 asymmetric (1420–1330 cm−1) and SO2

symmetric (1200–1145 cm−1) groups, can be associated with the reduction in S=O groups
during carbonization and their conversion to C-S (thiophene S) structures [50]. The band
at around 650–600 cm−1 can be attributed the characteristics of the S-O band of LSs [47].
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One of the possible applications of the biochar is soil remediation. The C and N functional
groups on the biochar surface can form an organic mineral complex by interacting with
multivalent iron oxide particles. The presence of functional groups such as OH, NH2,
and SH groups can reduce the mobility and bioavailablity of potentially toxic elements
by adsorption and complexation with these elements [51]. The obtained biochar can be
utilized for the removal of toxic heavy metals from wastewater in accordance with the
functional groups it contains, including the amine, sulfone, and carbonyl groups [52].

Figure 6. (a) FTIR spectra of CLS, ASP, and SLS samples, (b) FTIR spectra of CLS, ASP, and SLS
biochars pyrolyzed at 600 ◦C and 700 ◦C, (c) FTIR spectra of ASP-SLS biochars prepared by mixing
at different ratios and pyrolyzed at 600 ◦C and 700 ◦C, and (d) FTIR spectra of ASP-CLS biochars
prepared by mixing at different ratios and pyrolyzed at 600 ◦C and 700 ◦C.

3.6. SEM Analysis of Biochars and Raw Materials

Figure 7 shows SEM images of the raw materials and biochars obtained from individ-
ual pyrolysis at different temperatures. It can be seen from the SEM images that the ASP
and CLS have regularly shaped smooth surfaces in the structure, while the SLS has a less
regularly shaped structure. The existence of small porous areas was also observed on the
surface of the SLS. The formation of highly porous areas was observed on the surface of
all biochars due to the pyrolysis process. The ASP and CLS biochars obtained at 600 and
700 ◦C have a more irregularly shaped structure and more porous areas on their surface
when compared to the biochars obtained at lower pyrolysis temperatures. Increasing the
temperature led to the formation of more porous areas on the surface of the SLS biochars.
However, the existence of larger pores was observed on the surface of the SLS-700 biochar.

Figure 8 shows SEM images of the biochars obtained from the pyrolysis of the ASP,
SLS, and CLS mixtures at 600 and 700 ◦C. The surface morphologies of all the biochars
obtained from the pyrolysis of the ASP–SLS mixtures were similar at 600 ◦C. Increasing
the pyrolysis temperature from 600 to 700 ◦C led to the formation of larger pores on the
surfaces of the ASP-SLS biochars, which can be due to the further decomposition of the
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carbonaceous structure. Porous areas were also observed on the surfaces of the biochar
obtained from the pyrolysis of the mixtures of the ASP and CLS at 600 and 700 ◦C. It can be
seen from the SEM images of the biochars at 700 ◦C that, as the CLS ratio in the mixture
increased, more irregular structure and porous areas on the biochar’s surface was observed.
One of the desirable characteristics of a biochar for the removal of toxic metals from water
and soil remediation is porosity. Therefore, increased porosity on the surface of a biochar
makes it a good alternative for such applications [51,52].

Figure 7. SEM images of CLS, ASP, and SLS and their corresponding biochars pyrolyzed at 400 ◦C,
500 ◦C, 600 ◦C, and 700 ◦C.

Figure 8. SEM images of ASP–CLS and ASP–SLS biochars prepared by mixing at different ratios and
pyrolyzed at 600 ◦C and 700 ◦C.

3.7. XRD Analysis of Biochars and Raw Materials

The XRD patterns of the ASP, CLS, SLS and biochars obtained from pyrolysis are
presented at Figure 9. The presence of crystalline and amorphous peaks in the XRD
patterns of the biochars were observed. The diffraction peaks observed at 19.2◦, 22.8◦,
25.3◦, 28.3◦, 31.6◦, 33.4◦, 46.8◦, 69.9◦, and 71.8◦ in the XRD pattern of the biochar obtained
from the pyrolysis of the SLS at 600 ◦C are consistent with the previous studies and show
similarity to the characteristic pattern of the SLS [53,54]. The intensity of these peaks
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has decreased noticeably for the biochar obtained at 700 ◦C, which can be related to an
amorphous structure; this can be attributed to the greater decomposition of the biochar
structure during pyrolysis at high temperature. The presence of inorganics (Na2SO4 and
NaCl) in the SLS structure (JCPDS card: 00-001-0990 and 01-078-0751) can be demonstrated
from the XRD pattern, which is consistent with a previous study [53]. The presence of
CaSO4 and Ca(OH)2 crystalline phases in the structure is also considered (JCPDS card
no: 00-003-0377 and 00-050-0008). The CaSO4 phase is characterized by a peak observed
around 25.6◦, and peaks at 28.2◦, 31.6◦, 36.5◦, and 38.8◦ also support the presence of this
phase. The Ca(OH)2 phase can be demonstrated by peaks at around 34.1◦ and 47.1◦, and a
small peak at approximately 18◦ also indicates the possible presence of this phase.

 

Figure 9. (a) XRD patterns of CLS, ASP, and SLS samples, (b) XRD patterns of CLS, ASP, and SLS
biochars pyrolyzed at 600 ◦C and 700 ◦C, (c) XRD patterns of ASP–SLS biochars prepared by mixing
at different ratios and pyrolyzed at 600 ◦C and 700 ◦C, and (d) XRD patterns of ASP–CLS biochars
prepared by mixing at different ratios and pyrolyzed at 600 ◦C and 700 ◦C.

4. Conclusions
The co-pyrolysis of a waste from the essential oil industry and by-products from the

paper pulp industry was performed in the study. For this purpose, ASP, CLS, and SLS
were chosen as raw materials. The effect of temperature and biomass–LS ratio on the
yields of biochar and the composition and characteristics of biochars were investigated.
The produced biochars can be used as a biofuel due to their high HHVs. Biochars with
higher HHVs were obtained with the addition of the ASP to the CLS. Consequently, the
production of the ASP-CLS biochar instead of the CLS biochar will be more advantageous
in terms of its use as a biofuel. The results showed that the ASP and LS ratios are important
parameters for the characteristics of the biochars. The biochars produced have the potential
for application in the treatment of wastewater and the remediation of soil, due to their
porous structure and the presence of functional groups such as amine, sulfone, and carbonyl
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on their surface. Bio-oil, another product of pyrolysis, has also been obtained with high
yields. The elucidation of the properties of this bio-oil may allow for its use in applications
such as energy production or as a chemical feedstock. The use of two different types
of material has led to the production of biochars with different properties that have the
potential to be used in various ways.
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