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Abstract: Biofuels produced via thermochemical conversions of waste biomass could be sustainable
alternatives to fossil fuels but currently require costly downstream upgrading to be used in existing
infrastructure. In this work, we explore how a low-cost, abundant clay mineral, bentonite, could serve
as an in situ heterogeneous catalyst for two different thermochemical conversion processes: pyrolysis
and hydrothermal carbonization (HTC). Avocado pits were combined with 20 wt% bentonite clay and
were pyrolyzed at 600 ◦C and hydrothermally carbonized at 250 ◦C, commonly used conditions across
the literature. During pyrolysis, bentonite clay promoted Diels–Alder reactions that transformed
furans to aromatic compounds, which decreased the bio-oil oxygen content and produced a fuel
closer to being suitable for existing infrastructure. The HTC bio-oil without the clay catalyst contained
100% furans, mainly 5-methylfurfural, but in the presence of the clay, approximately 25% of the
bio-oil was transformed to 2-methyl-2-cyclopentenone, thereby adding two hydrogen atoms and
removing one oxygen. The use of clay in both processes decreased the relative oxygen content of
the bio-oils. Proximate analysis of the resulting chars showed an increase in fixed carbon (FC) and
a decrease in volatile matter (VM) with clay inclusion. By containing more FC, the HTC-derived
char may be more stable than pyrolysis-derived char for environmental applications. The addition
of bentonite clay to both processes did not produce significantly different bio-oil yields, such that
by adding a clay catalyst, a more valuable bio-oil was produced without reducing the amount of
bio-oil recovered.

Keywords: pyrolysis; hydrothermal carbonization; clay; catalyst; bio-oil upgrading

1. Introduction

The economic viability of a renewable-energy-based future depends on the ability
to produce multiple high-value products from carbonaceous precursors including fuels,
chemicals, and upgraded solid products. The health of the environment hinges on our
ability to upcycle vast quantities of carbonaceous wastes that would otherwise decom-
pose into greenhouse gases [1] into materials and fuels to establish a circular economy [2].
Thermochemical conversion techniques, such as pyrolysis and hydrothermal carboniza-
tion (HTC; also known as wet pyrolysis), can be used to produce bio-based fuels and
platform chemicals as well as solid residues with myriad applications. However, the
widespread implementation of such processes is hampered by the high oxygen content of
the liquid products.

Pyrolysis and HTC bio-oils are heterogeneous (often containing upwards of 100 com-
ponents) and require significant and often costly upgrading to improve issues surrounding

Catalysts 2022, 12, 655. https://doi.org/10.3390/catal12060655 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12060655
https://doi.org/10.3390/catal12060655
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-8409-028X
https://orcid.org/0000-0002-1422-5046
https://orcid.org/0000-0001-8725-0616
https://doi.org/10.3390/catal12060655
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12060655?type=check_update&version=2


Catalysts 2022, 12, 655 2 of 14

the stability, viscosity, and acidity of the fresh condensable biocrude [3–5]. The literature
contains a vast knowledge of potential pyrolysis pathways and the impact of processing
conditions (time, temperature, fixed vs. fluidized beds, feedstocks, etc.) on pyrolysis
products [6]. Considerable work has been conducted on the downstream upgrading of
such biofuels [7] and into the in situ upgrading (that is, the use of catalysts during pyrolysis
and HTC) using preformed nanocatalysts and zeolites [8–10]. Attention has turned recently
to the ability to in situ upgrade pyrolysis biofuels using a variety of clay minerals [11–15],
whose (likely) cation exchange capacity promotes overall deoxygenation reactions includ-
ing decarboxylation, decarbonylation, hydrogenolysis, and hydrodeoxygenation [16,17].
A small body of literature looks at the impact of including clay minerals during HTC
of biomasses, sometimes couched in an investigation into clay transformation mecha-
nisms [18]. A growing body of research demonstrates how in situ clay incorporation into
hydrothermal processing can shift the oxygen and carbon ratios of the products, producing
deoxygenated biocrudes as a result of the clays’ Lewis acid and base sites [19–21]. Bentonite
clay consists of metal oxides, mainly SiO2, Al2O3, Fe2O3, MgO, Na2O, and K2O, which pro-
vide Brønsted and Lewis acid centers within the clay [22]. Brønsted acid sites (i.e., proton
donor sites) have been found to promote hydrocarbon yield in bio-oil, while Lewis acid
sites (i.e., electron accepting sites) can catalyze decarboxylation by promoting the formation
of radical groups [23]. For both pyrolysis and HTC, in situ upgrading schemes utilizing
abundant and inexpensive clay minerals could reduce the cost of downstream upgrading
and catalyst recovery, improving the economic viability of bio-oil production.

