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Abstract: The process of slow pyrolysis of seven nut shell samples, in a nitrogen-purged atmosphere,
has been studied, as well as characteristics of biochar obtained. The heat carrier with a temperature of
400-600 °C (with a step of 100 °C) was supplied indirectly using a double-walled reactor. The heating
rate was 60 °C/min. At increased temperature of the heating medium, a decrease in the amount
of the resulting carbon residue averaged 6.2 wt%. The release of non-condensable combustible
gas-phase compounds CO, CHy, and Hjy, with maximum concentrations of 12.7, 14.0, and 0.7 vol%,
respectively, was registered. The features of the obtained biochar sample conversions were studied
using thermal analysis in inert (nitrogen) and oxidative (air) mediums at 10 °C/min heating rate.
Kinetic analysis was performed using Coats—Redfern method. Thermal analysis showed that the
main weight loss (Am = 32.8-43.0 wt%) occurs at temperatures ranging between 290 °C and 400 °C,
which is due to cellulose decomposition. The maximum carbon content and, hence, heat value
were obtained for biochars made from macadamia nut and walnut shells. An increased degree of
coalification of the biochar samples affected their reactivity and, in particular, caused an increase in
the initial temperature of intense oxidation (on average, by 73 °C). While technical and elemental
composition of nut shell samples studied were quite similar, the morphology of obtained biochar
was different. The morphology of particles was also observed to change as the heating medium
temperature increased, which was expressed in the increased inhomogeneity of particle surface. The
activation energy values, for biochar conversion in an inert medium, were found to vary in the range
of 10-35 kJ/mol and, in an oxidative medium—50-80 k] /mol. According to literature data, these
values were characteristic for lignin fibers decomposition and oxidation, respectively.

Keywords: nut shell; pyrolysis; biochar; heating medium temperature; gas-phase products; heat of
combustion; elemental composition

1. Introduction

The pyrolysis is a useful technology for the valorization of biomass of different ori-
gins [1,2]. Biochar obtained could be used as a feedstock for production of supercapacitors,
batteries, and as fuel, catalyst, or adsorbent [1]. Nut shells are a widespread biomass
in many regions worldwide [3], which makes them a suitable feedstock for this process.
The biochar, obtained via pyrolysis of nut shells, is known to be a suitable carbon-neutral
fuel [3] and a feedstock for many other applications. A common issue, in this area, is
varying properties of different biomass feedstocks, making obtaining products with stable
characteristics problematic.
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The walnut shell biochar, produced via pyrolysis in a muffle furnace at 700 °C for
2 h at 5 °C/min heating rate, was found to be a very strong adsorbent for metolachlor
removal [4]. The chicha-do-cerrado shell biochar, produced in a stainless reactor at 500 °C
with 1 h exposure at 10 °C/min heating rate, showed good adsorption properties after
activation by KOH [5]. The pine nut shell, obtained in a screw reactor at 650 °C with 10 min
exposure and impregnated with HB /Ni-V catalyst, exhibited excellent performance for
the bio-oil hydrodeoxygenation [6]. In addition, a good catalytic activity towards oxygen
reduction was observed for olive and pistachio nut shell biochars, obtained at 600 °C with
30 min exposure time and activated in CO, at 800 °C for 45 min [7].

Kinetic data on the pyrolysis of shells of different nuts is widely presented in litera-
ture [3,8-10]. However, these data significantly vary depending on type of the feedstock
and the experimental method used. For example, the activation energy values of the
pyrolysis of walnut, hazelnut, peanut, and pistachio shells, given in [8], varied within
the range of 30-150 kJ /mol, while in [9], this range was 150-300 kJ/mol. The sensitivity
analysis [11] revealed that the variation in activation energy has the most significant effect
on the pyrolysis rate making such uncertainty critical for practical calculations. In [3], it
was reported that the kinetics of thermal degradation and oxidation of biochar pellets,
consisting of coffee husk, palm nut shells, and fibers could be determined according to
the superposition principal using kinetic parameters of individual components. Thus, the
experiment appears to be the most reliable method to study the pyrolysis of nut shells.

The effect of pyrolysis temperature on the adsorption properties of the pine nut shell
biochars, obtained using a screw-type continuous pyrolysis reactor with 15 min exposure
in the temperature range of 300-700 °C, was described in [12]. The most developed pore
structure of the biochar was observed at 500 °C. Similar research was carried out into pine
nut shells [13]: the maximum specific surface area was obtained at high temperature and
pressure of the process. The opposite results were reported in [14], where the pyrolysis
temperature increased from 400 °C to 600 °C (in a nitrogen atmosphere and with 2 h
exposure) decreased the specific surface area of almond and nut shell biochars. Similar
results were reported in [15] for the peanut shell biochar, obtained by H3POy treatment
and pyrolysis at 650 °C in a nitrogen atmosphere, with 2 h exposure in case of Acid Yellow
36 removal. Good adsorption properties for heavy metals (Cd, Hg, Pb) were reported
in [16] for shea and groundnut shell biochars obtained by pyrolysis at 350 °C and 700 °C.
Despite a large number of studies, the majority of them are focused on one of two types of
nut shells, which hinders the comparison of different solutions for processing nut shells of
different origin.

