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ARTICLE INFO ABSTRACT

Keywords: This study investigates the thermochemical decomposition and gasification performance of bio-
Waste valorization chars produced from blends of waste lignocellulosic biomass and waste insulation electrical ca-
Biochar bles at varying temperatures. Characterization tests revealed changes, particularly in ash content
PM;;::;iGcAwaste (27.5 %-34 %) and elemental composition, with nitrogen content increasing notably in biochar
E-Waste samples compared to the original feedstock. Van Krevelen diagrams demonstrated a reduction in

0/C and H/C ratios with increasing production temperature, resembling fossil fuels more closely.
The thermogravimetric and the derived thermogravimetric profiles illustrated distinct degrada-
tion stages influenced by heating rates and production temperature. Macro-TGA tests provided
insights into biomass residue behavior under gasification conditions, indicating higher reaction
rates at elevated temperatures. Syngas analysis highlighted the impact of temperature and
equivalence ratio on syngas composition, with higher temperatures favoring hydrogen-rich gas
production. The observed trends in cold gas efficiency (42.61 %-50.40 %) and carbon conversion
efficiency (45.83 %-50.40 %) underscore the significance of temperature control in maximizing
gasification performance. Biochars produced at higher temperatures demonstrated superior
gasification performance, suggesting potential for optimizing biochar production processes to
enhance energy recovery and waste valorization.

1. Introduction

Waste from electrical and electronic equipment (WEEE) is the fastest-growing waste stream and is becoming a major environmental
problem, mainly for developing and emerging economies [1-4]. The increased WEEE amounts make it difficult for recycling to keep up
with this growth, with global amounts rising by more than 9.0 Mt, producing a total amount of 53.9 Mt in 2019 distributed in Africa
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Nomenclature and abbreviations

Al Aluminium

B300 Biochar 300 °C

B350 Biochar 350 °C

B400 Biochar 400 °C

BFRs Brominated flame retardants
Br Bromine

C Carbon

CO Carbon monoxide

CO, Carbon dioxide

Di Ignition index

EU European Union

Hy Hydrogen

H,0 Water

HCl Hydrochloric acid

Mt mega tonne

Ni Nickel

(6] Oxygen

PE Polyethylene

PP Polypropylene

PS Polystyrene

PVC Polyvinyl chloride

TGA Thermogravimetric analysis
WEEE  Waste from electrical and electronic equipment
WIEC Waste insulation electric cables
WLB waste lignocellulosic biomass
ZSM-5  Zeolite Socony Mobil-5

(2.9 Mt), America (13.1 Mt), Asia (24.9 Mt), Europe (12 Mt) and Oceania (0.7 Mt) [1,5]. Increasing consumption, associated with the
short useful life and limited repair options of certain technologies, are the main reasons for the increase in WEEE generation rates [6,7].
In the European Union (EU), WEEE production presents annual growth rates of 2 %. Estimates indicate that less than 40 % of these
wastes are recycled. Nevertheless, Portugal contradicts this tendency since data for this country shows a recycling value of 43.5 % of
electrical and electronic equipment in 2017 [8].

Plastics are present in different proportions in WEEE, particularly in waste insulation electric cables (WIEC). Varying according to
size and characteristics, plastics can serve as housing, casing, insulation, internal shelves, or linings in electrical and electronic
equipment. The amount of plastic in WEEE has been determined to range between 3.5 and 45 wt% [9,10]. This plastic fraction presents
a significant challenge to recycling WEEE and WIEC, mainly because these wastes have a mixture of different types of plastic used for
each component, presenting diverse mechanical properties [11]. The energy recovery from these wastes in our current and urgent
decarbonization scenario becomes extremely important because their plastic component has a very significant calorific value, and their
valorization represents one of the many value chains with potential to fit the global need of a circular economy.

Among the various technologies to recover energy from wastes, thermochemical conversion processes present greater flexibility in
feedstocks and final products compared to other renewable technologies such as solar, hydro, and geothermal. In general, thermo-
chemical technologies have as by-products solid material (biochars), liquid (bio-oil), and gases (syngas), which can be directly applied
in energy production or be further used in various industries (e.g., chemical industry) [12-14].

While several studies have been conducted on thermochemical recovery technologies for different wastes (particularly biomass
wastes or municipal solid wastes), WEEE or WIEC-based research is still in its beginning. Research topics are mainly focused on
recycling [15,16], material recovery [7,17-19], environmental analysis [20], and waste characterization [15]. Few studies have
focused on energy recovery through thermochemical methods, especially pyrolysis [15,16], carbonization [17-19], and gasification
[20].

Thermal gasification is considered the most promising thermochemical technology for waste conversion [21]. This process converts
the solid carbonaceous feedstock into a combustible gas (known as syngas) at high temperatures in the presence of a gasifying agent (e.
g., air, oxygen, steam, CO,, or mixtures of these agents) [22]. Syngas is mainly composed of CO and Hj, and it is a low-density,
high-quality gas that can be further converted to liquid fuels (e.g., via the Fischer-Tropsch process) or heat and energy for power
generation units [23].