The valorization of solid carbonaceous residuals remaining from pyrolysis and HTC
is a potential strategy to increase the economic viability of an integrated biorefinery [24].
Upgraded biochars and hydrochars are proposed for use in a variety of applications from
water treatment to soil amendments to electrode materials [25–30]. Ramola et al. demon-
strated that co-pyrolysis of bentonite and biomass composites impacts yield, surface texture,
and the degree of carbonization, significantly increasing the surface area and adsorption
capacity of the resulting heterogeneous biochars [31]. Likewise, montmorillonite (a primary
component of the bentonite clay used in this work) has been shown to improve the nutrient
retention of both biochars [32] and hydrochars [33] for potential use as soil amendments.
Considerable work has been conducted to understand the impact of thermochemical pro-
cessing parameters including temperature, residence time, and the biomass-to-water ratio
(for HTC only), especially in terms of solid yield, carbon content, and higher heating values.
However, there is scant research on the inclusion of clay minerals into the HTC process
in order to produce upgraded solid materials; the available literature focuses on “pure”
biomasses such as cellulose and starch [34,35].

In a previous study, we demonstrated how the incorporation of bentonite clay could
be used to simultaneously in situ upgrade pyrolysis biofuels and produce a heterogeneous
adsorbent using two biomasses: pineapple plant and mango pits [14]. Here, we extended
this study by focusing on the impact of the bentonite clay during two conversion processes
(i.e., pyrolysis and HTC) with a third biomass: avocado pits. The US avocado production
was approximately USD 426 million in 2020 (latest available data), with over 200,000 tons
produced among Florida and California [36]. Beyond domestic crop consumption, the US
imports over USD 2.4 billion worth of avocados from Mexico annually. Since 1975, the
Calavo Growers of California have run an avocado processing plant in Ventura County, CA,
US, turning out more than 20 million pounds of avocado-based items a year, responsible
for approximately 40% of worldwide commercial guacamole production [37]. Due to their
high production and geographical concentration, avocado pits represent a viable feedstock
for conversion.

By investigating the conversion of the same feedstock using the same clay catalyst
via both pyrolysis and HTC, we can compare the quality of materials produced from a
relatively high-energy process (pyrolysis) to materials produced at lower temperatures
in a high-pressure environment that utilizes water as a solvent and catalyst [38]. The
purpose of this was to determine which process would yield in situ upgraded biofuels with
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lower oxygen contents and solid residuals with increased surface areas. This side-by-side
comparison of pyrolysis and hydrothermal carbonization is one of few in the literature
using the same biomass, in situ catalyst (during conversion), analytical techniques, and
instrumentation for product analysis.

2. Results and Discussion

The two thermochemical conversion methods employed here—pyrolysis and hy-
drothermal carbonization (or wet pyrolysis)—are both touted as potential routes to produce
both solid and liquid biofuels, in the forms of char and oil, respectively, from waste biomass.
In this work, we compared the products (i.e., solid and liquid phases) generated through in
situ catalyzed and uncatalyzed thermochemical conversion. Compounds were detected in
the bio-oils and aqueous phase of the HTC using GC-MS and HPLC, respectively, to gauge
the potential of the sample as a liquid fuel.

2.1. Bio-Oils and Biogas from Pyrolysis and Hydrothermal Carbonization

Product yields for pyrolysis and HTC for avocado pit and avocado pit + clay mixtures
are provided in Figure 1. The liquid-phase yields did not differ significantly between in situ
catalyzed and noncatalyzed pyrolysis, with a slightly lower liquid yield for clay-catalyzed
HTC. The HTC liquid yield had a data range between 49.70 and 58.88, which is quite a
large range for this process. The average of these two points was 54.29 as reported in
Table S4. Avocado pits have previously been used as an HTC feedstock, and the average
liquid yield was reported to be 54.11% for a reaction temperature of 240 ◦C and 50.39%
for a reaction temperature of 250 ◦C [39]. The data reported in Figure 1 agree with these
reports; small variations in the HTC reactor heating rate may explain the wide data range
reported here. The condensable phase liquid bio-oil was 37–40 wt% for pyrolysis, and
the liquid fraction for HTC was 41–54% (comprising both the aqueous process water and
organic bio-crude). The resulting liquid phases were analyzed using GC-MS to determine
their composition. Solid yields slightly increased (though not to a statistically significant
degree) in both pyrolysis and HTC due to the incorporation of bentonite clay, an inorganic
material that predominantly remains as a solid.
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Figure 1. Yield of chars produced from pyrolysis and hydrothermal carbonization (average value is
reported with one standard deviation about the mean).