This study reports the results of the parametric study into the effect of pyrolysis tem-
perature on the characteristics of biochars derived from seven different nut shell samples.

2. Materials and Methods
2.1. Feedstock

The shells of different nuts (pine nuts, hazelnuts, walnuts, macadamia nuts, almonds,
peanuts, pistachio nuts) were used as a feedstock. The samples were preliminarily ground
in a mill and fractioned using sieves, with a mesh size of less than 1 mm.

2.2. Pyrolysis

Figure 1 presents a schematic diagram of the experimental setup for nut shell pyrolysis.

A 30 g sample of the fractioned nut shell was placed into a cylindrical reactor, with
145 mL (height—115 mm, diameter—40 mm) operating in a batch mode. About 70-80%
of the reactor volume was filled depending on the bulk density of the nut shell samples.
After that, heat was supplied to the reactor bottom (indirectly) by preheating the air, using
a thermally regulated air heater LHS 61L PREMIUM (LEISTER, Kaegiswil, Switzerland)
that allows high air flow with up to 16 kW heating power (maximum heating temperature
650 °C). Air was supplied to the heater using a high-pressure fan AIRPACK (LEISTER,
Kaegiswil, Switzerland). The temperature of the heating medium attained 400-600 °C
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(with a step of 100 °C). The temperature inside the reactor was continuously monitored
using an installed thermocouple T connected to an electronic recorder Termodat-25E6
(Termodat, Permian, Russia). During the pyrolysis, the reactor chamber was continuously
purged with nitrogen, and the flow rate attained 2 L/min.

Pyrolysis Cooler
Sample chamber gas-vapor mixture

Air heater
Gas-analyser

(

Figure 1. Schematic diagram of the experimental setup for pyrolysis of nut shell biomass.

Vapor gases formed during the pyrolysis were cooled, by bubbling in water, in a
vessel with 100 mL volume (height—80 mm, diameter—40 mm). The amount of water in
the vessel was 60 mL. Non-condensable gas-phase pyrolysis products were investigated
using an in-line gas analyzer Test-203 (BONER, Novosibirsk, Russia). Concentration
measurement ranges of the gas analyzer used were: O,—0-21 vol%, CO—0-50 vol%,
CO,—0-100 vol%, H,—0-40 vol% and CH4—0-50 vol%. The relative measurement error
was—=£5%. Frequency of measurements—?3 s.

The first stage of the experimental study involved heating the reactor and the nut shell
sample (indirectly) to the specified temperature (Tg = 400-600 °C). The heating rate was
60 °C/min, which is characteristic of slow pyrolysis [17,18]. This stage is accompanied
by the evaporation of external and bound moisture, and the subsequent sublimation of
volatile compounds (cellulose, hemicellulose, and lignin) [19]. When the specified Ty was
attained, the temperature was maintained constant in the reactor until the completion of
the pyrolysis (stage II). The pyrolysis was considered complete in the absence of gas-phase
compounds CO, CO,, CHy, and Hj, which were quantitatively recorded using the in-line
gas analyzer. Next, the reactor was cooled (stage III) to exclude spontaneous combustion
of the biochar produced during the biomass pyrolysis. The heating and cooling rate of
the reactor was controlled by adjusting the frequency of the alternating current of the
air blower.

For each of the samples and each of the specified heating medium temperatures
(Tg = 400-600 °C), the experiment was performed five times.
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2.3. Characterization of Materials

Prior to analytical studies, the initial and resulting carbon samples were ground and
fractionated, using sieves with a mesh size of less than 200 um.

The characteristics (moisture, ash, volatile matter content, low calorific value LHV,
iodine number) were determined according to standard ISO methods: ISO 589:2008 «Hard
coal. Determination of total moisture»; ISO 1171:2010 «Solid mineral fuels. Determination
of ash»; ISO 562:2010 «Hard coal and coke. Determination of volatile matter»; ISO 1928:2009
«Solid mineral fuel. Determination of gross calorific value and calculation of net calorific
value»; ASTM D4607 «Activated carbon. Standard test method for determination of
iodine number». The content of carbon, hydrogen, nitrogen, and sulfur was determined
using a Flash 2000 CHNS analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The
morphological characteristics were studied using a scanning electron microscope SEM
JSM-6000C (JEOL, Tokyo, Japan).