Co-gasification is a way to produce syngas by simultaneously converting different feedstocks with varying characteristics. It has
been proposed as a viable pathway to avoid issues that generally arise during the gasification of a specific waste [24].

Several works on WEEE recycling are in the literature, considering various specific aspects. The recycling of non-metallic fractions
of e-waste has been investigated [18], as well as the chemical recycling of brominated flame retardants (BFRs) to produce clean fuel
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[25]. More recent techniques, such as supercritical fluids [26] and thermochemical treatments [27], have been studied to produce
value-added products from these wastes. The great variability of WEEE means that each author studies a different type of electronic
waste.

Steam gasification in the presence of molten carbonates is a promising way to recycle WEEE, as the plastics contained in this
material can be converted into product gas that can be recycled, and the noble metals are left for further processing. In the process,
organic halogen compounds can be recovered as safe and stable inorganic salts. Typical chlorine-containing polyvinyl chloride (PVC)
WEEE plastic was studied by steam gasification in the presence of molten carbonates at a temperature of 625 °C. The dechlorination
step was investigated by thermogravimetric analysis, differential thermal analysis, and vapor gasification. The thermal decomposition
of PVC occurred in two stages, the first stage being dechlorination in the low-temperature region around 200-400 °C, and the second
stage being the decomposition of the remainder of the first stage. Dechlorination in steam gasification was mainly affected by steam
flow, temperature, and carbonates [28]. Yamawaki T. (2003) evaluated the thermal gasification process for WEEE plastics containing
brominated flame retardants. In this study, it was observed that in tests carried out at temperatures above 1200 °C, it is necessary to
shock cool the gases to a temperature of less than 200 °C to suppress the emissions associated with brominated dioxins and chlorinated
dioxins. The gas produced can then be used to generate heat or energy [29]. Combined pyrolysis-gasification tests were carried out
using a two-stage reaction system to produce hydrogen by Acomb et al. (2013). Initially, the WEEE was pyrolyzed at 600 °C and the
gases released during pyrolysis passed directly to a second reactor at 800 °C and reacted with steam in the presence of a mixture of
Ni/Al, catalysts. This process increased the decomposition and yield of hydrogen [30].

WIEC can have significant amounts of chlorine and are very heterogeneous, making their direct conversion difficult in the thermal
gasification process. Applying the carbonization process to these wastes can represent a pre-treatment solution to achieve better
gasification performances. Carbonization promotes devolatilization of the material, making the gasification process of the carbonized
material (char) produce less tar. The devolatilization process improves the C/H and C/O ratios of the feedstock and increases its
reactivity, thus contributing to greater syngas production. In addition, the higher concentration of fixed carbon in chars makes the
calorific value higher, and the higher the char production temperature, the higher the gasification heating rate [31,32]. The
complexity of the gasification process requires the use of appropriate kinetic models to describe the different reactions and mecha-
nisms of the process. Due to their enhanced physical-chemical properties, chars, particularly waste-derived chars, have been
increasingly studied as feed for the gasification process [33].

Studies involving the carbonization (pyrolysis) of WEEE have been carried out by several researchers [34-36]. For example, the
pyrolysis process has been widely studied for treating WEEE plastics and has been shown to be a viable process for the degradation and
fixation of Br. Conventional pyrolytic degradation at temperatures below 500 °C of Br can result in a gas, liquid, and residue stream.
However, when temperatures exceed 500 °C, Br is released in the gaseous form of HBr [37-40]. Halogen-laden WEEE plastics at high
temperatures produce inorganic hydrogen halides (HCI and HBr). It is necessary to remove BFRs from WEEE plastics before the py-
rolysis process. However, in most cases, this is not feasible due to economic or technical limitations and because they are covalently
bound to the chain of polymers such as polyethylene (PE) [41,42]. The gas from the pyrolysis process is composed of hydrocarbons,
and due to the presence of oxygen in the polymer structure, CO and CO5 are also produced. The gases produced at temperatures above
500 °C contain HBr and light organic components such as bromomethane [35,40].

Marino et al. (2022) carried out pyrolysis tests on WEEE plastics containing PE and PVC using ZSM-5 zeolite and evaluated the
performance and quality of oil production. In order to conduct the tests, carbonization at 350 °C was performed as a pre-treatment to
eliminate chlorine from the raw material. The experiments involved using three samples of zeolites with varying levels of acidity, a
downdraft fixed-bed stainless steel reactor, and temperatures of 600 °C and 450 °C in the thermal and catalytic zones, respectively. The
tests concluded that adding ZSM-5 zeolites increased the oil and gas yields and enhanced the biochar’s chlorine concentration [43].

Wang et al. (2023) studied the effect of temperature on the gasification process of biochars with a mixed atmosphere of CO5 and
H,0 using a batch reactor with temperatures varying between 750 and 1300 °C. They found that it is possible to control the chemical
reaction and diffusion. The syngas results indicated that, in the competitive mechanism, both the char-CO, reaction and the char-H,O
reaction were inhibited [44]. Using the macro- Thermogravimetric Analysis (TGA) is one of the ways to obtain information regarding
the general reaction kinetics in thermochemical conversion processes. Skreiberg et al. (2011) used TGA and macro-TGA to investigate
kinetic mechanisms involved in thermal decomposition. TGA analyzes are performed on small, fine samples and milligram amounts. It
is possible to determine the kinetics of the material due to the negligible mass and heat transfer resistance. The macro-TGA uses larger
particles and a more significant amount of biomass and considers the limitations of the effects of mass and heat transfer affecting the
overall decomposition of the process [45].

