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ABSTRACT: Ecuador as an international leader in the production of
cocoa beans produced more than 300 000 tons in 2021; hence, the
management and valorization of the 2 MM tons of waste generated
annually by this industry have a strategic and socioeconomic value.
Consequently, appropriate technologies to avoid environmental
problems and promote sustainable development and the bioeconomy, cocoa pod husks Pyrolysis “’;‘:'i‘;:;’s’:‘v’f;“’:':g

especially considering that this is a megadiverse country, are of the l l

utmost relevance. For this reason, we explored a low-cost pyrolysis

route for valorizing cocoa pod husks from Ecuador’s Amazonian _~, é ( A
region, aiming at producing pyrolysis liquids (bio-oil), biochar, and cESE to
gas as an alternative chemical source from cocoa residues in the High added-value
absence of hydrogen. Downstream catalytic processing of hot chemicals
pyrolysis vapors using Mo- and/or Ni-based catalysts and standalone

7-Al,O; was applied for obtaining upgraded bio-oils in a laboratory-scale fixed bed reactor, at 500 °C in a N, atmosphere. As a result,
bimetallic catalysts increased the bio-oil aqueous phase yield by 6.6%, at the expense of the organic phase due to cracking reactions
according to nuclear magnetic resonance (NMR) and gas chromatography—mass spectrometry (GC—MS) results. Overall product
yield remained constant, in comparison to pyrolysis without any downstream catalytic treatment (bio-oil ~39.0—40.0 wt % and
permanent gases 24.6—26.6 wt %). Ex situ reduced and passivated MoNi/y-ALO; led to the lowest organic phase and highest
aqueous phase yields. The product distribution between the two liquid phases was also modified by the catalytic upgrading
experiments carried out, according to heteronuclear single-quantum correlation (HSQC), total correlation spectroscopy (TOCSY),
and NMR analyses. The detailed composition distribution reported here shows the chemical production potential of this residue and
serves as a starting point for subsequent valorizing technologies and/or processes in the food and nonfood industry beneficiating
society, environment, economy, and research.
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1. INTRODUCTION

Ecuador is a major world trader of cocoa beans, producing 365

However, the direct use of
bio-oil as biofuel in transportation is still hampered and not

thousand tons in 2021, representing an export value of $700
million, ranking seventh in the world. However, each year 2
MM tons of residues remain in the field, risking environmental
health, especially when producing in the Amazon region,
instead of being transformed into an alternative chemicals
source. > In this context, biorefinery strategies could be
adopted for the valorization of these wastes while protecting
the megadiversity of this country. Thermochemical routes such
as pyrolysis can be used for producing bio-oil, biochar, and
combustible gas from cocoa pod husks, which are composed of
hemicellulose, cellulose, lignin, pectin, and crude fiber.*
Biomass pyrolysis liquids (usually named as bio-oil) can be
regarded as a valuable intermediate that may be used as
starting raw material for obtaining several value-added
chemicals.’"* Indeed, some biobased products derived from
biomass pyrolysis liquids have successfully reached commerci-
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viable to date owing to the significant differences in its fuel
properties compared to drop-in fuels derived from fossil
resources. In fact, because of their nature and their character-
istic physicochemical properties, namely, its low chemical
stability, low heating value and high corrosiveness, the as-
produced bio-oils cannot meet the present standards imposed
onto fuels, which are related to the high oxygen content in bio-

15,16

oil compared to fossil-derived fuels. Hydroprocessing
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routes have been widely investigated as a strategy to enhance
bio-oil quality and excellent reviews can be found in the
literature,'™"” usually requiring the availability of hydrogen
and high pressure.”” One option is the catalytic upgrading of
biomass hot pyrolysis vapors before collecting bio-oils using
different proofs of concept and catalytic formulations. As
recently reviewed by Seshan’s group,” the ex situ downstream
catalytic conversion of biomass pyrolysis vapors has been
deemed effective and practical for enhancing bio-oil quality.
Regarding the choice of catalyst, upgrading of pyrolysis vapors
both in situ and ex situ using zeolites, mainly ZSM-5,* p, and
Y zeolites” has been widely researched, benefiting from
previous vast experience in upgrading of hydrocarbons in the
oil industry. Other aluminosilicates and mesoporous materials
including alkaline and alkaline-earth metal-based catalysts
applications have been reported.”**”*® Furthermore, metal
oxides of Ti, Sn, Zr, Ce, and Mo are effective in deoxygenation
of biomass gyrolysis vapors because of their acid and reducible
metal sites.”” Unsupported nickel oxide (NiO) was tested for
the downstream upgrading of pyrolysis vapors from beech
wood.”® Consequently, the authors concluded that NiO was
the most selective catalyst toward oxygen removal by CO,
production and regarded it as an interesting candidate for its
incorporation in other support materials and evaluation of the
derived Ni-based catalysts in biomass pyrolysis.