Thermal decomposition (in inert and oxidizing atmosphere) of the samples was
performed using a simultaneous thermal analyzer STA 449 F3 Jupiter (Netzsch, Selb,
Germany). The analysis was carried out at a heating rate of 10 °C/min up to 1000 °C
in oxidizing (air) and inert (argon) atmosphere. The gas flow rate attained 150 mL/min.
The sample weight was 15 mg (£0.1 mg). All the experiments were carried out under
atmospheric pressure.

2.4. Kinetic Analysis

The activation energy (E,) was chosen as the characteristic kinetic parameter. The acti-
vation energy of the thermal conversion was determined by the Coats—-Redfern method [8].
This method is based on the Equation (1):

Ln {_Ln(}rz— “)] =1Ln {ABR} b (1)

here, « is conversion, which was varied in range from 0 to 1; T is temperature, K; R is
universal gas constant, J/(mol K); A frequency factor, min~!; E, activation energy, ] /mol;
B heating rate, K/min.

The solution of Equation (1) and the determination of the main parameters were
carried out, using TG analysis results by building the dependence of the left side of the
equation on 1/T. The obtained dependence was approximately linear via Equation (2).

Ln[_Ln(l - cx)} Ca

— == 2
T2 Cl + T ( )

The value of the activation energy was found by multiplying the coefficient C; by the
universal gas constant.

3. Results and Discussion
3.1. Nut Shell Characteristics

Table 1 summarizes the characteristics and elemental composition of the nut shell samples.

Generally, the nut shell samples exhibit similar characteristics and elemental com-
position. This type of biomass is characterized by a low ash content A9 = 0.4-1.1 wt%
(except for the peanut shell sample A9 = 3.4 wt% [20]) and a high content of volatile com-
pounds V' = 66.4-72.7 wt% and oxygen OY = 40.3-46.7 wt%, which is characteristic of the
biomass [21]. In turn, the LHV value (17.5-20.3 M] /kg) is comparable not only with other
types of the biomass but also with low-grade coals (Lignite/brown coal or Sub-bituminous
coal) [22].
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Table 1. Physicochemical characteristics of the nut shell samples.

Characteristics Elemental Composition *
Sample  Symbol wr Ad vr LHV cd Hd Nd sd od
wit% MJ/kg wit%
Pine nut Pine 52 0.4 67.9 20.3 514 6.7 1.2 - 40.3
Hazelnut H 8.8 0.9 66.4 18.9 50.8 6.2 0.2 - 419
Walnut \W 3.7 1.1 69.3 17.8 48.4 59 0.5 - 441
Macadamia M 3.1 0.3 66.9 19.5 519 54 0.2 - 42.0
Almond A 39 0.7 72.7 18.5 50.3 5.7 0.2 - 43.1
Peanut Pean 45 3.4 67.4 18.3 47.6 6.1 1.4 - 415
Pistachio Pist 3.7 0.5 70.3 17.5 46.9 5.8 0.1 - 46.7

I —as-received basis, —dry basis, *—prior to the analysis, the sample was dried to constant weight at 105 °C.

According to [23], these characteristics are appropriate for pyrolysis. For example, a
low-ash feedstock, used for pyrolysis, eliminates ash aggregation and maintains a constant
rate of heat transfer. Additionally, inorganic minerals in the ash composition can negatively
affect the mechanisms of biomass pyrolysis [24].

Figure 2 presents images of the initial samples obtained using a scanning ele-
ctron microscope.

C

i

Figure 2. SEM images of nut shell samples: 1—Pine, 2—Hazelnut, 3—Walnut, 4—Macadamia, 5—Almond, 6—Peanut,
7—Pistachio. Particle size is less than 200 pm (% 500).

The data obtained by scanning electron microscopy show different structure and
morphology of the nut shell samples. This can be clearly observed for the peanut and
pistachio shell samples, which exhibit an inhomogeneous shape and surface of the particles.
In other samples, the particles are spherical and cylindrical, which is characteristic of most
vegetable materials.

Figure 3 presents the results of the thermal analysis of the nut shell samples in an inert
atmosphere. Table 2 presents the calculated values of the characteristics and activation
energy values (E;) of thermal conversion process.
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Figure 3. TG (a) and DTG
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(b) profiles for the process of thermal decomposition of the samples in an inert atmosphere.

Argon flow rate—150 mL/min, heating rate—10 °C/min, sample weight ~ 15 mg.

Table 2. Thermal conversion parameters.