Fernandez et al. (2019) studied agro-industrial residues in macro-TGA with different heating rates (5, 10, and 15 K/min), con-
trolling the release of CO. A comparison was made between the results of macro-TGA and TGA carried out previously with the same
waste. In this study, the authors indicated that the reaction takes place in three well-defined stages, namely the evaporation of water,
the devolatilization of the biomass, with the highest CO emissions, and the gasification of the biochar in the final stage [46]. Zhou et al.
(2015) used macro-TGA to assess the behavior of hemicellulose, cellulose, and lignin during pyrolysis and found that several parallel
reactions occurred [47]. Meng et al. (2015) and Long et al. (2017) studied the behavior of different components (biomass, pectin,
starch, PE, polystyrene (PS), PVC, and polyethylene terephthalate (PET)) in the pyrolysis and gasification process [48,49].

The present study aims to contribute to understanding the thermal behavior of chars derived from waste biomass and WIEC
mixtures. While previous studies have extensively focused on the thermochemical characterization and conversion of biomass and
various components of WEEE, there remains a significant gap in the literature regarding the behavior of mixed waste feedstocks,
particularly mixtures of biomass and WIEC, during thermochemical processes. Specifically, the interactions between these different
types of wastes during thermal conversion, and how these interactions influence the overall efficiency and product distribution, have
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not been adequately explored. This study seeks to elucidate the characteristics of these chars, providing insights into their thermal
stability and decomposition behavior. Additionally, by employing macro-TGA to simulate conditions akin to a thermal gasification
unit, this research provides a practical evaluation of these chars’ behavior in real-world settings. Such an evaluation is essential for
understanding and optimizing the co-gasification process of mixed waste streams, thereby unlocking the potential valorization of these
wastes through thermal gasification and contributing to sustainable energy production and waste management.

2. Materials and methods
2.1. Feedstock

The WIEC sample used in this work was provided by a Portuguese company that recycles electrical cables to remove noble ma-
terials, with the WIEC being waste from this recycling operation. This material was mainly composed of polypropylene (PP), poly-
styrene (PS), and polyvinyl chloride (PVC). The waste lignocellulosic biomass (WLB) sample was provided by a company that manages
waste from biomass in Portugal, and it mainly comprised pine wastes.

2.2. Carbonization experiments

The carbonization experiments were performed based on the tests previously carried out by Mota-Panizio et al. [50], using tem-
peratures according to Nobre et al. [51]. The mixture used for the tests was composed of 50 % of WIEC and 50 % of WLB. Briefly, 15 kg
of the mixture was placed in lidded clay pots and heated at a heating rate of 10 °C/min to the established carbonization temperatures
(300, 350, and 400 °C) with a residence time of 2 h. For the carbonization tests, an electric furnace (Fornoceramic KS 72L) with a
capacity between 12 and 20 kg per test, depending on the properties of the raw material, was used. The oven has a temperature and
heating rate control panel and a capacity of 72 L in the carbonization zone.

After the carbonization process, the samples were grounded and sieved, with a particle size ranging from 75 to 3000 pm. The larger
particles corresponded to the rubber material and larger pieces of metal that agglomerated during carbonization.

The biochars, which corresponded to the particles smaller than 425 pm (after sieving), were washed in heated water to remove
soluble compounds and their improvement was evaluated [52,53]. For the washing process, the biochars were mixed with water and
placed in glass containers with a ratio of 100 g/200 mL. The water was heated to a temperature of 95 + 5 °C and the biochars were
stirred for 30 min. After this process, the biochars were allowed to cool to room temperature, filtered, and dried in an oven (Holelab) at
105 °C for 24 h [53,54]. Biochar samples were named B300, B350, and B400 (in which B stands for " biochar", and 300, 350, and 400
correspond to the temperature at which the biochars were produced). The mass yield of the carbonization process was calculated
according to Equation (1).

Mass yield (%, db) :% x 100 ¢3)
‘eedstocl

Where mp;ochar is the mass of the produced biochar and mgeedstock is the mass of the feedstock used in the carbonization experiments.

2.3. Biochar characterization

2.3.1. Ultimate analysis

The concentrations of carbon, hydrogen, nitrogen, sulfur were determined using a Thermo-Fisher Scientific Flash 2000 CHNS-O
analyzer. Oxygen was determined by difference and all samples were performed with replicates. The presented results correspond
to average values and corresponding standard deviations.