Table 1 shows the compound species detected by GC-MS analysis in bio-oils produced
during pyrolysis and hydrothermal carbonization for the biomass (i.e., avocado pits) and
biomass + clay mixture. A complete list of individual compounds is presented in Table S1
of the online Supplemental Materials. Data are presented as the average of two data points
and their range (where the two data points are the boundaries). From Tables 1 and S2,
we can see that there were fewer compounds detected in the HTC bio-oil relative to
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the pyrolysis bio-oil. As HTC occurs in an aqueous environment and produces a small
fraction of bio-oil at 250 ◦C, it is likely that compounds formed during HTC via cellulose
dehydration partition into the aqueous phase, as these are largely aqueous compounds [40].
Additionally, due to the instrument’s constraints, compounds that elute very quickly
(i.e., highly volatile compounds) are undetected by GC-MS. The water content of the bio-
oils, both catalyzed and noncatalyzed, was determined (data reported in Table S3). For
pyrolysis, the noncatalyzed bio-oil is approximately 2% water while the catalyzed bio-oil is
1% water. These values are statistically significantly different (p <0.05, two-tailed t-test).
The HTC bio-oil has an opposite trend, with the noncatalyzed bio-oil phase containing <1%
water and the catalyzed bio-oil containing approximately 2%, values that are statistically
significantly different (p < 0.05). However, given the aqueous reaction media and different
polarities and solubilities of the different biocrude components, we would not expect the
water content of the bio-oil phases to be the same for both processes; the water present
in the pyrolysis bio-oil was a product of the pyrolysis process. We could not distinguish
whether water in the organic HTC phase was the result of the wet pyrolysis or present due
to the incorporation of the aqueous reaction medium.

Table 1. Distribution of compound species detected in the GC-MS analysis of bio-oils derived from
pyrolysis and HTC of avocado pits and avocado pits + bentonite. The reported values represent the
percentage of each compound type out of the detectable compounds in the bio-oil. The average of
two data points and the data range are presented. Total concentrations of detectable compounds
ranged 30,000–50,000 mg compound/kg biomass.

Pyrolysis @ 600 ◦C HTC @ 250 ◦C

Compound Avocado Avocado + Bentonite Clay Avocado Avocado + Bentonite Clay

Percent (%) Compound Type

Alcohols
Data Range (%)

7.63% 8.86%
5.27–9.99 7.23–10.48

Aldehydes
Data Range (%)

3.75%
1.92–5.58

Alkanes
Data Range (%)

0.96% 0.47%
0.00–1.92 0.28–0.66

Alkenes
Data Range (%)

0.52%
0.35–0.68

Esters
Data Range (%)

0.29% 0.39%
0.26–0.32 0.30–0.49

Furans
Data Range (%)

28.35% 19.74% 100.00% 33.74%
25.56–31.13 13.45–26.03 - 31.56–35.92

Ketones
Data Range (%)

20.09% 18.88% 66.26%
17.86–22.32 15.83–21.93 64.08–68.44

Phenols
Data Range (%)

29.84% 45.52%
21.36–38.31 31.27–59.78

Oxygenated Aromatics
Data Range (%)

6.56% 1.63%
6.47–6.65 0.00–3.27

Others
Data Range (%)

0.24%
0.00–0.48

Throughout the literature, we see that during pyrolysis, lignin and cellulose undergo
the greatest mass loss at 600 ◦C [41]; hence, we elected to hold the avocado pits at 600 ◦C for
one hour to maximize bio-oil yields. During HTC, lignocellulosic material can degrade at
much lower temperatures because of the drastic decrease in the water’s dielectric constant
as the pressure and temperature of the system approach the critical point. This makes water
act as both an organic solvent and catalyst for degradation reactions such as decarbonylation
and decarboxylation. This is an ideal system for high-moisture feedstocks, but as avocado
pits (and bentonite clay) are dry materials, the peak reactivity was perhaps not reached
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at the 250 ◦C reaction temperature. For both processes, the incorporation of clay was
not expected to significantly lower the peak reactivity of the biomass but rather catalyze
reactions that occur during pyrolysis/HTC, such as decarbonylation and decarboxylation
as well as Diels–Adler, to improve the quality of the bio-oil.

The bio-oil obtained from HTC for both the biomass and biomass + clay mixture was
furan and alcohol-based, and the incorporation of clay introduced a ketone, most probably
resulting from the oxidation of a secondary alcohol [42].