Tq, °C Ty, °C Tmax Wmax Ea
°C wt%/min kJ/mol

Pine nut 250 420 340 59 20.1
Hazelnut 275 440 340 5.7 23.1
Walnut 250 400 345 5.8 18.4
Macadamia 275 430 340 6.0 19.2
Almond 250 400 330 6.4 12.4
Peanut 250 415 330 5.1 17.6
Pistachio 250 390 335 7.9 124

The TG and DTG profiles, presented in Figure 3, are similar in pattern due to similar
characteristics and elemental composition of the samples (Table 1). For all the samples
presented, the change in weight amounted to 68-77 wt% (Figure 3a), which is in good
correlation with the above values of moisture content and the yield of volatile compounds
(Table 1). The initial temperature of the intense thermal decomposition T4 of the samples
attained 250-275 °C.

As can be seen in Figure 3b, the DTG profiles are bimodal in shape. The first maximum
on the DTG curves can be attributed to the moisture removal (up to 5.4 wt% at 130 °C), and
the second one (at 180-570 °C) is due to sublimation and removal of volatile compounds.
It should be noted that, for the pistachio, peanut, and macadamia shell samples, the DTG
curves are slightly different, which is associated with the formation of additional reflections
at different temperatures. In general, the process of thermal conversion of the samples, in
this temperature range, can be due to the decomposition of the main structural components
of the biomass: hemicellulose (200-370 °C), cellulose (275-400 °C) and, to a lesser extent,
lignin (above 400 °C) [25]. Thus, the main peak (290-400 °C) is mainly due to the pyrolysis
of cellulose (Am = 8.7-11.9 wt%), and the shoulder peak (210275 °C) can be attributed to
thermal decomposition of hemicellulose (Am = 8.7-11.9 wt%). Residual decomposition of
lignin at 400-570 °C was about 6.9-11.1 wt%. The obtained residue consisted of carbon
and ash.

The maximum values of the rate of the weight change wmax = 6.4 and 7.9 wt%/min
are found for the peanut and pistachio shell samples, respectively. For other samples, Wmax
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amounted to 5.1-5.8 wt%/min. In this case, Tmax (corresponding to wmax) ranges from
330 °C to 345 °C.

The minimum activation energy value was 12.4 kJ/mol for pistachio and almond
samples. The highest value was obtained for the samples of hazelnuts and pine nuts,
which were 23.1 and 20.1 k] /mol, respectively. Such low values may indicate the physical
nature of this process (for example, evaporation of the poorly bound extractives) or the
overlapping of several simultaneously occurring reactions.

The DSC data show that thermal conversion of the samples at 220-650 °C proceeds in
an endothermic mode. The maximum value of the integrand area of the DSC curve was
found for the peanut and almond shell samples.

3.2. Biochar Yields

Figure 4 illustrates changes in the biochar yield, depending on the heating medium
temperature (Tg = 400-600 °C).

40 ==
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38 o= B Hazelnut

1 8 A Wwanut
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i Almond
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>|
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24 41— } } }
400 500 600
Temperature, °C

Figure 4. Dependence of changes in the biochar yield on the heating medium temperature.

Despite similar characteristics of the nut shell samples (Table 1), the maximum biochar
yield in the considered temperature range was observed for the macadamia, peanut, and
pine nut shell samples. For these samples, the biochar yield at Ty = 400 °C was almost
similar and averaged 37.5 wt%. For other samples, the biochar yield at Tg = 400 °C averaged
31.2 wt%.

For all the samples, an increase in the heating medium temperature (Tg = 400—600 °C)
leads to a decrease in the biochar yield by an average of 6.2 wt% (my,?% “C ~ 27.7 wt%).
The most significant change in the biochar yield can be observed when the temperature
Ty rises from 400 °C to 500 °C. This dependence correlates with the results of the thermal
analysis presented in Figure 3. The most significant change in the biochar yield, in the
considered temperature range of the heating medium, is found for the peanut and pine nut
shell samples (the relative change was about 15.8%).

A negligible change in the biochar yield could be observed as the heating medium
temperature increased from 500 °C to 600 °C. Thus, for the samples of almond, pistachio,
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walnut, and pine nut shells, Tg increased from 500 °C to 600 °C and changed the biochar
yield by about 0.9%. For the macadamia and hazelnut shell samples, the change in the
biochar yield was more significant and amounted to about 3.0 wt%.

3.3. Analysis of Non-Condensed Gas-Phase Products

Figure 5 shows the quantitate concentration curves for non-condensing gas-phase
pyrolysis products released (CO, CO,, CHy, Hj), obtained at different temperatures of the
heating medium.

CO,vol% T.=400°C CO,vol% T.=500°C CO,vol% T,=600 °C
el Tentay 14 vt 9 Q— ;
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Figure 5. Concentration curves of the formed compounds CO, CO,, CHy, and H; in the non-condensing gas-phase products,
of the pyrolysis of the nutshell, at different temperatures of the heating medium (Tg = 400-600 °C).
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The concentration curve profiles, characterizing the release of CO and CO, for all
studied samples, had a monomodal form with a pronounced additional shoulder for all
considered temperatures of the heating medium. The average values of the concentra-
tion maximum for CO and CO,, for all studied samples, were 12.7 vol% and 10.8 vol%,
respectively. For methane, this value was equal to 14 vol%.

