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Abstract

The effects of pyrolysis temperature (400-500 °C) and time (30-90 min) on the yield and
chemical and physical properties of biochar produced from almond and pistachio shells
were studied using a fixed-bed pyrolyzer. Thermogravimetric analysis (TGA) was em-
ployed to characterize the kinetics of thermal degradation of the shells. This study com-
pared the thermal behavior observed by TGA with biochar yields obtained from a fixed-bed
pyrolyzer, providing insight into the agreement between laboratory-scale thermogravi-
metric measurements and fixed-bed pyrolysis performance. Fourier transform infrared
spectroscopy (FTIR) was performed for each type of biochar. Results showed higher biochar
yields from almond shells (35.0-41.3% dry basis) than from pistachio shells (26.8-36.7% dry
basis). Shell type, pyrolysis temperature, pyrolysis time, and their interactions had signifi-
cant effects on biochar yield. The Derivative Thermogravimetric (DTG) profiles showed
distinct thermal decomposition patterns for almond and pistachio shells. Almond shells
exhibited broader decomposition regions, while pistachio shells showed more distinct
decomposition stages. FTIR analysis of both shell biochars indicated reduced O-H and
oxygen-containing groups with increasing pyrolysis temperature and residence time, sug-
gesting greater carbonization, aromatic enrichment, and formation of carbonaceous com-
pounds. Greater biochar yields were obtained from the fixed-bed pyrolyzer than from
TGA. A first-order kinetics model adequately described the thermal decomposition of both
shell types. Apparent activation energies were 41.83-44.99 k] mole~! for almond shells
and 58.19-63.58 k] mole ! for pistachio shells. Model validation showed a good agreement
between the experimental and predicted conversion values. The results provide a basis for
evaluating the potential of TGA-derived thermal behavior to inform biochar production
conditions in fixed-bed pyrolysis.

Keywords: thermochemical processes; sustainable agriculture; activation energy; nut shells;
biomass valorization

1. Introduction

California is the main producer of almonds and pistachios in the US, with the in-
dustries generating 451,000 tons of almond shells and 180,000 tons of pistachio shells as
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byproducts every year. These amounts of shells were estimated based on crop yields in
2022 [1] and shell yields of 22% and 45% for almond and pistachio, respectively. These
byproducts create an economic and environmental burden for their disposal but also op-
portunities for new coproducts to improve overall sustainability. Identifying new markets
for shell utilization will foster the economic viability and sustainability of nut production.
Almond and pistachio shells have been used as boiler fuel or feedstock for gasification
and production of biochar and activated carbon [2]. The nut industry continues to search
for higher-value and more sustainable uses of shells and other byproducts to achieve zero
waste in orchards and sustainable nut production. Production of biochar from nut wastes
will increase their value and reduce their negative environmental impacts, such as emis-
sions of greenhouse gases resulting from uncontrolled degradation. Biochar production
from nut shells provides an opportunity to improve soil quality, sequester carbon, and
reduce environmental impacts associated with waste degradation [3].

Thermogravimetric analysis (TGA) has been applied to understand the thermal sta-
bility and decomposition profile of biomass under different temperatures and times. The
resulting mass-loss profiles provide information about biomass decomposition behavior
and potential biochar production under different pyrolysis conditions. Debevc et al. [4]
performed thermogravimetric analyses of raw and carbonized almond shell samples. The
derivative curves (DTG) are used to clearly observe the small changes in weight of the
samples. Results showed that 15% weight loss was observed between 200 and 300 °C
for almond shells. This was attributed to the decomposition of hemicellulose. A drastic
decrease in weight was determined at 340 °C, which was attributed to the degradation of
cellulose and lignin. McCaffrey et al. [5] conducted thermogravimetric analyses of almond
shells using argon as an inert gas. Results showed that the main decomposition occurred
over a temperature range from 200 °C to 450 °C with a char (fixed carbon plus ash) yield
of 24.4%. However, pyrolysis kinetics were not studied.

Fixed-bed reactors are commonly used in small-scale biomass pyrolysis because of
their simple design, low operating cost, and stable performance. They can handle feedstocks
with uniform particle size and limited fine particles (e.g., [6]). In our previous study [7],
almond shells were used to produce biochar using a fixed-bed pyrolyzer at different
temperatures and times. Biochar yield was significantly affected by temperature and
time. The highest biochar yields were obtained at a pyrolysis temperature of 300 °C and
pyrolysis times of 30 and 60 min. Higher temperatures also resulted in biochar with higher
particle density and pH. However, the pyrolysis kinetics were not studied. Moreover,
the yield of biochar from TGA was not compared with that from a fixed-bed pyrolyzer.
Gezahegn et al. [8] mentioned that the increase in pyrolysis temperature resulted in a
reduction in acidic organic compounds and the concentration of alkaline earth metals
(particularly Ca and Mg) as the organic fraction is volatilized. Agikalin et al. [9] studied
the pyrolysis of pistachio shells in a fixed-bed reactor under different temperatures and
times. Results showed that biochar yield was not affected by reaction time but was mainly
controlled by temperature. Debevc et al. [4] determined the yield and properties of almond
shell biochar at three different temperatures: 300, 500, and 700 °C. Results showed that the
pyrolysis at 700 °C increased carbon content from 47% in almond shells to 75% in biocarbon.
The biocarbon produced at higher temperatures has improved thermal stability than that
produced at lower temperatures. Also, the electrical conductivity of biocarbon produced at
700 °C was 53 times higher than that produced at 500 °C.