Some of these metals, such as Ce and Mo, count on oxygen
vacancy sites that can easily facilitate O transfer by the
existence of easily reducible redox pairs, thereby promoting O
adsorption and deoxygenation reactions.”” In addition, by
acting as O reservoirs they can eliminate carbon deposits from
the catalyst surface, therefore alleviating deactivation,”® the
main setback for these technologies at larger scales.
Particularly, Mo have been widely studied as active phase in
catalysts for hydrotreating of biomass pyrolysis liquids, often in
bimetallic sulfided NiMo formulations, derived from commer-
cial hydrodesulfurization catalysts used in the crude-oil refinery
industry."” Bimetallic NiMo and CoMo commercial hydro-
treating catalysts have been mostly applied in hydrotreatment
of pyrolysis liquids obtained from different biomass sources,*
with some successful results in the complete removal of N
heteroatoms from sewage sludge bio-oils in batch hydrotreat-
ment using H,.”' Various biomass-derived pyrolysis liquids
have been treated using NiMo catalysts including rapeseed,
poplar wood, white oak, and poplar sawdust;** more recently,
wheat straw bio-oils were also upgraded.*

As concerns catalytic upgrading of biomass pyrolysis vapors
using Mo-based catalysts, studies are still scarce. Most of the
literature focuses on upgrading tests at microscale setups and/
or usin% single model compounds, as m-cresol,** anisole,®® or
phenol.” In these studies, the catalyst conducts effective HDO
while attaining high conversion levels and resistance toward
deactivation by C deposition and coke formation. Murugappan
et al.”’ tested a 10 wt % MoOj catalyst supported on TiO, and
ZrO, in the upgrading of pine pyrolysis vapors and found that
low biomass-to-MoO; mass ratios yielded predominantly
olefinic and aromatic hydrocarbons, while greater values of
that ratio resulted in a decrease of olefins and aromatics and
the presence of partially deoxygenated species (mostly furans
and phenols). Zhou et al.** also analyzed MoO; but in the
downstream upgrading of pyrolysis vapors of beech wood,
leading to cracking reactions above 450 °C yielding more
gaseous species instead of HDO forming hydrocarbons.
Moreover, a previous report of Kukushkin et al. suggested

that a higher content of Mo in the Ni—Cu—Mo/ALO;
catalysts (from 0.0 to 6.9%) leads to an increase in the yield
of normal alkanes during esters HDO.*

Downstream catalytic upgrading treatments promote a
better contact between the catalyst and the pyrolysis vapors,
where deoxygenation by metal oxides can be notably enhanced
by cofeeding H, in the process. This is quite appealing in the
present scenario of power-to-gas concepts established in
developed countries, boosted in recent years by significant
advances in high-purity H, production by water electrolysis
along with solar photovoltaic and wind farms. However, in the
context of isolated and socio-economically depressed areas,
where access to advanced processing technologies and costly
commodities such as high-pressure hydrogen may be virtually
impossible, simple, low-cost, and effective strategies for
valorization of residual biomass must be favored. Using
inexpensive bulk or low-cost catalysts and simple concept
proofs for producing upgraded bio-oil from agricultural wastes
could have a beneficial impact on the economic activity of such
communities, while developing a biobased economy that could
produce renewable fuels and other commodities. In spite of
being a low-cost material with potentially interesting proper-
ties, some studies have ruled out y-AlL,O; as an adequate
catalyst support for effectively upgrading pyrolysis vapors,*>*!
even though additional research should be carried out to
elucidate the role of catalyst sugports in deoxygenation, as
discussed by Rogers and Zheng.”