The pyrolysis bio-oil derived from pure biomass consisted mainly of furans (28.35%),
ketones (20.09%), alcohols (7.63%), and phenols (29.84%). The addition of clay to the
pyrolysis feedstock shifted the distribution to furans (19.74%), ketones (18.88%), alcohols
(8.86%), and phenols (42.52%), and it introduced aldehydes into the bio-oil. The production
of aldehydes could be due to the oxidation of primary alcohols promoted by ionic groups
present in the bentonite clay [42]. Fe, Si, and Al cations found in clay are reported in the
literature as being responsible for promoting oxidation [43].

Gas chromatograms of biofuel analysis are presented in Figure S1. The addition of
clay influenced the compounds present at higher retention times in the avocado pit bio-oil,
which did not appear in the in situ upgraded bio-oil. This is notable as compounds detected
at lower retention times have lower molecular weights than compounds detected at higher
retention times due to the fact of their ability to move through the GC-MS column faster
based on the polarity of the column and the compounds’ size and geometry. By producing
smaller compounds via catalytic reactions that breaks down larger compounds, the relative
value of the bio-oil increases as a liquid fuel product [44].

Figure 1 shows the oxygen-to-carbon (O/C) ratios of the bio-oil as calculated by
the oxygen and carbon content in the detected compounds. As mentioned, the bio-oil
composition, presented in Table 1, represents compounds detectable by GC-MS. Decreased
oxygen content, measured by the O/C ratio, is necessary to achieve a high-quality bio-oil
for use as a liquid fuel. The O/C ratios typically range from 0.1 to 1.0 [45]. A decrease
in oxygen functional groups is necessary for reduced acidity and viscosity and increased
stability [46]. For both pyrolysis and HTC, the clay appeared to catalyze deoxygenation,
ultimately lowering the O/C ratios of the bio-oil. As seen in Figure 1, it appeared that the
incorporation of bentonite clay during pyrolysis decreased the O/C ratio from 0.60 to 0.40;
however, due to the large deviation around the mean, the difference was not statistically
significant, (p > 0.05). Bio-oil resulting from HTC had an O/C ratio decrease from 0.73 to
0.35, with a statistically significant difference between the samples (p < 0.05). This value
corresponded only to compounds in the bio-oil, as it allows for a direct comparison between
the pyrolysis and HTC bio-oils. It is notable, here, that the bio-oil produced from HTC
was only a small fraction of the total recovered liquid from HTC. Should the carbonization
temperature increase towards hydrothermal liquefaction temperatures (>250 ◦C) and the
bio-oil content increase, the O/C ratio may decrease as more oxygen is shifted to the gas
phase in the production of CO2.

It is likely that the O/C ratio was reduced by deoxygenation at the catalytically active
sites of the clay, specifically iron, which naturally occurs in bentonite clay [47] and has been
reported to influence the formation of smaller molecules than those present in noncatalyzed
bio-oil [48,49]. The mechanisms driving the formation of bio-oils during pyrolysis most
commonly include catalytic cracking and hydrodeoxygenation. Catalytic cracking, which
involves the fragmentation of large molecules into smaller compounds, removes oxygen via
carbon monoxide and dioxide gases and water [50]. Hydrodeoxygenation removes oxygen
through the loss of water, by sequential hydrogenation and dehydrogenation reactions [46].
The gas data in Figure 2 show that the carbon dioxide devolatilized during pyrolysis
was lower for catalyzed pyrolysis, but water yields were increased for in situ catalyzed
pyrolysis. As both samples underwent a drying phase at 110 ◦C for 30 min before reaching
pyrolysis temperatures, the water peak at approximately 200 min was due to reactions,
including hydrogenation and hydrogenolysis of C–O bonds, coupled with dehydration,
which ultimately removed oxygen from the bio-oil to lower the O/C ratios [51].
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At the catalyst active sites, lignin and cellulose produced anhydro-sugars that ulti-
mately rearranged to form furan compounds [50], which accounted for 28% and 19% of the
noncatalyzed and in situ catalyzed pyrolysis bio-oils, respectively. The decrease in furans
in the catalyzed bio-oil may be due to the synergistic increase in phenol formation caused
by catalytic cracking. The phenol content increased from 30% to 45% in the bio-oil when
the clay was added to the pyrolysis feedstock; thus, while some C–C and O–C cracking
occurred with no catalyst, the clay likely increased the cracking reactions as explained by
Wan et al. [52].