Determination of pyrolysis kinetics is important for understanding the behavior of a
feedstock during thermal decomposition to optimize pyrolysis conditions, predict the yields
of pyrolysis products, and design and scale-up pyrolysis reactors [10]. Shrivastava et al. [11]
reported that biomass pyrolysis kinetics can be evaluated using both model-fitting and
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model-free (i.e., iso-conversional) methods. Model-fitting approaches involve assuming a
reaction model that best describes the experimental data and estimating the corresponding
kinetic parameters. They may be applied to single or multiple thermogravimetric analysis
(TGA) curves depending on the modeling framework. In contrast, model-free methods
determine the apparent activation energy as a function of conversion by analyzing data
obtained at multiple heating rates [12]. Although model-fitting methods are widely used
due to their simplicity, they may introduce bias in kinetic parameters when an inappropriate
reaction model is assumed, particularly under non-isothermal conditions [13]. Despite this
limitation, model-fitting approaches provide explicit kinetic rate expressions that can be
used for process modeling and reactor simulations [14].

TGA can be used to measure the changes in the mass of a sample during heating or at
a constant temperature and under controlled atmospheres such as nitrogen. TGA has been
widely used to study the thermal decomposition kinetics of various biomass materials,
including agricultural residues and woody biomass [10,14-17]. Khan et al. [18] investi-
gated almond shell pyrolysis for bioenergy applications using thermogravimetric analysis
conducted from ambient temperature up to 900 °C under an inert atmosphere at different
heating rates. Kinetic parameters were determined using iso-conversional model-free meth-
ods, including the Friedman, Ozawa-Flynn-Wall (OFW), and Kissinger-Akahira-Sunose
(KAS) approaches. Artificial neural networks (ANN) and boosted regression trees (BRT)
were employed to predict activation energy. The results showed that comparable activation
energy values were obtained across different conversion levels using the applied models.

To the best of our knowledge, no previous study has compared biochar yields from
almond and pistachio shells obtained by TGA and a fixed-bed pyrolyzer under comparable
conditions. In addition, although some studies have investigated the pyrolysis of almond
and pistachio shells, there remains a lack of research on the pyrolysis kinetics of these
materials. These research gaps limit the reliability of TGA-based yield predictions and
necessitate validation under practical pyrolysis conditions. Understanding the kinetics of
pyrolysis can aid in optimizing pyrolysis conditions and scaling up pyrolyzers. Therefore,
the goal of this research was to valorize almond and pistachio shells to produce biochar that
can be used as a soil amendment and for other environmental applications. The research
objectives were to (1) compare the yield of biochar from a fixed-bed pyrolyzer with that
determined from a thermogravimetric analyzer; (2) study the effects of pyrolysis conditions
on almond and pistachio shell biochar yields and properties using a fixed-bed pyrolyzer;
and (3) determine the kinetics of thermal decomposition of the almond and pistachio shells.
Comparing the yields of biochar from TGA and a fixed-bed pyrolyzer is important for
designing pyrolyzers suitable for farm applications.

2. Materials and Methods
2.1. Collection of Almond and Pistachio Shells

Almond and pistachio shells were collected from commercial processors in Merced
County, California. Almond and pistachio shells were each collected as a single batch during
the 2021 and 2023 harvest seasons. The materials were stored under ambient conditions, in
closed plastic drums, until used in the experiments in 2024. The specific varieties were not
known; however, the samples were most likely composed of mixed varieties.

2.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a Mettler Toledo TGA/DSC3+
(Columbus, OH, USA) and 150-uL crucibles without lids. The average masses of the shells
used in the tests were 17.5 and 23.4 mg for almond and pistachio shells, respectively. The
shells were ground using an IKA MF10 Microfine Grinder (IKA-Werke GmbH & Co. KG,
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Staufen, Baden-Wiirttemberg, Germany) equipped with a 1.5 mm screen prior to TGA.
For mass-loss analysis, the heating program ramped from room temperature to 500 °C at
10 °C min~! with a constant nitrogen flow rate of 50 mL min~!. The furnace and samples
were purged with N for 10 min prior to heating. The thermogravimetric curves were
plotted as the remaining mass percentage as a function of temperature. The heating rates
in each TGA test were 5 K min~! (0.08 K s71), 10 K min~! (0.17 K s~ 1), and 20 K min—!
(0.34 K s~ 1) for almond and pistachio shells. A constant nitrogen flow rate of 50 mL min~!
was applied in all tests. Measurements were performed in triplicate, and analysis used
buoyancy correction. The TGA is calibrated approximately once per year by a Mettler

Toledo technician.

2.3. Kinetics of Pyrolysis

The decomposition of biomass material can be described by the following kinetic
equation [10,19]:

= km)f(x) m

where X is the degree of the sample decomposition over the pyrolysis time (t, s). The degree

of the sample decomposition (i.e., degree of conversion) can be determined as follows [20]:

 Xo— X;

x =20 4
Xo — X¢

2)
where X is the initial mass, X; is the instantaneous mass at time ¢, and Xf is the residual
mass at the end of each test at 500 °C.
k(T) is a temperature-dependent rate constant that can be calculated based on the
Arrhenius law [21]:
K(T) = Ae i 3)

where A is the frequency factor (s, E; is the apparent activation energy (J mol~1), Ris
the universal gas constant (8.3145 ] mol ! K1), and T is temperature (K).