Due to the same heating rate (60 °C/min), the beginning of the non-condensable
gas-phase product formation was observed in typical time intervals at a temperature range
240-280 °C, which correlated with the data on the results of thermal decomposition of the
nutshell shown in Figure 3. The characteristic difference between the presented profiles
and temperatures of the heating medium was the time interval of the releasing of non-
condensing gas-phase products. At the same time, the position of the maximumes related to
time remained almost unchanged, which was associated with the similar temperatures of
the heating medium.

Figure 5 also shows that a greater increase, in the area of the subintegral curve for the
CO, CO,, and CHy4, was observed in the case of an increase in the temperature Ty from 400
to 500 °C, which correlated with the data presented in Figure 4 and may be associated with
additional decomposition of lignin.

3.4. Biochar Characteristics

Table 3 presents the characteristics and elemental composition of the biochar sam-
ples obtained by pyrolysis of nut shells, depending on the heating medium temperature
(Tg = 400-600 °C).

Table 3. Physicochemical characteristics of the biochar samples.

Characteristics Elemental Composition *
Sample W' Ad VA LHV Iodine Number cd H Nd sd od
wit% MJ/kg mg/g wit%
Pine400 1.3 1.5 24.6 28.8 134.9 77.2 4.0 0.4 - 16.9
Pine500 1.7 1.8 18.4 31.1 181.7 82.9 3.2 0.4 - 11.7
Pine600 2.0 21 14.3 31.6 202.1 86.0 2.8 0.4 - 8.7
H400 1.8 25 22.8 29.6 96.3 75.1 3.9 0.3 - 18.2
H500 2.2 29 20.6 30.6 123.2 78.1 3.4 0.4 - 15.2
He600 1.8 35 13.6 327 150.6 84.3 29 0.3 - 9.0
W400 1.7 2.6 25.1 29.6 146.6 75.7 3.9 0.2 - 17.6
W500 1.6 3.3 22.2 31.7 163.3 80.9 3.4 0.2 - 12.2
W600 1.7 3.9 13.6 32.7 2419 84.6 2.8 0.3 - 8.5
M400 1.3 1.5 27.4 28.7 85.8 76.8 3.8 0.4 - 17.5
M500 2.0 2.5 20.3 30.0 105.1 81.4 3.3 0.4 - 12.4
M600 1.6 2.8 19.5 32.8 185.4 89.8 24 0.5 - 45
A400 1.0 2.5 24.8 29.9 147.2 773 3.6 0.4 - 16.2
A500 1.4 2.7 18.5 31.2 179.3 82.2 29 0.3 - 11.9
A600 1.8 3.3 15.2 32.0 181.7 84.5 2.7 0.3 - 9.2
Pean400 2.6 6.8 29.7 27.2 109.4 66.8 4.2 1.5 - 20.7
Pean500 2.8 72 23.5 28.3 164.3 69.0 3.5 1.5 - 18.8
Pean600 1.8 77 20.3 29.7 217.2 73.1 3.0 1.5 - 14.7
Pist400 1.1 3.2 25.1 29.3 149.3 76.8 3.5 0.2 - 16.3
Pist500 1.6 3.8 16.7 31.1 158.1 81.2 2.8 0.2 - 12.0
Pist600 1.7 4.6 12.3 32.1 192.8 84.9 2.6 0.2 - 7.7

r—as-received basis, d—dry basis, *—prior to the analysis, the sample was dried to constant weight at 105 °C.

An increase in the heating medium temperature (Tg = 400—600 °C) initiated a linear
increase in the carbon content (average relative increase of 11.6%) and in the lower heat
value (average relative increase of 10.3%) for virtually all the biochar samples obtained. For
the samples derived from macadamia, hazelnut, and peanut shells, the relative increase in
these parameters was most significant as Ty increased from 500 °C to 600 °C (on average
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by 9%). In general, certain dependences of changes in the characteristics and elemental
composition correlate with the data presented in Figure 4.

The maximum LHYV value (about 32.7 M] /kg) was observed for the samples derived
from macadamia, hazelnut, and walnut shells at the heating medium temperature of 600 °C.
In this case, the maximum carbon content (C9 = 89.8 wt%) was observed for sample M600.
In turn, the minimum values of LHV (27.2-29.7 MJ/kg) and C (66.8-73.1 wt%) were found
for the biochar samples obtained from peanut shells, which is due to a high ash content
(A9 = 6.8-7.7 wt%).