2.3.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to determine proximate analysis (moisture content, volatile matter, fixed carbon, and ash).
Tests were performed in triplicate with sample weights between 3.5 and 4.5 mg. To minimize the associated errors, the samples were
grounded and homogenized. A PerkinElmer STA 6000 thermogravimetric analyzer was used, with a heating rate of 20 °C/min in an
oxidative atmosphere. Proximate analysis of each biochar was determined from the thermogravimetric profile (variation of sample
mass versus temperature), considering the inflection points of the mass derivative in function of time. The derivative is obtained from
the equipment, which has the DTG option based on the test carried out.

The combustion characteristics of biochars can be evaluated through the ignition index (D;) and the comprehensive combustibility
index (D), which are defined according to Equations (2) and (3).

DTG
Di= T xT, (2)
D, - DTG, ,0x X DTGrean 3)

Ty x T;?

Where, T; is the ignition temperature (°C) corresponding to the beginning of mass loss and is defined as the temperature the mass loss
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rate reaches after the initial peak of moisture loss in the DTG profile; T}, is the burnout temperature (°C), it is identified when the last
peak reaches the end and corresponds to the temperature at which the sample is completely oxidized; DTGy is the maximum rate of
mass loss (mg), and can be found from the point where the maximum reaction rate occurs at Tp,x; Tris the temperature according to the
maximum mass loss rate (°C); The DTGpean is the average rate of mass loss (mg/min) [55,56]. These values can be identified in the
TGA/DTG graphic, as shown in Fig. 1, where the dashed line corresponds to mass loss as a function of temperature (TGA) and the solid
line is the derivative (DTG). The peaks identify the drying, devolatilization, and combustion zones, in addition to the previous data.

2.3.3. High and lower heating value

The high heating value (HHV) of the samples was determined using a bomb calorimeter (IKA C 2000), which performs the analysis
through the complete combustion of the samples in an adiabatic environment. For HHV determination, 0.5 + 0.1 g of each sample
(dry) was placed in the equipment and its total combustion was carried out. The calculation of the lower heating value (LVH) was
carried out according to Boie’s equation, as shown in Equation (4):

LHVBiomass = 34.8C + 93.9H + 10.5S + 6.3N — 10.80 ()]

2.3.4. Chlorine content and mineral composition

The amount of chlorine present in the biochar sample was determined by X-ray fluorescence (Thermo Scientific Niton XL 3T GoldD
+ analyzer).

Mineral composition of the biochars was determined through ICP-AES (Horiba Jobin-Yvon Ultima). Slagging (B/A) and Fouling
(Fu) indexes were determined according to Equations (5) and (6), respectively [58,59]:

B/A— Fe, 03 + CaO + MgO + K,0 + Na,O )
n Si0; + TiO, + Al, O3

Fu=B), x (Na;0 +K0) (6)
2.4. Macro-TGA experiments

The thermal gasification reactor simulation tests were performed in a macro-TGA equipment consisting of an in-house 2 kW
ceramic furnace (Fig. 2). This equipment reaches temperatures of 0-1200 °C, with chamber dimensions of 200 mm in diameter and
350 mm in height. For the tests, an analytical scale (Skinko Denshi AJ-620CE) with a precision of 0.001 g was suspended on the top of
the unit and the data was acquired in real time using LabView. This system also has a carrier gas system from a high-pressure gas
cylinder and a TSI 4043 G air flow control system, which regulates the gas flow control during experiments. Continuous calibrations
were performed during the execution of the experiments. The oven was heated to working temperature and each sample was manually
loaded into an aluminum basket and placed in the constant temperature zone.

The gases produced during the experiments were collected and passed through a gas washer system by bubbling and a cotton filter
to remove particles and moisture. The gases were subsequently analyzed by a portable analyzer (Rapidox 5100 Syngas Analyzer)
connected in line with the reactor. The portable gas analyzer has a gas inlet volume system of 1 L/min, a maximum pressure inlet of 10
bar, and temperature of 50 °C. CO, CHy, CO2, and O, gases are detectable by IR and Hy by a TCD sensor.

Table 1 shows the conditions under which the macro-TGA tests were performed.

a b c
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! i i ——DTG | -1
80 - | ' i T
1 1,
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Fig. 1. Interpretation of thermogravimetric analysis results: a) drying stage, b) devolatilization, and c) char combustion [57].
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e ]

Fig. 2. Macro-TGA testing system, coupled with gas cleaning system and portable syngas analyzer for thermal gasification.

Table 1

Macro-TGA test conditions.
Test Equivalence ratio (ER) Temperature (°C) Initial mass (g)
B300-750 0.3 750 19.698
B350-750 0.3 750 20.507
B400-750 0.3 750 20.314
B300-800 0.3 800 19.552
B350-800 0.3 800 20.423
B400-800 0.3 800 20.644
B300-850 0.3 850 20.135
B350-850 0.3 850 20.058
B400-850 0.3 850 20.404

2.4.1. Gasification performance in macro-TGA simulations
In order to assess the performance of macro-TGA tests, the LHV of the syngas was calculated according to Basu 2013 [67] (Equation
(7)), using the proportion of each gas (%) that makes up the syngas:

e
LHV( njl) (63.41C,H,) + (70.29C,Hs) + (58.06C,Hy) + (25.10H,S) + (38.82CH,) + (12.63C0) + (12.74H,) @)