The conversion function (f(X)) can be expressed as a simple reaction model for calcu-
lating the remaining mass fraction in a single-step process [22]:

fX)=Q1-X)" 4)
where 7 is the reaction order. Substituting the values of k(T) and f(X) in Equation (1):

‘%{ = Ae T (1 - X)" (5)

For a non-isothermal pyrolysis process, the temperature of the sample changes over
the pyrolysis time. The degree of sample decomposition changes with temperature and can
be expressed as follows [19]:

dX dX dt
AT ~ dr dT ©)
dT /dt is the heating rate (). Therefore, Equation (5) becomes:
iX A =t
_ = — — n
=g 17X %

It should be mentioned that different values of n (0.0-6.0) were reported in the liter-
ature (e.g., [10,23]) for different biomass and other materials. However, as mentioned by
Wang et al. [10], a pseudo-order (n # 1) has no physical meaning, even if it improves the
fitting of the model parameters. Therefore, in this study, a first-order kinetic reaction was
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assumed, and the values of A and E; were estimated and reported. Fischer et al. [14] eval-
uated different kinetic approaches for several biomass types and found that order-based
reaction models were among the most appropriate, with the first-order model giving the
lowest RMSD for several biomass samples.

Two replicates of the TGA tests were used for parameter estimation, and a third inde-
pendent run was used for validation. The values of activation energy (E;) and frequency
factor (Log A) could be estimated by using different methods, such as a model-free method
and a model-fitting method [10]. In this study, the kinetic parameters (A and E;) were
estimated using the fminsearch function in GNU Octave version 10.1.0 [24]. A function
was developed to minimize the differences between the experimental and predicted values
of the degree of conversion at different temperatures by adjusting the kinetics parameters.
The predicted values were estimated by solving the differential equation using the ODE45
function with initial guesses of the kinetic parameters (A and E;). The parameters were
estimated using the data collected in the temperature range of 150 to 500 °C. The changes
of less than 5% mass at temperatures lower than 150 °C were not included in the analysis
since these were attributed to vaporization of moisture [10,25].

2.4. Biochar Production in a Fixed-Bed Pyrolyzer

Biochar was produced from almond and pistachio shells in a fixed-bed kiln at con-
trolled temperatures. A factorial experimental design with three pyrolysis temperatures
(400, 450, and 500 °C) and three residence times (30, 60, and 90 min) was applied. Each
treatment combination was conducted in duplicate. Pyrolysis temperatures and residence
times were selected based on previous studies and to represent practical fixed-bed process-
ing conditions for evaluating effects on biochar yield, carbonization, and physicochemi-
cal properties. Temperatures below 400 °C may result in incomplete carbonization and
greater volatile retention, whereas temperatures above 500 °C generally promote further
devolatilization, lower biochar yield, and higher energy requirements. The selected temper-
atures have been reported to produce suitable biochars from agricultural residues [26,27],
while the studied residence times represent short and extended pyrolysis durations.

Crucibles made of graphite (crucible number 6, McMaster-Carr, Santa Fe Springs, CA,
USA) covered with porcelain covers were used as pyrolysis reactors. Two crucibles were
used for each type of shell. A manifold for nitrogen distribution into the containers was
designed and fabricated (Figure 1). The manifold supplied nitrogen simultaneously to
the four crucibles from the bottom, with the same nominal flow path provided to each
crucible (Figure 1). However, the actual flow rate through each individual crucible was not
independently measured or verified. Two hundred grams (wet basis (w.b.)) of shells were
used without grinding in each crucible. No additional packing was applied to the shells;
therefore, the packing density was expected to be similar to the bulk density reported in
Table 1. Particle-size distribution was not measured in this study. After loading the shells
into crucibles, each crucible was covered with a tile to prevent the contact of the shells from
contacting the gas inside the kiln cavity. The tiles were not completely sealed, allowing
pyrolysis vapors to escape. Thus, the covers reduced direct atmospheric exposure but did
not substantially restrict vapor release.

Before starting the heating program in the kiln, the kiln cavity was purged with nitro-
gen at a rate of 47.2 L min~! for 10 min to ensure inert conditions. Then the nitrogen flow
rate was reduced to 9.44 L min~! and maintained until the end of pyrolysis. During pyrol-
ysis, the chamber and material temperatures were measured using K-type thermocouples.
Temperatures were continuously recorded using a Hobo data logger. Examples of recorded
temperatures of biomass are shown in Figure 2.
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Figure 1. Shells in crucibles housed in the kiln.

Table 1. Chemical composition of almond and pistachio shells.

Parameters Almond Shells Pistachio Shells
Organic N, % N 0.82 + 0.01 ** 0.18 £ 0.01
Ammonium, % N 0.02 £ 0.00 ND **#*

Total N, % N 0.84 +0.00 0.18 = 0.00
Phosphorus, % P»0Os 0.19 + 0.04 0.07 4+ 0.02
Potassium, % K,O 2.96 £+ 0.35 0.13 +0.01
Sulfur, % S 0.05 + 0.00 0.02 +0.00
Calcium, % Ca 0.37 £ 0.06 0.04 £+ 0.00
Magnesium, % Mg 0.10 = 0.01 0.02 &+ 0.00
Sodium, % Na 0.04 +0.00 0.04 +0.01
Zinc, ppm Zn 22.40 +9.90 240 £ 0.57
Iron, ppm Fe 693.50 4+ 496.95 790 + 1.27
Manganese, ppm Mn 20.25 + 3.32 0.75 +£0.21
Copper, ppm Cu 725+ 1.77 0.95+0.35
Boron, ppm B 62.85 £ 6.72 1.55 +0.35
Soluble salts, mS/cm 24.50 + 0.98 1.44 +0.11
pH 495 + 0.07 5.10 £+ 0.00
Moisture, % * 74 +0.20 5.90 + 0.20
Dry matter, % * 92.60 £+ 0.20 94.10 £ 0.20
Volatile solids, % * 86.70 £ 2.10 93.20 £ 0.30
Ash, % * 5.80 £ 2.10 0.90 4+ 0.20
Total carbon, % C 4499 + 1.00 48.75 + 0.23
Total C/N ratio 53.55 £ 1.20 270.80 + 1.27
Bulk density, kg/ m3 * 269.76 £+ 3.69 377.81 £ 11.93