During HTC, the mechanisms driving the transformation of biomass and production
of bio-oil largely include hydrolysis and dehydration reactions [40]. Avocado pits have
approximately 8% cellulose, 20% hemicellulose, and 13% lignin, while the rest consists
of mainly fibers [53], which indicates that the bio-oil should consist mostly of cellulosic
and hemicellulosic-derived products such as furans and small acids [40]. Tables S1 and S2
show the bio-oil and process water content, respectively. In the HTC bio-oil, furans were
the majority of the detectable compounds. 5-Methylfurfural was detected with concen-
trations nearly identical to the HTC bio-oil with and without bentonite. 3-Furanmethanol
was detected for both samples, with avocado pits + clay sample having a much lower
concentration than only the hydrothermally carbonized avocado pits.

Cellulose undergoes hydrolysis and depolymerization reactions to form glucose, which
then undergoes hydration and dehydration reactions to form furan-based compounds. In the
bio-oils derived from HTC, the compounds detected included 3-furanmethanol, 1-2-furanyl-
ethanone, 5-methylfurfural, and 2-methyl-2-cyclopenten-1-one. The decrease in furan
concentrations indicate that furan groups may undergo Diels–Alder reactions in which
the five-member aromatic furans react with olefins to ultimately form six-carbon aromatic
groups, lowering the oxygen content of the bio-oil [54]. The process water contained only
2-5H-furanone for avocado pit-only carbonization and formic and propionic acids for
avocado pit + clay carbonization as determined via HPLC (Figure 3). This indicates that
with bentonite clay, furan groups were more likely to degrade to smaller organic acids via
oxidation and hydration/dehydration reactions [40]. The supercritical water conditions of
the HTC reaction provide an environment for oxidation to occur and ultimately produce
small organic acids such as acetic, lactic, and formic acid from furans and carboxylic
acids [40]. Both the process water and bio-oil showed that with the addition of bentonite
clay to the feedstock, furans begin to break down into smaller compounds that were not
present in the avocado pit-only samples.

Overall, bentonite promoted deoxygenation reactions during both processes for the
resulting liquid products. Partial pressure gas emissions from pyrolysis of avocado pit and
avocado pit + clay mixtures presented in Figure 2 show that the clay reduced hydrogen,
methane, ethylene, and carbon dioxide production. Reduced emissions of noncondensable
gases decreased the environmental impact of pyrolysis of the waste biomass for processes
where bio-oil and biochar generation were prioritized.



Catalysts 2022, 12, 655 7 of 14

Catalysts 2022, 12, x FOR PEER REVIEW 7 of 15 
 

 

hemicellulosic-derived products such as furans and small acids [40]. Tables S1 and S2 
show the bio-oil and process water content, respectively. In the HTC bio-oil, furans were 
the majority of the detectable compounds. 5-Methylfurfural was detected with concentra-
tions nearly identical to the HTC bio-oil with and without bentonite. 3-Furanmethanol 
was detected for both samples, with avocado pits + clay sample having a much lower 
concentration than only the hydrothermally carbonized avocado pits. 

Cellulose undergoes hydrolysis and depolymerization reactions to form glucose, 
which then undergoes hydration and dehydration reactions to form furan-based com-
pounds. In the bio-oils derived from HTC, the compounds detected included 3-fu-
ranmethanol, 1-2-furanyl-ethanone, 5-methylfurfural, and 2-methyl-2-cyclopenten-1-one. 
The decrease in furan concentrations indicate that furan groups may undergo Diels–Alder 
reactions in which the five-member aromatic furans react with olefins to ultimately form 
six-carbon aromatic groups, lowering the oxygen content of the bio-oil [54]. The process 
water contained only 2-5H-furanone for avocado pit-only carbonization and formic and 
propionic acids for avocado pit + clay carbonization as determined via HPLC (Figure 3). 
This indicates that with bentonite clay, furan groups were more likely to degrade to 
smaller organic acids via oxidation and hydration/dehydration reactions [40]. The super-
critical water conditions of the HTC reaction provide an environment for oxidation to oc-
cur and ultimately produce small organic acids such as acetic, lactic, and formic acid from 
furans and carboxylic acids [40]. Both the process water and bio-oil showed that with the 
addition of bentonite clay to the feedstock, furans begin to break down into smaller com-
pounds that were not present in the avocado pit-only samples. 

 
Figure 3. HPLC chromatogram from the HTC process water with avocado pits only and avocado 
pits + bentonite clay. Concentration of detected compounds are listed in Table S2. 

Overall, bentonite promoted deoxygenation reactions during both processes for the 
resulting liquid products. Partial pressure gas emissions from pyrolysis of avocado pit 
and avocado pit + clay mixtures presented in Figure 2 show that the clay reduced hydro-
gen, methane, ethylene, and carbon dioxide production. Reduced emissions of noncon-
densable gases decreased the environmental impact of pyrolysis of the waste biomass for 
processes where bio-oil and biochar generation were prioritized. 