The calculation of the cold gas efficiency (CGE) is important in studying the gasification process. Theoretically, the lower the
gassing temperature, the higher the CGE will be, but the low temperature causes problems related to emissions and a decrease in the
gassing rate [60]. In this work, CGE was calculated using Equation (8) [61]:

Vigngas X LHViyngas

(8)
Mrybio X LH Vdrybio

Nege =

Where Viyngas is the volume of syngas produced (ms/h); LHVjyngas is the lower heating value of the produced syngas (MJ, /m3), Mrybio iS

Table 2

Characterization of raw materials (WLB and WIEC) and corresponding biochars obtained at 300 °C (B300), 350 °C (B350) and 400 °C (B400).
Parameters Units Samples

WLB/WIEC (1:1) B300 B350 B400

Moisture wt.%, ar 4.26 6.22 6.17 3.69
Ash wt.%, daf 27.5 33.40 33.60 34.00
C 44.91 + 0.66 42.38 + 3.26 43.06 + 6.98 43.14 + 3.83
H 5.20 + 0.44 2.81 + 0.64 3.33 £0.73 3.76 +£ 1.07
N 1.25+£0.13 12.9 £ 0.19 11.38 £ 0.21 10.41 + 0.02
S < DL < DL < DL < DL
[¢] 21.14 £ 0.82 8.51 +£1.32 8.63 + 4.8 8.69 £+ 0.67
HHV MJ/kg, db 21.23 19.60 19.67 19.71
LHV 18.42 18.08 17.87 17.68
al mg/kg, db 15.03 2.48 2.28 2.58

Note: ar — as received basis; daf — dry ash free basis; db — dry basis; DL — Detection Limit.
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the mass of feedstock (biomass or biochar) consumed during the tests (g), and LHV4rybio is the lower heating value of the feedstock
(MJ/kg).

Carbon conversion efficiency (CCE) describes how much of the total carbon in the fuel used is converted into carbon-containing
product gases such as CO, CO2, CHy4. The CCE is given by Equation (9):

(%CO + %CH; + % CO,)
(22.4 X %Cp)

CCE= x 100 9

Where % CO, % CH,4, and % CO; are the volumetric concentrations of carbon monoxide, methane, and carbon dioxide (%), and %Cy;, is
the percentage of carbon present in the feedstock.

3. Results and discussion
3.1. Feedstock and biochar characterization

The results obtained in the characterization tests of the raw materials used in the carbonization process and corresponding biochars
are shown in Table 2.

In biomass and wastes submitted to thermochemical processes such as carbonization, the devolatilization conditions play an
important role in the kinetics of the processes, thus affecting the biochar yield and its reactivity [62]. The mass yields of B300, B350,
and B400 were 72.20 %, 70.69 % and 72.24 %, respectively.

One of the most notable features of the produced biochars is the increase in ash content with increasing production temperature.
This is usual in char production, as organic matter is volatilized, and the mineral components remain in the char matrix [63]. These ash
content values could represent a significant application constraint if the final usage of these chars were to be a combustion process.
This is related to a higher probability of slagging and fouling phenomena [64] as well as a reduction in the HHV of the biochars [65].

Regarding ultimate composition, Table 2 shows that the carbon content of the biochars produced at 300, 350, and 400 °C remains
relatively stable (42.38 %-43.14 %) due to the similar initial carbon content of the feedstock and the narrow temperature range, which
does not significantly alter the extent of carbonization or decomposition of carbon-containing compounds. On the other hand, nitrogen
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Fig. 3. Van Krevelen diagram for the raw materials and biochars produced.
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increased substantially in all biochar samples. Some nitrogen-containing compounds may undergo stabilization during the carbon-
ization process, resulting in the concentration of nitrogen increasing in the biochar. This stabilization process involves the trans-
formation of labile nitrogen compounds into more recalcitrant forms, that are resistant to further decomposition [66]. The HHV of the
produced biochars is lower than the HHV of the original feedstock. This result can be related to the loss of volatile components, changes
in chemical composition, inefficiencies in carbonization, and the loss of energy-rich components during the carbonization process
[67].

The decomposition of PVC does not significantly affect energy concentration but reduces the amount of oxygen and chlorine in the
final biochars through gaseous products. With the increasing temperature, the amount of chlorine in the biochars tends to increase due
to the elimination of volatile matter during this process [50]. The surface of the biochar is highly heterogeneous, and in addition to the
aromatic structure, it has polar groups that can establish bonds with the chlorine ion retained in its structure [68]. Chlorine content in
biochar often exceeds 1 %, causing equipment corrosion. Water washing pre-treatment is an effective way to remove chlorine and it
affects the properties of fuels. It can remove up to 80 % of Na and CI [69].

Fig. 3 shows the Van Krevelen diagram for the original feedstock and the produced biochars, using fossil solid fuels for comparison.

Comparing the biochars with the raw materials, it is possible to assess a more accentuated reduction in the O/C ratio and the H/C
ratio, which indicates that the material underwent dehydration and decarboxylation reactions which are intensified in biochars and
with higher production temperatures [70,71].