* Tests conducted in the UC Davis Bioenvironmental Engineering Lab, and other tests were conducted
by Ward Laboratories Inc. ** Standard deviation was calculated from two independent samples taken
from a large batch of each shell. *** Not detected.

After pyrolysis, the kiln lid was kept closed until its temperature reached approxi-
mately 280 °C, and the average temperature of the biochar reached approximately 300 °C.
Then, the lid was opened while keeping nitrogen flows at 9.44 L min~!, to speed up the
cooling process of the crucibles to a temperature of approximately 130-150 °C. The crucibles,
with the tile still covered, were removed from the kiln and set aside until their temperature
reached ambient temperature. After cooling, the resulting biochar was weighed. Biochar
yields from almond and pistachio shells were calculated as percentages of the dry weight
of shells placed in each crucible.

https://doi.org/10.3390/bioresourbioprod2030017
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Figure 2. Example temperature profiles during pyrolysis: 400 °C for 90 min (left) and 500 °C for
90 min (right).

2.5. Analysis of Shells and Biochar

Elemental composition, pH, soluble salts and electrical conductivity (EC) of the pro-
duced biochar and biochar extracts were measured by Ward Laboratories Inc. (https:
/ /www.wardlab.com/). Mineral content was analyzed using USEPA Method 3050 [28].
Total nitrogen was analyzed using AOAC Method 990.03 [29]. Ammonium nitrogen was
analyzed using AOAC Method 973.49 [30]. pH was measured using the method described
by McLean [31]. Soluble salts and electrical conductivity (EC) were measured using the
method described by Rhoades [32]. The total and volatile solids of shells and biochar were
determined according to APHA [33]. Bulk density of the shells and their biochar was
determined in duplicate at least and based on the ASABE 5269.5 method [34]. A Thermo
Fisher Scientific Nicolet iS10 Fourier Transform Infrared Spectroscopy (FTIR) (Waltham,
MA, USA), along with a Smart iTR attenuated total reflectance attachment in absorbance
mode, was used to perform the FTIR experiments. FTIR measurements were performed in
triplicate for each biochar sample, and the average spectrum from the three measurements

is presented. Each sample was scanned 64 times at a resolution of 4 cm ™.

2.6. Statistical Analysis

The effects of pyrolysis temperature, residence time, and type of shells and their
interactions on biochar yield were statistically analyzed using a full factorial linear model:

where Yjj is the biochar yield under Shell type i, Temperature level j, and Residence
time k; y is the overall mean biochar yield; S; is the effect of Shell type; T; is the effect of
Temperature; Ry is the effect of Residence time; STij, SRk, and TRy represent the two-way
interaction effects; STR;j represents the three-way interaction effect; and ¢ is the random
error term.

Analysis of variance (ANOVA) was used to assess the significance of the main effects
and interaction terms. The statistical differences were considered significant at p < 0.05.
Post hoc comparisons were carried out using estimated marginal means (EMMs), with
Tukey’s adjustment applied to account for multiple comparisons. All pairwise comparisons
among the combinations of shell type x pyrolysis temperature X residence time were
evaluated. All statistical analyses were conducted using R software (version 4.4.3).

https:/ /doi.org/10.3390/bioresourbioprod2030017
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3. Results and Discussion
3.1. Characteristics of Almond and Pistachio Shells

Chemical compositions of almond and pistachio shells are shown in Table 1. Almond
shells had higher moisture content and total and organic nitrogen than pistachio shells. Al-
mond shells also contained higher concentrations of Fe, Mn, Zn, S, Ca, Cu, K;O, P;0s, and
soluble salts than pistachio shells. The shells of both crops contained comparable concen-
trations of Na. The pH of pistachio shells was higher than that of almond shells. Almond
shells had higher concentrations of soluble salts and ash than pistachio shells. This might
be due to the contamination of the shells with soil particles during conventional on-ground
harvesting. Pistachio shells had a higher C/N ratio than almond shells. The determined
C/N ratio (270.80) was much higher than that (139.44) determined by Agikalin et al. [9].
Differences in C/N ratios may result from variations in analytical methods and sample
preparation. Shell source and cultivar can also influence their chemical composition and
C/N ratio. Residual kernel material, hulls, or other contaminants may further contribute to
differences from published values.