2.2. Characterization of Bio- and Hydrochar 
A proximate analysis was conducted via thermogravimetric analysis and the volatile 

matter, fixed carbon (FC), and ash contents are presented in Figure 4a. Results are pre-
sented on a dry basis. Pyrolysis and HTC with in situ catalyst resulted in chars with in-
creased FC relative to the raw avocado pits, while VM decreased. The increase in FC and 
corresponding decrease in VM indicates that the chars are more stable relative to the raw 
biomass, and the chars may have applications as a soil amendment or water treatment 

Figure 3. HPLC chromatogram from the HTC process water with avocado pits only and avocado
pits + bentonite clay. Concentration of detected compounds are listed in Table S2.

2.2. Characterization of Bio- and Hydrochar

A proximate analysis was conducted via thermogravimetric analysis and the volatile
matter, fixed carbon (FC), and ash contents are presented in Figure 4a. Results are presented
on a dry basis. Pyrolysis and HTC with in situ catalyst resulted in chars with increased FC
relative to the raw avocado pits, while VM decreased. The increase in FC and corresponding
decrease in VM indicates that the chars are more stable relative to the raw biomass, and the
chars may have applications as a soil amendment or water treatment material. In addition,
the inclusion of the bentonite clay increased the solid yield for both processes from 31 to
35% and from 2 to 6% for pyrolysis and HTC, respectively (Figure 1). As was anticipated,
bentonite clay has a high ash/mineral content and low volatile matter as it is composed
primarily of inorganic smectite minerals, mostly montmorillonite (MMT, 80–90% by weight,
full thermal stability provided in Figure S2). In contrast, the raw avocado pits are composed
primarily of volatile matter as is typical of biomass.
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standard deviation) including (a) proximate analysis results (clay-free basis) and (b) surface area.

BET surface areas, as measured by N2-Physisorption, are provided in Figure 4b. The
incorporation of clay increases the BET surface area of both biochar and hydrochar and
appears to promote the generation of a more porous network in the form of micropores and
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surface structures. The effect of the bentonite clay on the structure of the chars is seen in
the SEM images (Figure 5). The heterogeneous avocado pit + clay biochar mixture had the
highest surface area (167 m2/g), while avocado biochar had a surface area of 34 m2/g. The
avocado pit biochar (Figure 5a) had a uniform macroporous structure, while the biochar
formed in the presence of the clay had irregular porous structures (Figure 5b). The biochar
made with clay had macroporous and microporous regimes that resulted in increased BET
surface areas. The avocado pit hydrochar exhibited wide pores without a much visible
microstructure on the surface of the char (Figure 5c). In contrast, the hydrochar produced
with clay had an irregular microporous surface (Figure 5d). The increase in the surface area
of the mixtures was unlikely due to the surface area contribution of the clay alone, whose
BET surface area was measured at 77 m2/g [14]. The biomass to clay ratio was 5:1, but
the surface areas of the biochar increased by more than 20%. By adding clay to HTC, the
FC appeared to increase and the VM decrease, with little change in the ash content. This
devolatilization promoted by the bentonite clay could result in the widening of the porous
network and, therefore, explain the increase in the BET surface area. It is evident in the SEM
images that there was an increase in micropores (<2 nm) while maintaining the mesopores
(2–50 nm) on the surface of the chars. The promotion of devolatilization was potentially a
combination of the clay improving the heat transfer within the solid matrix, as the bentonite
clay has a higher specific heat capacity than biomass [55] and possible oxygenated groups
on the bentonite clay devolatilizing and partially oxidizing the char. The clay was not
observed to block pores or form aggregates with the chars; a representative SEM image for
the clay is provided in Figure S3. Overall, the clays appeared to promote devolatilization
and the formation of micropores in the char increasing the surface area.
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Figure 5. SEM images of pyrolyzed and hydrothermally carbonized avocado pits with and without
the addition of 20 wt% Fuller’s Earth: (a) avocado pyrolyzed at 600 ◦C (scale bar left image = 200 µm,
right image = 20 µm); (b) avocado + Fuller’s Earth pyrolyzed at 600 ◦C (scale bar left image = 200 µm,
right image = 20 µm); (c) avocado hydrothermally carbonized at 250 ◦C (scale bar left image = 20 µm,
right image = µm); (d) avocado + Fuller’s Earth hydrothermally carbonized at 250 ◦C (scale bar left
image = 20 µm, right image = 2 µm).