Biochars showed increased similarities with fossil fuels, being positioned between lignite and sub-bituminous coal, with B300 being
closer to sub-bituminous coal. These results show that the produced biochars have a relatively low degree of oxidation (O/C ratios less
than 0.3) and a more significant amount of unsaturation (H/C ratios less than 0.5) [72].

Fig. 4 shows the data on the mineral composition of the biochar samples, and Fig. 5 shows the results for the calculations of the
slagging (B/A) and fouling (Fu) indexes.

The mineral composition of the biochars has a significant impact on further thermochemical processes and the quality of value-
added by-products [73,74]. Ash-related problems, including slag and corrosion, can degrade equipment and reduce process perfor-
mance. The encrustation of ash and slag caused by inorganic compounds (K, Na, Ca, Mg, Si, Cl, S, and P) increases the risk of ash
deposits forming on the heat transfer surface and slag accumulating at the bottom of reactors [75]. Problems related to surface heat are
mainly caused by the presence of silica, chlorine, and sulfur [76]. High alkali and alkaline earth metals levels in ash, especially sodium,
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potassium, magnesium, and calcium, can cause severe fouling and slagging problems [77,78]. Alkali metals in particular, have lower
melting points than other elements usually present in biomass and waste mineral profiles, contributing to incrustation and slagging
phenomena [79].

Fig. 4 shows that calcium, aluminum, copper, and magnesium are in higher concentrations in the produced biochars, whereas lead
and silica present the lowest concentrations. The amount of sodium present in the biochars is below 0.01 %, which is an important
factor that is reflected in the calculations for the Fu index. Slagging and fouling reduce boiler efficiency and endanger the safe
operation of the unit [80]. According to the values calculated for the B/A, these samples present a high potential for slag formation,
while the Fu indicates that the ash has a low propensity for fouling formation. According to the literature, B/A values below 0.5 have a
low tendency to form slag, 0.5-0.7 have a medium tendency, and 0.7 have a high probability of slag formation [81]. With regard to Fu,
the probability of fouling is low if the value is less than 0.2, medium if the value is less than 0.5, and high if the value is above 1 [82].

TGA and DTG profiles can determine the main parameters for burning, such as weight loss rate, burning temperatures, sample
reactivity, and combustibility, which are used to predict thermal behavior [83,84]. TGA and DTG profiles for the biochars produced at
temperatures of 300, 350, and 400 °C after the hot water washing process were conducted. For the profiles, heating rates of 10 °C.
min~! (Fig. 6), 30 °C.min"* (Fig. 7), and 50 °C.min "' (Fig. 8) were used.

In the DTG profiles, it is possible to observe three different peaks corresponding to the various stages of degradation of the material,
namely dehydration (drying), devolatilization, burning of fixed carbon (char combustion), and mineral decomposition. The first peak
of mass loss is dehydration with temperatures up to 150 °C, corresponding to the moisture in the biochars. It is associated with the
washing process but also with the relative air humidity. The second peak of mass loss corresponds to devolatilization, up to 520 °C, and
it is considered the burning of volatile matter still present in the biochar samples. The structural components of biomass, namely
cellulose (250-300 °C) and hemicellulose (200-300 °C), are practically degraded during the biochar production. However, lignin
(200-500 °C) shows its decomposition in this second peak [85]. The third peak of mass loss, between 520 and 790 °C, corresponds to
fixed carbon. The remaining samples are associated with ash, the mineral decomposition of the material that was not burned [86,87].
Furthermore, it is possible to observe that the higher the heating rate, the greater the peak intensity and the smaller the difference
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between the different biochars. In DTG at a rate of 10 °C.min ! it is possible to verify that the greatest degradation of volatiles occurs
after the temperature of biochar production. However, at a heating rate of 50 °C.min "}, it is possible to observe that the heating rate is
high, and the most significant degradation occurs at 450 °C.

In the TGA profile with a heating rate of 10 °C.min"! it is possible to observe that with the increase in the carbonization tem-
perature, the amount of ash in the biochar increases. This is because the higher the temperature, the greater the amount of volatiles
degraded in the biochars, a factor intensified by the fact that the biochars were washed and compounds on the biochar surface were
removed. This difference is no longer apparent as the heating rate increases because the reaction speed is faster.

The ignition temperature (Ti) and the burnout temperature (Tb) increase as the biochars’ production temperature rises (Table 3). A
high Ti shows that the material is technically more stable, which makes it more difficult to ignite, while a high Tb makes it more
difficult for the material to burn, leading to a longer residence time and, consequently, an increase in temperature to complete the
conversion. Low ignition and burnout temperatures show greater reactivity.

In addition, DTGean decreased with increasing reaction temperature, attributed to the lower amount of volatile matter in the
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biochar. The D; and D, of the biochars also followed the tendency to decrease with the increase in the temperature at which the biochar
was produced, also associated with the amount of volatile matter present, since the greater the amount of ash, the greater the effects of
limiting mass transfer during the conversion process.

3.2. Macro-TGA tests

Fig. 9 shows the mass loss thermographs concerning the residence time inside the macro-TGA reactor.