3.2. Thermogravimetric Analysis

Thermogravimetric analysis results of raw almond and pistachio shells are shown
in Figure 3. Almond shells had relatively higher mass losses than pistachio shells in the
temperature range of 100-365 °C. At temperatures higher than 365 °C, pistachio shells
had greater mass losses than almond shells. The DTG profiles clearly showed the tem-
perature ranges where the major thermal decomposition events occurred for the two
biomass types. Following the initial loss of moisture and light volatile compounds below
120 °C, the decomposition of the structural components began. Almond shells showed a
broad decomposition region between approximately 250 and 350 °C, which was associated
with hemicellulose degradation and overlapped with the main cellulose decomposition.
In contrast, pistachio shells showed a more distinct two-stage decomposition between
250 and 400 °C, with a first decomposition stage around 300 °C followed by the main
cellulose decomposition at approximately 362 °C. For both samples, the gradual mass loss
above 400 °C was associated with the decomposition of the more thermally stable lignin
fraction and formation of char. Ma et al. [35] mentioned that thermal decomposition of
hemicellulose occurred in the temperature range of 100-365 °C, while cellulose and lignin
degradation occurred between 270 and 500 °C. Li et al. [36] mentioned that the main de-
composition of almond shells occurred in the temperature range of 200-450 °C, with a char
content (fixed carbon) of 20% and a final oxidized ash content of 4.4%, which is comparable
to the ash content (5.80%) of the almond shells in this study (Table 1). Debevc et al. [4]
found that almond shells lost 15% of their mass at temperatures in the range of 200-300 °C.
They also found that a large decrease in weight occurred at 340 °C, which was attributed to
thermal degradation of cellulose and lignin.

Thermal degradation of biomass materials depends on the contents of moisture, hemi-
celluloses, cellulose, and lignin [37-39]. Firstly, dehydration occurs at temperatures less than
120 °C. Decomposition of hemicelluloses occurs at a temperature range of 125 to 250 °C.
Then, cellulose degradation occurs at temperatures ranging from 250 to 360 °C. Lastly, lignin
degradation occurs at temperatures greater than 450 °C. According to Lépez-Velazquez [39],
the pyrolytic cracking process occurs in the temperature range of 125 to 450 °C.

From Figure 3, the remaining mass of almond shells at 400, 450, and 500 °C was 36.0%,
32.5%, and 28.1%, respectively. For pistachio shells, the corresponding remaining masses
were 31.2%, 27.6%, and 23.6%, respectively. In comparison, the average yields of biochar
from the fixed-bed pyrolyzer at 400, 450, and 500 °C for 60 min were 40.20%, 36.42%, and
35.38%, respectively, for almond shells and 32.58%, 28.76%, and 26.79%, respectively, for
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pistachio shells. Relatively greater biochar yields were determined from the fixed-bed
pyrolyzer than the TGA. This might be due to better heat transfer in the TGA than in the
fixed-bed pyrolyzer.

—Almond shells ---Pistachio shells
---Almond-DTG —Pistachio-DTG
120.0 1.00
. 0.90
= 100.0 0.80 _
2 80.0 009 o5
= 0.60 5
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0 100 200 300 400 500

Temperature (°C)

Figure 3. Thermogravimetric analysis results for almond and pistachio shells.

3.3. Pyrolysis Kinetics

The measured and predicted conversions of almond and pistachio shells at different
heating rates from 150 to 500 °C are shown in Figures 4 and 5. The average estimated
frequency factor (A) and the apparent activation energy (Ea) were determined from the
kinetic model (Equation (7)). The frequency factor and activation energy depend on ma-
terial structure and reactivity, respectively [15]. The activation energy values estimated
in the current study are lower than those reported by Rasool et al. [40], who used heating
rates of 4.704.80 K s~! and obtained values of 153.00 k] mol~! (Kissinger—Akahira-Sunose),
152.02 k] mol~! (Ozawa-Flynn-Wall), and 152.73 k] mol~! (Starink). Using iso-conversional
model-free methods, Khan et al. [18] estimated higher activation energies for the pyrolysis of
almond shells based on thermogravimetric analysis at temperatures up to 900 °C, at heating
rates of 0.17, 0.25, and 0.33 Ks~ L. The corresponding average values were 198.45, 204.43, and
204.97 k] mol ! for the Friedman, Ozawa-Flynn-Wall, and Kissinger—Akahira-Sunose meth-
ods, respectively. The differences between the studies might be attributed to the experimental
conditions and models employed and differences in feedstock characteristics. Therefore,
differences in the estimated activation energies should be interpreted considering both the
kinetic approach and the experimental conditions used in each study. It should also be men-
tioned that lignocellulosic biomass undergoes multiple overlapping reactions involving its
different components, making a single-step kinetic model a simplified representation of the
overall pyrolysis process that may not capture changes in apparent activation energy with
conversion [41,42].

The values of A and E, were greater for pistachio shells than for almond shells.
The greater values of E, for pistachio shells might be attributed to their harder nature
compared to almond shells. For hardwood, softwood pellets, and refuse-derived fuel,
Almusafir and Smith [19] mentioned that activation energy values increased with the
progress of conversion due to the presence of more stable molecules that are more difficult
to break. The estimated E, values for almond shells were similar at different heating rates.
However, in comparison, pistachio shells had higher E, values at higher heating rates.
Main et al. [15] mentioned that the increase in activation energy with an increase in heating
rates is attributed to the effect of heat and mass diffusion rather than chemical reactions.
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Figure 4. Average measured and predicted conversion of almond shells at heating rates of 0.34 Ks !
(A), 0.17 Ks~1 (B), and 0.08 Ks~1 (C).

In addition to the duplicate experiments conducted to estimate model parameters,
one more TGA test was conducted at each heating rate for both materials. The TGA
from the latter test was used to validate the estimated parameters. Results are shown
in Figures 4 and 5. From the figures, there is very good agreement (R? > 0.994) between
measured and predicted values of conversion for both almond and pistachio shells.
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Figure 5. Average measured and predicted conversion of pistachio shells at heating rates of 0.34
Ks~1 (A), 0.17 Ks~1 (B), and 0.08 Ks~! (C).