2.3. Summary: Impact of Bentonite on Pyrolysis and Hydrothermal Carbonization

In this work, we provide a side-by-side comparison of pyrolysis and HTC for the
conversion of avocado pits with in situ clay catalysis. The incorporation of 20 wt% bentonite
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clay during the thermochemical conversion process generated two value-added products,
a biofuel, and a heterogeneous char. A summary of the impact of bentonite clay on both
processes is included in Figure 6. For both processes, the clay decreased the O/C ratio of the
bio-oils by catalyzing deoxygenation reactions, resulting in reduced acidity and viscosity
and increased stability. The bio-oil contained furans and phenols, which have value as
fuel precursors [56] as well as bioplastic precursors [57]. The incorporation of bentonite
clay increases the solid yields for both thermochemical processes with the highest solid
yield resulting from the pyrolysis of the avocado pit and clay mixture. The in situ catalyzed
biochar also had the highest surface area. The noncondensable gas emissions during
pyrolysis and gas yield from HTC both decrease with the incorporation of the clay catalyst.
Providing this side-by-side comparison of two thermochemical processes, pyrolysis and
HTC, is one of few in the existing literature to use the same biomass with an in situ catalyst
and analyze the resulting char and bio-oils with a number of analytical techniques and
instrumentation to understand how heating biomass in an inert environment, compared to
a high-pressure wet environment, affects the structure of the biomass and composition of
the bio-oil.
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3. Materials and Methods
3.1. Materials

One dozen Haas avocados (Persea americana) were purchased at local grocery stores
on four separate trips over three months to ensure a representative sample. The avocado
pits were dried in an oven at 75 ◦C for 48 h and then mechanically ground and sieved into
particle size fractions of 150–300 µm.

The bentonite clay (Fuller’s Earth; sodium montmorillonite) was purchased from
Fisher Scientific (Hampton, NH, USA) as a solid powder with particles less than 50 µm.
To make the biomass–clay blend, 4.00 g of bentonite clay was added to 20.00 g of ground
avocado pits (for a 20 wt% mixture, 5:1) in a clean beaker. The mixture was suspended in
water (100.0 mL) for 30 min, then filtered and dried in a laboratory oven at 75 ◦C for 24 h to
ensure consistent mixing. The pure avocado biomass was also suspended in water for the
same time and similarly dried.

3.2. Pyrolytic Conversion of Biomass

Approximately 2.0 g of the sample was loaded into a porcelain boat in a 2′ ′ MTI
tube furnace. Samples were heated in 100 mL/min flowing high-purity nitrogen at a
rate of 10 ◦C/min to 600 ◦C and held for 0.5 h. During the heating and hold time, the
evolving gases were monitored using a Quadrupole Mass Spectrometer (Extorr XT Series
RGA XT300M, New Kensington, PA, USA) studying AMU signals of 2, 16, 26, 27, 30,
and 44 (H2, CH4, C2H2, C2H4, C2H6, and CO2, respectively (for more information on the
use of these amu to monitor pyrolysis gas compounds, we refer the reader to Evans and
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Milne [58] and Huang et al. [59]). The bio-oil components were condensed into 10 mL
dichloromethane (DCM) (Acros Organics, HPLC grade) in glass cold traps for analysis.
Following pyrolysis, the solid samples were cooled to room temperature under flowing
nitrogen gas to prevent oxidation.

3.3. Hydrothermal Conversion of Biomass

Biomass (avocado pits) and the biomass + clay (avocado pits and bentonite clay)
mixture were hydrothermally carbonized in a 300 mL stainless-steel batch reactor (Parr
Instruments, Moline, IL, USA) with the same total mass of both samples. For hydrothermal
carbonization of biomass, 10.0 g of sample was mixed with 150 mL of deionized water
and heated to a temperature of 250 ◦C and a pressure of 4 MPa and held for 1 h under
constant stirring at 150 rpm. For the biomass + clay sample, the process was also conducted
in the same reactor. Previous studies have shown that at temperatures at or below 250 ◦C,
the biomass-to-water (B/W) ratio in the process has a significant impact on the yield of
products; here, an optimal ratio was selected from the literature [60].

The reactor was heated to 250 ◦C and reached an autogenous pressure of approximately
4 MPa and held for 1 h after reaching the set temperature under constant stirring at 150 rpm.
The reactor was cooled to 20 ◦C and to final pressures of 0.8 and 0.7 MPa for the biomass
and clay-biomass mixture, respectively. The hydrochar and HTC liquid were separated
via vacuum filtration. The char was washed with 30 mL of methanol and dried in an oven
overnight at 104 ◦C. 20 mL of the aqueous filtrate was contacted with 20 mL of n-hexane
(Fisher Chemicals, HPLC grade) in a glass vial on a shaker table at 150 rpm for 24 h to
extract the condensable bio-oil components. A 100 µL aliquot of the hexane layer was
added to 1 mL of DCM in a glass vial and stored at 4 ◦C for subsequent analysis.