TGA analyses are carried out using small, thin biomass samples. Resistance to heat transfer and mass are not significant, so the
kinetics of individual particles can be obtained. Compared to macro-TGA, the sample size and particle sizes are larger, so the effects of
heat and mass transfer affect the overall decomposition of the process. Thus, macro-TGA tests can provide helpful information
regarding the behavior of biomass residues in commercial plants and the kinetic parameters will be apparent.

Under thermal gasification conditions, the highest percentage of mass loss occurs in the first 200-250 s. With a longer residence
time, the degradation of the biochar begins to stabilize, with slight variation in weight. As the operating temperature increases, the

11



R. Panizio et al.

(3)100_';“\‘~1 ; - -
90 \\. .
2 N
~ ]
g 80 - . 4
5 \
g 70 - A\ -
£ o
Lo ] W\ |
5 ‘sf\
§ 50 — E\S 4
N -
40 X > o e ._-
B =50 °C min-1 S
o W » sommm u . u— — —
30 [ -300°C — i
= = 350 °C
—————— 400 °C
20 1 1 1 1 1 1 I 1 1
100 200 300 400 500 600 700 800 900
Temperature / °C
(b) 0_0_- . e /“"’—-
S LGP S T
E 30 N \\ [';7
1 . o
L 45 \f\ li
Q 9 > »
%0-6_0 - \l .j
I \ /
3 y ¥
P -9.0 - ‘\ /
E \' ‘ ,
§-10.5 y \\ '[ :
. .
120 7| B=50°C min"1 : __'—\ 7
41354 = =300°C
1 t= = 350°C
=50 400 °C
— T *+ T ‘* T * T * T * T *~ T * T * T
100 200 300 400 500 600 700 800 900

Temperature/ °C

Fig. 8. TGA (a) and DTG (b) curves of biochars with a heating rate of 50 °C.min"'.

Heliyon 10 (2024) e37882

Table 3
Characteristic parameters for biochars for Tj, Ty, Tmax, DTGmaxs DTGmean, Di, and D.
Sample T; T DTGmax Tinax DTGmean Dix10° Dex10°
[€9) Q) (mg.min~1) Q) (mg.min"1) (mg/min. °C?) (mg?(min?. °C3))
B300 169.08 564.59 0.26 380.28 0.02 4.03 0.32
B350 186.67 565.65 0.20 384.70 0.02 2.77 0.15
B400 188.54 566.30 0.16 386.58 0.01 2.14 0.10

amount of sample is further reduced at the start of the process, thus increasing the reaction rate exponentially as the temperature rises.
According to Wu and Li (2023), the model they studied found that at lower sample temperatures, the difference between the
maximum sample temperature and the furnace temperature is more significant, and the model reflects this difference. They found this

12
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reaction may be due to stronger heat radiation between the sample and the furnace at higher temperatures [88].
3.3. Syngas analysis

Syngas is mainly composed of Hy, CO, No, CO5, HyO, CH4 and hydrocarbons. The specific final composition of syngas depends on
the fuel source and the production technology. Factors such as equivalence ratio (ER), temperature, type of gasifying agent, pressure,
residence time, and feed properties affect the performance of the gasification system [89]. Fig. 10 shows the syngas composition for
each produced biochar (300, 350, and 400 °C) at the tested gasification temperatures (750, 800, and 850 °C).

As the amount of CO increases, more CH4 and Hj are formed through methanation [90]. According to Weiland et al. (2012), the
yield of CHy is correlated with the gasifying temperature, and a temperature above 1400 °C is required to achieve CH4 concentrations
in low syngas (dry and free of N3) [91]. The syngas data shown in Table 4 and Fig. 10 are for dry syngas and free of Ny and O,.

As the equivalence ratio is high, the oxidation process is accelerated, thus reducing the quality of the gas produced and the amount
of CO; present in the gas is high, ranging from 60 to 74 %. Tests on biochar produced at 300 °C show that CO3 production increases
from 61 % to 72 % as the CO production temperature from the Boudouard reaction increases. Increasing the reactor temperature
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Table 4

H,/CO, Hy/CH,4, and CO,/CO ratios for the different gasification simulation tests using macro-TGA.
Sample H,/CO Hy/CHy4 CO/CO,
B300-750 0.33 0.47 0.19
B350-750 0.46 0.63 0.26
B400-750 0.46 0.67 0.25
B300-800 0.55 1.27 0.24
B350-800 0.55 0.61 0.19
B400-800 0.46 0.55 0.16
B300-850 0.61 0.68 0.25
B350-850 1.20 1.33 0.23
B400-850 1.56 2.47 0.21

causes the amount of hydrogen to increase, for B300 it increased from 4.6 % to 9.3 %, B350 from 7.2 % to 15.9 % and B400 from 7.3 %
to 19.6 %. B400 has a higher hydrogen-to-carbon ratio, thus allowing for greater quantities of hydrogen in the syngas. In biochars B350
and B400 at a reactor temperature of 800 °C, it is possible to see a reduction in the volumetric content of Hy (7.2 % and 5.3 %,
respectively) and CO (13 and 11.6 %, respectively) caused by consumption during syngas formation, resulting in a reduction in
calorific value and cold gas efficiency (CGE). The formation of CH,4 in the syngas means the consumption of Hy, and consequently, the
concentration of Hy in the syngas decreases. Syngas with stoichiometric Hy/CO ratios between 1 and 2 means that the syngas has
favorable conditions for producing chemical products, such as methanol, ethylene, ethylene glycol, and other chemical products [92].
The Hp/CO and Hy/CHj4 ratios impact the combustion process and influence the laminar flame speed, thus providing important in-
formation regarding the shape and length of the flame. Table 4 presents the main results for syngas composition obtained in the
macro-TGA test with the produced biochars.