3.4. Biochar Yield from the Fixed-Bed Pyrolyzer

For both types of shells, higher biochar yields were obtained at lower pyrolysis
temperatures and shorter pyrolysis times (Figure 6A,B). Similar results were obtained for
biochar produced from almond shells at comparable pyrolysis temperatures and times [4,7].
Higher yields of biochar were obtained from almond shells than from pistachio shells.
This might be due to the higher ash content in the almond shells. This may result from
differences in composition and thermal degradation behavior. Their higher ash and soluble
salt contents, lower VS/TS ratio, and lower bulk density may contribute to greater resistance
to mass loss and retention of more solid residue during pyrolysis. These characteristics may
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collectively influence heat and mass transfer and contribute to the higher biochar yield.
Sanchez et al. [43] produced biochar from ground pistachio shells and found that after
two hours of pyrolysis, biochar yields were 42%, 35%, and 33% at pyrolysis temperatures
of 450, 550, and 650 °C, respectively. Using a horizontally placed tubular quartz reactor,
Acikalin et al. [9] determined biochar yields of 30.8% and 22.4% from almond shells at
temperatures of 350 and 650 °C, respectively, at a pyrolysis time of 30 min.

A B
45 45

+-30min 60 min 490 min --30 min <©-60 min 490 min

N
o

30

Biochar yield (% dry basis)
Biochar yield (% dry basis)
w
(&)}

400 450 500
Temperature (°C)

N
[&)]

400 450 500
Temperature (°C)

Figure 6. Biochar yields from almond (A) and pistachio (B) shells. Y error bars are standard deviations
between duplicate experiments at each condition.

Statistical analysis revealed that pyrolysis temperature, residence time, shell type, and
interactions had significant effects on biochar yield (Table Al). The significant three-way
interaction indicates that the effects of pyrolysis temperature and residence time on biochar
yield depended on shell type, with yield responses varying across the specific temperature-
residence time combinations for almond and pistachio shells. Post hoc comparisons using
EMMs further indicated significant differences among pyrolysis conditions and each shell
type, with the specific non-significant comparisons presented in Table A2. These findings
suggest that both individual factors and their combined effects play an important role in
determining biochar yield.

3.5. Elemental Composition of Biochar

The compositions of biochar produced from almond and pistachio shells are shown
in Table 2. It should be noted that, because temperature and residence time were not
independently varied across all treatments, the observed differences in biochar composition
should be interpreted based on the specific temperature-residence time combinations
evaluated rather than as independent effects of either factor. Almond shells’ biochar
generally contained higher contents of N, Ca, K, Mn, Mg, Cu, and Zn than the pistachio
shells’ biochar. Also, almond shell biochar had a higher pH than that of pistachio shell
biochar. The reported standard deviation (SD) values were calculated from two replicate
samples, with one sample collected from each of two duplicate crucibles. Thus, the SD
values represent variability between the duplicate biochar samples produced in the two
crucibles. Samples without reported SD were analyzed using only one sample from
the duplicate crucibles due to cost constraints. The large standard deviations observed
for Zn and Fe might indicate a large variability among the samples, which may reflect
sample heterogeneity and differences in mineral distribution within the biochar. Although
contamination cannot be ruled out, no evidence of external contamination was identified
during sample preparation and analysis. The bulk density of almond shell biochar was
comparable to that of pistachio shell biochar. While total carbon increased at higher
temperatures, total nitrogen decreased, particularly for pistachio shells. Increasing pyrolysis
temperature may promote carbon enrichment through the loss of volatile hydrogen- and
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oxygen-containing compounds, while nitrogen decreases due to the thermal degradation
and volatilization of nitrogen-containing compounds [44]. The C/N ratio of almond biochar
ranged from 75.90 to 84.75, and pistachio biochar ranged from 72.3 to 215.40. The C/N ratio
of the almond biochar was much higher than the values reported in our previous study [7].
This might be due to the C/N ratio in the previous study being based on the organic
matter content of biochar rather than the results from using the combustion method in this
study. The combustion method directly measures total carbon and nitrogen concentrations,
whereas estimating carbon from organic matter content may result in different C/N ratios.
Therefore, the difference in C/N ratios between the two studies may be attributed to the
different analytical methods used to determine carbon and nitrogen.

Table 2. Chemical characteristics of almond and pistachio biochar.