3.4. Analysis of Condensable Bio-Oils and Liquid Phase of HTC

The pyrolysis bio-oil was extracted from cold traps with 10.0 mL of DCM and analyzed
on a GC 2010 Plus GC-MS (Shimadzu, Kyoto, Japan) with a cross-bond 30 m long 0.25 mm
ID silica column. The GC oven was heated to 40 ◦C and the sample was then injected at
250 ◦C. The oven then was held at 40 ◦C for 5 min and ramped at 5 ◦C/min to 150 ◦C
and held for an additional 5 min. The column was heated at 1.75 ◦C/min to 250 ◦C and
held for 10 min. A 6-min solvent delay was used for the MS after which it was set to scan
mode from 2 to 300 amu. The 6-min solvent delay is due to the solvent peak occurring at
approximately 6 min. Any compounds that elute before this are indistinguishable from the
solvent peak, limiting the detection of volatile compounds. Semiquantitative analysis was
also performed by integrating the largest (by area) 50 peaks, with the GC-MS calibrated
for several “marker” compounds. Water content of the bio-oil was determined via water
extraction with anhydrous magnesium sulfate (AMS; Fisher Scientific). To obtain water
content, approximately 1.0 g of bio-oil was added to a microcentrifuge tube containing 2.0 g
of AMS. The tube was manually shaken and then centrifuged at 600 rpm for 5 min. The
supernatant was then removed, and the tube was left open to dry overnight. After drying,
the tube was measured to constant weight to determine the amount of water trapped in
the AMS.

The composition of the aqueous phase of the HTC products was investigated using
High-Performance Liquid Chromatography (HPLC, Shimadzu, Kyoto, Japan) with an Ultra
Aqueous C18 Column. The column temperature was maintained at 25 ◦C at a total flow
rate of 1.5 mL/min. The mobile phase consists of 10 mM phosphoric acid buffer solution
(solvent A) and acetonitrile (solvent B) with a gradient condition of 90/10 (by volume) of
A/B in the first 10 min, and 70/30 (by volume) of A/B from 10 to 50 min. The injection
volume was 10 µL, and the detection wavelength was set at 210 nm.

3.5. Characterization of the Resulting Biochars and Hydrochars

The resulting biochars and hydrochars were extracted from the furnace and batch
reactor, respectively, the clay catalyst remains in the solid phase after conversion. The prox-
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imate analysis of the chars was performed using a TGA-DSC-1 (Mettler Toledo, Columbus,
OH, USA). Proximate analysis of the clay-only sample was performed using a SDT-TGA
650 (TA Instruments, New Castle, DE, USA), using the same method of analysis. Between 5
and 12 mg of sample was placed in a 70 µL alumina crucible and heated at 5 ◦C/min under
high-purity nitrogen at 50 mL/min (with an additional 20 mL/min balance protective gas)
from 25 to 110 ◦C and held at 110 ◦C for 0.5 h to remove moisture. Samples were further
heated at 5 ◦C/min to 900 ◦C and held for 0.5 h; the total mass loss from 110 ◦C through
the 900 ◦C hold was taken as volatile matter. Following this, the sample was heated in air
at 50 mL/min to 950 ◦C and held for 0.5 h; the mass loss in this segment was attributed to
fixed carbon. Residual mass was taken as the mineral matter/ash content. Measurements
were performed in triplicate and the average and standard deviation are reported.

The surface area of the samples was measured using N2-physisorption isotherms on a
Autosorb-iQ (Quantachrome, Boynton Beach, FL, USA). Samples were degassed at 180 ◦C
for a minimum of 16 h. Data were analyzed using the Brunauer–Emmett–Teller (BET)
adsorption method over a partial pressure range of 0.05 to 0.3.

Scanning electron microscopy (SEM) images were conducted on the uncoated biochars
and hydrochars using a Mira3 field-emission scanning electron microscope (Tescan, Brno,
Czechia) with an accelerating voltage of 5 kV.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal12060655/s1, Table S1: Complete compound species breakdown for
bio-oils as detected by GC-MS; Figure S1: Gas chromatograms of biofuel analysis; Table S2: HP-LC
analysis of aqueous product from hydrothermal carbonization; Table S3: Water content of pyrolysis
bio-oil; Table S4: Pyrolysis and HTC yields and O/C ratios; Figure S2: Thermal stability curve for
bentonite clay; Figure S3: SEM image of bentonite clay.
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