Thus, a high LHV value, absence of sulfur, low content of ash, and volatiles make
biochar a promising fuel or food feedstock [26]. According to [27], a high C/N ratio
facilitates immobilization of microbes in inorganic nitrogen. Therefore, this biochar has
the ability to retain nutrients and can be used in the agricultural sector for growing
various crops.

Figure 6 shows a Van Krevelen diagram used to compare the elemental composition
of the produced biochar samples (Table 2) and a feedstock (Table 1).

1.6

*Pine nut WRaw LN
EHazelnut ma00 B 4. =
1.4 AWalnut W500 %
® Macadamia mg00
1.2 XAlmond .
¢ Peanut &
1 * Pistachio o

H/C
o
%
&

0.6 - 2 0.4 %
B ."a!
0.4 = 5‘ i 0.1 0.2

0.2

O 01 02 03 04 05 06 07 038
0/C

Figure 6. Van Krevelen diagram.

At increased temperature of the heating medium, the values of the H/C and O/C
ratios decreased, due to the loss of oxygen-containing functional groups on the biochar
surface and a decrease in its hydrophilicity. This is an important indicator of biochar
stability [28]. According to [29], decreased H/C hydrophilicity facilitates a quantitative
decrease in moisture taken from the atmosphere.

For all the samples, the iodine number was observed to increase as temperature Tg
increased, which indirectly indicates the development of the particle surface and is a
relative indicator of the biochar porosity. The average iodine number, for all the samples,
amounted to 158 mg/g. The biochar samples, derived from macadamia and hazelnuts,
showed the minimum values of the iodine number. However, macadamia biochar exhibited
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the greatest change in this parameter. Thus, at increased temperature Tg (400—600 °C), a
relative increase in the iodine number attained 116% (from 85.8 to 185.4 mg/g).

Figure 7 presents the results of scanning electron microscopy of the particles of the
biochar samples.

Figure 7. Cont.
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Figure 7. SEM images of the particles of the biochar samples: (a,a’,a’)—Pine400, Pine500, Pine600; (b,b’,b”")—H400,
H500, H600; (c,c’,¢’"—W400, W500, W600; (d,d’,d”')—M400, M500, M600; (e,e’ e’ )—A400, A500, A600; (£, ,£/)—Pean400,
Pean500, Pean600; (g,g’,g"")—Pist400, Pist500, Pist600 (x 1000).

The pyrolysis of the nut shell biomass, at different temperatures of the heating medium,
results in a dramatic change in the morphology of the particle surface in the produced
biochar. This is manifested in an increased inhomogeneity of the surface structure of
particles and the formation of additional depressions, pores, and channels. Temperature
activation of the feedstock apparently increases the specific surface area of particles, which
is evidenced by changes in the iodine number values (Table 2). In [30], an increased py-
rolysis temperature was reported to increase the number of formed pores. In addition,
thermal decomposition of chemical bonds, at higher temperatures, can cause melting of
some compounds, which contribute to additional ruptures of bonds and a change in the
structure of biochar particles, which is manifested in the formation of large pores [31].
Thus, Yuan H. et al. [32] reported that, with an increase in the pyrolysis temperature of
biomass (from 300 °C to 700 °C), an increase in the specific surface area and porosity of
biochar particles from 3.78 to 8.68 m?/g and from 0.0053 cm>/g to 0.0136 cm?/g was ob-
served, respectively. However, the value of the pore diameter remained almost unchanged.
Leng L. et al. [33] reported that a significant change in textural characteristics occurred in
the temperature range of 300-500 °C during the removal of hemicellulose and cellulose.
A significant effect was exerted by the ash content, which led to clogging of pores during
the pyrolysis of biomass [34]. The value of the specific surface area of biochar depended
on the content of lignin, which has a wide temperature range of decomposition and high
stability [35].

The most significant changes in the morphology of particles of the biochar samples,
observed as temperature Tg increased from 400 °C to 500 °C, are associated with the
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complete decomposition of cellulose (Figure 3). Thus, the biochar samples derived from
hazelnut, walnut, macadamia, and almond shells exhibit an increased number of rounded
depressions on the surface and the formation of additional channels with a diameter of
more than 1-27 um. Wang et al. [36] reported that the biochar surface can contain visible
pores, which provide a high specific surface area.

Figure 8 presents the results of the thermal analysis of the biochar samples in an
inert atmosphere.
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Figure 8. TG (a—c) and DTG (d—f) curves for the process of thermal decomposition of the biochar samples produced at
different temperatures: (a,d)—400 °C, (b,e)—500 °C, (c,£)—600 °C. Argon flow rate—150 mL/min, heating rate—10 °C/min,
sample weight ~ 15 mg.