Shells Type Almond Pistachio Almond Pistachio Almond Pistachio Almond Pistachio
Pyrolysis 400 400 400%  400* 450 450 500 500
temperature (°C)
Pyrolysis time (min) 30 30 90 90 60 60 90 90
Organic N, % N 0.854+0.00*  090+£021 091 0.59 0924002 0394000  088+£001 045001
Ammonium, % N 0.00 £ 0.00 0.00£000 001 0.00 0.00£000  0.00+£000 000000 000 % 0.00
Total N, % N 0.86 + 0.01 090 +£021 092 0.59 0924003  040+001  088+£001 045001
I;hgsf’h"ms' o as 0.18 £ 0.11 038+018  0.11 0.15 024+015  0154£009  035+002 0334001
2Y5
K, % as K,O 425 + 0.59 093+010 401 0.87 4824082  086+017  614+001 1214016
Sulfur, % S 0.03 + 0.01 0.03+£001  0.02 0.01 0.03+£001  002+£001  003+000 002+ 0.00
Calcium, % Ca 047 + 0.05 020+003 053 0.14 060+004 0164004 0604007 017+ 001
Magnesium, % Mg~ 0.14 + 0.01 008001 015 0.06 0.18+£001  006+002  016+003  0.06 % 0.01
Sodium, % Na 0.03 + 0.03 0024002 001 0.01 0034002 0024002 0044000  0.04+0.00
Zinc, ppm Zn 11189 £ 13617 4749 £5443 4556  41.71 3018 £23.02 131841142 11454445 4154148
1217.66 £ 1065.85 &
Iron, ppm Fe 52025+£24190 39.83 4052 62120  28.70 289.99 3018 +2111 0 51.35 + 2.76
Manganese, ppm Mn 2517 + 2.59 829£536 2659  4.83 3500 £ 481 3.65+064  3620+8.63 545+1.34
Copper, ppm Cu 10.77 £ 2.17 554+076 1153 427 1450 £2.83  307+047  1340+354  4.00+0.14
Boron, ppm B 98.87 + 3.30 10414+129 9277  10.61 109.87 £4.00 9.16+091 11770 £028 12.70 & 1.98
Soluble salts, mS/cm  28.63 + 1.05 1454066 4397  ND. 5164+ 1496 3364144  5274+£369 439+ 074
pH 9.50 £ 0.14 745+078 1010  N.D. 9.75+049  885+007  930+000 895+ 0.07
Moisture, % 5.13 £ 0.27 345+023 565 3.36 542+£038  389+004  500+021 3134008
Dry matter, % 94.87 + 0.27 9655+ 023 9435  96.64 9458 +0.38  96.11+004 95014021  96.87 + 0.08
Total carbon, % C 70.15 + 0.91 76.85+0.14 7302 8108 7391 £ 149 8507 +059 7412+482  84.45+8.17
Total C/N ratio 81.60 + 0.28 87.80 £ 2051 7590 7230 8040 £4.10 21540 £240 8475+ 6.15 ;281'(1)5 +
VS/TS, % 9145081 96984091 ) ;9 372'?5 £ 84794104 97914037 88464202  98.00+ 0.03
Bulk density, kg/m®  151.06 £822  N.D.** 537 'gf ;6203'43 158264098 154324+ 111 153724307 14466 + 0.28

* One sample was analyzed. ** Standard deviation between duplicate biochar samples produced in
two crucibles under the same pyrolysis temperature and time. *** N.D., not determined.

In addition, pistachio shells” biochar contained higher VS/TS values than almond
shells. For almond shells, increasing pyrolysis time from 30 to 90 min at 400 °C led to
decreased VS/TS values. For other temperatures and pyrolysis times, VS/TS values re-
mained relatively similar. For pistachio shells, VS/TS values were comparable for different
temperatures and times. Moreover, almond biochar generally showed higher pH than
pistachio biochar under matched temperature-residence time conditions. The biochar
samples had higher pH values than the raw shells (Table 1), probably due to the reduction
in acidic organic compounds [8]. Sodium concentration was comparable in both types
of biochar. Under matched temperature and residence time conditions, almond biochar
had higher soluble salts than the corresponding pistachio biochars. The high soluble-salt
content of almond biochar may increase soil electrical conductivity and potentially cause
phytotoxicity at high application rates, particularly for salt-sensitive crops when biochar is
used as a soil amendment for carbon sequestration. Therefore, application rates should be
carefully considered based on the biochar’s salt content and crop tolerance.
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3.6. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra of almond and pistachio shell biochar are shown in Figures 7 and 8.
The peaks in the range of 790-870 cm ! can be associated with out-of-plane C-H bending on
aromatic structures, with possible contributions from C-H bending variations in aliphatic
groups such as CH; [45]. The temperature of pyrolysis affects the absorption intensity and
position of several bands, reflecting changes in the chemical structure of the biochars. The
peak at 974 cm~! can be related to the C-H bending mode in alkyl compounds. The peaks
at 1000-1026 cm~! correspond to C-O and C-O-C stretching vibrations associated with
oxygen-containing structures derived from lignocellulosic components. This peak increased
in intensity at higher pyrolysis temperatures, especially for the almond samples, which
may indicate relative enrichment of aromatic structures and progressive carbonization.
The peak at 1100-1235 cm ! is associated with C-O stretching vibrations in alcohols,
phenols, ethers, and other oxygen-containing functional groups. The peaks in the range
from 1030 to 1160 cm ™! represent oxygenated groups of cellulose [46,47]. Chen et al. [46]
mentioned that the thermal destruction of cellulose, ester C=0O, aliphatic alkyl, aromatic
C=0, and -OH groups results in exposing the aromatic cores derived from lignin, and
these remain at high temperatures of pyrolysis. This transformation is consistent with the
progressive degradation of thermally labile oxygenated and aliphatic structures and the
relative enrichment of more condensed aromatic structures at higher pyrolysis temperatures.
The peaks in the range of 1250 cm ! can be related to organic phosphates (P=O stretch).
The peaks in the 1367-1392 cm~! range correspond to the bending vibration of C-H in
methyl groups (-CH3). The peaks in the 1567-1620 cm ! range can be attributed to aromatic
C=C stretching and skeletal vibrations of aromatic structures. The presence or relative
increase in these aromatic bands at higher pyrolysis temperatures indicates increased
carbonization and formation of more stable aromatic structures. The peaks in the range
of 2020-2365 cm ! may correspond to weak C=C or C=N stretching vibrations [48]. The
peaks in the range of 2800-3000 cm~! correspond to C-H stretches in alkanes. Apaydin-
Varol et al. [49] mentioned that biochar produced from pistachio shells at 300 and 400 °C
had very weak bands at about 2850 cm !, indicating C-H stretching vibrations in the
CH, group. The peak at 3170-3382 cm ! corresponds to free O-H stretches in phenols or
alcohols. This peak decreased in size with an increase in temperature and pyrolysis times.
This was most likely due to continued degradation of cellulose and lignin in the samples
that produced more hydrophobic materials. The decrease in O-H intensity indicates the
loss of hydroxyl-containing and other oxygenated functional groups during pyrolysis,
which is associated with increasing carbonization and greater chemical stability of the
resulting biochar. The peak in the range 3610-3630 cm ™! also corresponds to free O-H
stretches in phenols, carboxylic acids, or alcohols [45,48].