In the gasification process, in the catalytic pyrolysis stage, it is beneficial to increase the H,/CO ratio by increasing the production
of Hy and reducing the amount of CH4 produced. In the macro-TGA tests at 850 °C with the biochars produced at temperatures of 350
and 400 °C, it was possible to see that the Hy/CO and H,/CHy stoichiometric ratios increased, meaning a reduction in the amount of
CH4 produced in the gas and an increase in the percentage of Hy in the gas, providing an improvement in the conditions of the syngas
and higher calorific value. The higher amount of Hy in the final syngas is desirable when the gas is used in energy conversion systems,
thus increasing energy generation [93].

A low CO/CO; ratio significantly affects the composition of the product gas, the reaction time, and the reaction temperature,

CCE

B400-850 CGE

B350-850

B300-850

B400-800

B350-800

B300-800

B400-750

B350-750

B300-750

Efficiency / %

Fig. 11. Cold gas efficiency (CGE) and carbon conversion efficiency (CCE) in the macro-TGA tests.
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correlating with the Arrhenius equation and increasing with operating temperature. However, the CO/CO; ratio strongly depends on
the char’s origin and treatment [94]. The carbonized biochars at 300 and 350 °C have higher CO/CO5, ratios than those produced at
400 °C at 800 and 850 °C operating temperatures. According to Scala et al. (2009), biochars in the gasification process at 850 °C, the
carbon in the biochar is oxidized to CO5 and a reduced fraction to CO, thus causing lower CO/COx, ratios [95].

Fig. 11 shows the results obtained for cold gas efficiency (CGE) and carbon conversion efficiency (CCE) for the macro-TGA tests
carried out with the produced biochars under gasification conditions.

The CGE is the ratio of the heat content present in the biochar to the heat content of the syngas produced under ambient conditions.
It measures how efficiently the biochar energy is converted into energy for the syngas. According to Fig. 11, only 50 % of the biochar
energy was converted into energy for the syngas. Li et al. (2017) carried out tests with air gasification and showed that the ther-
modynamic equilibrium predicts that the CGE is maximum in ER between 0.18 and 0.25 depending on the temperature used in the
gasification process. They also observed that the peak occurs with ER between 0.25 and 0.35 [96]. As the ER increases, the carbon
present in the biochars is converted into CO in the syngas. The energy produced is adequate to compensate for the dilution caused by
the larger amount of N resulting from the higher ER. Once all the carbon has been converted, the amount of Ny combined with the
syngas oxidation leads to a lower CGE. Another important factor for the CCE is related to the concentration of CO,. With the increase in
the ER, the amount of CO; also increases and acts as a reagent for reducing the amount of char. However, the amount of unreacted CO,
acts as a diluent in syngas. Based on the results obtained through the macro-TGA, the CCE, CGE, and the amount of CO; in the syngas
indicate that the thermal gasification of the biochars B300-850, B350-850, and B400-850 were the ones that presented the best results.
The results also suggest that it is possible to reduce the amount of CO», increasing the calorific value and the Hj in the product gas with
higher temperatures.

4. Conclusion

This study analyzed the thermochemical decomposition behavior and gasification performance of biochars derived from woody
feedstock and waste cable insulation blends at various temperatures. The characterization findings revealed that ash content rose
significantly with increasing biochar production temperatures, reaching 34 % at 400 °C. This could pose challenges for combustion
applications due to heightened risks of slagging and fouling.

Thermochemical decomposition profiles delineated distinct stages, with dehydration occurring up to 150 °C, devolatilization
between 150 °C and 520 °C, and fixed carbon burning from 520 °C to 790 °C. Syngas analysis highlighted the impact of ER and reactor
temperature on syngas composition, with higher temperatures favoring hydrogen-rich gas production. The observed trends in CGE
ranged from 42.61 % to 50.40 % and CCE from 45.83 % to 50.40 %, underscoring the significance of temperature control in maxi-
mizing gasification performance and energy conversion efficiency. Biochars produced at higher temperatures demonstrated superior
gasification performance, indicating the potential for optimizing biochar production processes to enhance energy recovery and waste
valorization.

Overall, this study contributes to advancing the understanding of thermochemical conversion processes and provides valuable
insights for optimizing biochar production and gasification systems, thereby fostering sustainable energy generation and waste
management practices in biomass-based industries. Future research could explore additional process parameters and refine opera-
tional conditions to further increase gasification performance and energy conversion efficiency.
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