Comparison of the obtained results shows that the TG profiles (Figure 8a—c) of thermal
decomposition of the biochar samples, produced via pyrolysis at different temperatures,
exhibit significant differences. This is manifested in the shift of the initial temperature of
thermal decomposition T4 by 40-110 °C (depending on the pyrolysis temperature). The
change in the parameter T4, which is determined in the temperature range of 390-500 °C,
has a direct correlation with the content of volatile compounds in the samples (Table 2). The
total weight loss of biochar attains 10.5-31.2 wt%, which is in reasonably good agreement
with the content of external moisture and volatile compounds in the samples (Table 2).

Figure 8d—f shows that the DTG profiles are monomodal in shape in the temperature
range of 350-800 °C, which corresponds to cellulose decomposition (for the biochar samples
produced at Tg = 400 °C (Figure 8d)) and lignin. It should be noted that the thermal
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conversion rate wmax is observed to reduce as the degree of coalification increases. As a
result, the process shifts to the high-temperature region. Figure 8d—f shows an insignificant
expansion, of the temperature ranges for the DTG profiles, at decreased parameter wax.

Despite the linear decrease in the content of volatile compounds at increased py-
rolysis temperature (Table 2), the intensity of the change in the parameter way in the
biochar samples, obtained at temperatures Ty = 500 and 600 °C, is observed to decrease
(Figure 8e—f).

Figure 9 presents the results of the thermal analysis of the biochar samples in an
oxidizing atmosphere.
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Figure 9. TG (a—c) and DTG (d-f) profiles for the oxidation process of the biochar samples produced at different temperatures:
(a,d)—400 °C; (b,e)—500 °C; (¢, £)—600 °C. Air flow rate—150 mL/min, heating rate—10 °C/min, sample weight ~ 15 mg.

Comparison of the obtained results shows that the TG profiles (Figure 9a—c) of the
oxidation process differ significantly, which is due to the carbon content in the biochar
samples (Table 2). Thus, the degree of coalification increases, and the content of volatile
compounds decreases, as the initial temperatures T; and the final temperature T of intense
oxidation grow (on average by 73 °C and 48 °C, respectively). As a result, the oxidation
process shifts to the high-temperature region. In this case, the temperature shift Try,x that
corresponds to the maximum reaction rate wmay attained 62 °C. It should be noted that
oxidation of all the biochar samples occurs at temperatures T; and Tg, ranging from 309 °C
to 382 °C and from 512 °C to 560 °C, respectively.
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For the samples, the change in the TG profiles of the oxidation process affects the
shape of the DTG profiles (Figure 9d-f). The analysis of these profiles reveals three stages
of the change in the sample weight. At the first stage, the physically adsorbed moisture
evaporates (up to 110 °C). At the second stage, thermal destruction of biochar particles
is accompanied by the sublimation of residual volatile compounds (at 280—410 °C) after
pyrolysis of the nut shells at different temperatures. At the third stage, active oxidation of
the resulting carbon residue occurs at 380-580 °C. In this case, specific temperature regions
cannot be determined, since the sublimation of volatile compounds and the oxidation
of the resulting carbon occurs in parallel. This can be due to a lower content of volatile
compounds on the surface of the biochar particles and its more developed morphological
structure that exhibits more residue expanded cracks and pores (Figure 7).

Comparison of the oxidation parameters (Figure 9) of the biochar samples reveals a
direct correlation between the oxygen content (oxygen-containing functional groups) and
the fuel reactivity, which is manifested in a changed initial temperature of intense oxidation
T;. Thus, the biochar samples derived from peanut shells (Pean400-600) exhibit the highest
reactivity (T; = 309-323 °C, depending on the heating medium temperature). In this case,
the samples are characterized by the highest final temperature of intense oxidation Tt
(547-560 °C), which can be due to a high ash content (Table 2).

3.5. Kinetic Analysis of the Biochar Thermal Conversion

Table 4 presents the activation energy values determined via the Coats—Redfern
method using thermal analysis data for biochar samples obtained by pyrolysis at
different temperatures.

Table 4. Activation energy of biochar conversion in inert and oxidative medium E,, kJ/mol.

Inert Medium Oxidative Medium

Sample Pyrolysis Temperature, °C
400 500 600 400 500 600
Pine nut 29.0 34.1 35.0 67.6 74.2 78.8
Hazelnut 28.6 27.5 34.8 67.5 78.8 70.3
Walnut 23.6 25.4 26.2 49.0 72.3 75.6
Macadamia 29.9 32.8 34.8 70.9 73.4 91.0
Almond 194 22.0 25.1 60.6 74.1 70.2
Peanut 21.1 22.1 23.3 49.1 54.1 69.7
Pistachio 13.5 14.7 17.6 66.9 72.7 80.8