Overall, the reduction in oxygen-containing groups and enrichment of aromatic struc-
tures with increasing pyrolysis temperature may indicate greater biochar stability, while
the remaining functional groups may provide reactive sites for nutrient interactions and
contaminant adsorption [50]. Thus, pyrolysis temperature influences biochar stability
and surface reactivity, and therefore its potential applications in soil amendment, carbon
sequestration, and contaminant removal.
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Figure 7. FTIR spectra of almond shell biochars.
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Figure 8. FTIR spectra of pistachio shell biochars.

4. Conclusions

Higher yields of biochar were obtained from almond shells than from pistachio shells.
Biochar yield from both materials decreased with an increase in pyrolysis temperatures
from 400 to 450 °C and time from 30 to 60 min. However, the yield was relatively similar at
400 and 500 °C, and at pyrolysis times of either 60 or 90 min. Biochar yield was significantly
influenced by pyrolysis temperature and residence time, shell type, and their interactions.
The significant three-way interaction indicated that these factors should not be interpreted
as independent trends. Biochar produced from almond shells had some different functional
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groups than that of the biochar from pistachio shells. A first-order kinetic model was found
to adequately describe the kinetic degradation of both almond and pistachio shells. The
estimated frequency factor and the apparent activation energy were greater for pistachio
shells than almond shells. Validation of the model showed a very good agreement between
predicted and measured conversion of both shells at 500 °C.

Overall, the results provide useful information for understanding the differences in
pyrolysis behavior of almond and pistachio shells and for selecting appropriate pyrolysis
conditions for biochar production from these agricultural residues. A limitation of this
study was that only one sample of each shell type was evaluated, which limited quantitative
assessment of the relationships between feedstock characteristics and pyrolysis behavior.
Future studies should evaluate multiple samples collected from different processors to
account for variability in shell characteristics and further investigate the relationships
between shell composition and the chemical and physicochemical properties of the pro-
duced biochars. In addition, optimization of pyrolysis parameters is needed to improve
biochar yield and ensure consistent biochar properties across different shell types and
sources. Such studies would provide a better basis for selecting appropriate biochars for
different applications.
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Appendix A

Figure A1. A manifold for nitrogen distribution for biochar production containers.
Appendix B

Table A1. Results of ANOVA test for biochar yields.

Source of Variance df Sum Squares  Mean Squares  F Value Pr F)

Temperature 2 176.62 88.31 2193.38 0.00

Residence time 2 43.29 21.65 537.61 0.00

Shells type 1 497.74 497.74 12,362.70 0.00

Temperature: residence time 4 9.65 241 59.89 0.00

Temperature: shells type 2 5.66 2.83 70.23 0.00

Residence time: shells type 2 3.39 1.69 42.06 2.00 x 1077
Temperature: residence time: shells type 4 2.44 0.61 15.15 1.38 x 107°
Residuals 18 0.73 0.04 NA NA
Table A2. Pairwise comparisons with non-significant differences (p > 0.05).
Contrast Estimate SE df t.Ratio p-Value
Pistachio (400 °C, 30 min) — Almond (500 °C, 30 min) 0.59 0.20 18 2.94 0.32
Pistachio (400 °C, 30 min) — Almond (450 °C, 60 min) 0.27 0.20 18 1.32 0.99
Pistachio (400 °C, 30 min) — Almond (450 °C, 90 min) 0.35 0.20 18 1.72 0.94
Almond (450 °C, 30 min) — Almond (400 °C, 90 min) —0.03 0.20 18 —0.15 1.00
Pistachio (450 °C, 30 min) — Pistachio (400 °C, 90 min) —0.46 0.20 18 —2.27 0.69
Almond (500 °C, 30 min) — Almond (450 °C, 60 min) —0.33 0.20 18 -1.62 0.96
Almond (500 °C, 30 min) — Almond (500 °C, 60 min) 0.71 0.20 18 3.51 0.13
Almond (500 °C, 30 min) — Almond (450 °C, 90 min) —0.25 0.20 18 —-1.22 1.00
Pistachio (500 °C, 30 min) — Pistachio (450 °C, 60 min) —0.56 0.20 18 —2.79 0.39
Pistachio (500 °C, 30 min) — Pistachio (450 °C, 90 min) 0.27 0.20 18 1.35 0.99
Almond (450 °C, 60 min) — Almond (450 °C, 90 min) 0.08 0.20 18 0.40 1.00
Almond (500 °C, 60 min) — Almond (500 °C, 90 min) 0.41 0.20 18 2.04 0.82
Pistachio (500 °C, 60 min) — Pistachio (500 °C, 90 min) —0.06 0.20 18 —-0.27 1.00
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