It could be seen that, with an increase in the pyrolysis temperature, the activation
energy had been increasing, which was in correlation with the change in volatile com-
pounds content in the studied samples (Table 3). This was the case of the shift of TG
profiles to a higher temperature region (Figures 8 and 9). Differences in the activation
energy values for conversion processes in an inert and oxidizing mediums were associated
with incomplete decomposition of the sample in an inert environment during pyrolysis.
Generally, the activation energy values for biochar conversion in both inert and oxidative
mediums had been increasing with temperature of biochar obtaining. It may be caused by
more complete conversion of biochar during raw material pyrolysis at higher temperature.
The highest reactivity in an inert medium was observed for pistachio biochar sample, and
in an oxidative medium—for walnut and peanut biochar samples. The highest activation
energy values were almost on par with several other samples, thus making the clear choice
of a biochar sample with lowest reactivity almost impossible.

Activation energy values, obtained for the conversion of the biochar samples in
an inert medium, were varied in range 10-35 kJ/mol, which were much smaller than
usually reported values for the decomposition of main components of the nut shells—
100-350 kJ /mol [9,37-40]. Close values were reported in [3,8] for lignin fiber decomposition
in ranges 38—42 and 19-45 kJ/mol, respectively. Thus the mass loss observed during TG
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experiments in inert medium could be caused by slow lignin fiber decomposition. Such
values could also indicate the prevailing of lignin into composition of obtained biochar.

Characteristic activation energy values for oxidation of all studied biochar samples
were varied within 50-80 k] /mol range (with several exceptions). For biochar samples
obtained at 400 °C, this range was lower—50-70 kJ/mol—while for biochar samples,
obtained at 500 °C and 600 °C this range was higher—around 70-80 k] /mol with 500 °C
peanut and 600 °C macadamia shell biochar as exceptions. Obtained values were close to
those of pine nut shell biochar reported in [13] which were 60-63 k] /mol. These values were
characteristic for the lignin oxidation reported in [3], additionally proving lignin-dominated
nature of biochars obtained.

4. Conclusions

The process of slow pyrolysis of nut shells was experimentally studied at various tem-
peratures (Tg = 400-600 °C, step of 100 °C) in a nitrogen-purged atmosphere (G = 2 L/min).
The feedstock was heated, indirectly, at a rate of 60 °C/min using a double-walled reactor.

The nut shell samples had similar characteristics and elemental composition. Ther-
mal analysis, performed in an argon atmosphere, revealed a significant weight loss
(Am = 32.8-43.0 wt%) in the temperature range of 290-400 °C, due to cellulose decomposition.

The amount of the resulting carbon residue (on average, from 33.9 wt% to 27.7 wt%)
was observed to decrease as the heating medium temperature grew up, which indicates a
linear dependence (except for the pine nut shell sample).

The pyrolysis process proceeded in an exothermic regime due to the release of
volatile compounds. In non-condensable gas-phase pyrolysis products, the content of
H; (0.7 vol%), CHy (14.0 vol%), and CO (12.7 vol%) was found at different time periods of
the pyrolysis process.

For the produced biochar samples, the increased temperature of the heating medium
increased the degree of coalification (on average from 75.1 wt% to 83.9 wt%), the heat
value (on average from 29.0 MJ/kg to 31.9 MJ/kg) and the iodine number (on average,
from 124.2 mg/g to 196.0 mg/g). In this case, the most significant change in the particle
morphology was observed for the samples obtained at Tg = 500 °C, which was manifested
in the formation of a more inhomogeneous particle surface and the formation of additional
cavities, pores, and channels

In addition, an increased degree of coalification and a decreased content of volatile
compounds in the biochar samples led to a decrease in their reactivity, which was mani-
fested in the growth of the initial temperature of intense oxidation by 73 °C.

Kinetic analysis of obtained biochar samples conversion revealed that for all sam-
ples the activation energy values were varied in quite narrow range—10-35 kJ/mol and
50-80 k] /mol in inert and oxidative mediums, respectively. These values were characteris-
tic for lignin decomposition, according to literature data. The higher temperature of biochar
obtained resulted in higher activation energy of its conversion in an inert and oxidative
medium. It may be due to more complete removal of highly reactive components during
raw material pyrolysis at high temperature.

The results obtained revealed that, despite different origins of the nut shell samples,
the biochar samples, obtained via nitrogen pyrolysis at different temperatures, were char-
acterized by similar H/C to O/C ratios meaning that they lay on the same line at the Van
Krevelen diagram. Increasing the pyrolysis temperature resulted in a shift of corresponding
point to the area of lower O/C values. The activation energy values for conversion of
obtained biochar samples, in inert and oxidative mediums, were quite similar for different
nut shells, and they had been increasing with pyrolysis temperature. This provided a good
background to the unification of the nut shell processing, via slow pyrolysis, for producing
biochar with stable characteristics using different feedstocks
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