As stated in recent literature reviews,”’ there is scarcity of
works on the catalytic upgrading of real biomass vapors at
scales large enough to provide relevant insights for further
scaling-up of the proposed technologies. Clearly, this gap must
be addressed. There are not many works on pyrolysis of cocoa
pod husks, and even less on the further catalytic treatment of
their pyrolysis vapors, available in the published literature, as
far as we know.

For these reasons, the present work aims at characterizing
the products obtained in the pyrolysis of Amazonian cocoa pod
husks combined with downstream catalytic upgrading of
pyrolysis hot vapors using bare alumina (y-ALO;), and Nj,
Mo, and MoNi catalysts supported on it as well with a high
content of Mo (7:1). This paper discloses the possibility to
improve the liquids products without using external H, source,
which has been recently reported.”” Both metal active phases
have been widely used in different catalyst formulations for
refinery hydrotreating processes focused on removing heter-
oatoms from the hydrocarbon pool of certain crude-oil cuts,
showing adequate activity for hydrogenolysis reactions while
displaying moderate activity in the undesired hydrogenation of
aromatic compounds.”* A two-stage fixed bed catalytic
upgrading setup, consisting of a fixed bed pyrolyzer and a
catalytic fixed bed placed downstream, was used to analyze the
changes in the product distribution and the bio-oil properties
after the catalytic treatment of pyrolysis hot vapors under a
hydrogen-free atmosphere.

2. MATERIALS AND METHODS

2.1. Amazonian Cocoa Pod Husks. Amazonian cocoa
pod husks were obtained from local producers in Tena,
Ecuador. Samples were cut in chips of approximately 1 cm
diameter and dried at 105 °C until a constant weight was
achieved before pyrolytic reactions. Proximate analysis was
performed following ISO-589-1981, I1SO-18122-2015, and
1SO-5623-1974 standards for moisture, ash, and volatiles

https://doi.org/10.1021/acsomega.3c06672
ACS Omega 2023, 8, 3761037621


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

content, respectively (fixed carbon was calculated by differ-
ence). Ultimate analysis was performed using a Leco TruSpec
Micro elemental analyzer. The higher heating value (HHV)
was determined using a C2000 basic calorimeter by IKA
(Table 1).

Table 1. Properties of the Amazonian Cocoa Pod Husks
Used (as Received)

analytical standard

Amazonian cocoa pod husks

dry matter (wt %) ISO 18134-2:2017 92.6
ash (wt %) ISO 18122:2016 8.8
volatiles (wt %) ISO 18123:2016 742
fixed carbon (wt %) “ 9.6
carbon (wt %) b 429
hydrogen (wt %) b 5.7
nitrogen (wt %) b 0.7
sulfur (wt %) b b.dI°
oxygen (wt %) 41.9
HHV (M]/kg) 167

“By difference. “Ultimate analysis was performed using Leco TruSpec
Micro elemental analyzer. “Oxygen (wt %) = 100 — carbon (%) —
hydrogen (%) — nitrogen (%) — sulfur (%) — ash (%). 9Determined
using C2000 basic calorimeter by IKA. “Below detection limits.

2.2. Preparation and Characterization of Catalysts.
The catalysts used in this process were based on Ni and Mo
monometallic (1 and 7 wt %, respectively) and bimetallic
formulations to obtain a MoNi ratio of (7:1), which were
deposited by a strong electrostatic adsorption method on a
commercial y-Al,O5 support (Spheralite 505, Axens Procatalyst
Catalysts & Adsorbents) in the form of spherical pellets
(particle size ~0.5 mm). Metals were deposited on the support
(previously dried in an oven at 150 °C for 2 h) as described
elsewhere.”” Twenty-nine grams of Ni(NO;),-6H,0 (pure,
Sigma-Aldrich), 80 g of NH,NO; (pure, Sigma-Aldrich), and 4
mL of ammonia solution (25%) were mixed and added to
deionized water to obtain 1 L of pH-neutral 0.1 M solution of
Ni. The same process was adapted to molybdenum deposition
using (NH,)sMo,0,,-6H,0 (pure, Sigma-Aldrich) to obtain a
0.1 M solution. A MoNi bimetallic catalyst was prepared by

successive impregnations and a calcination stage between
them.

Spheralite pellets were immersed in each metallic solution
for 24 h at room temperature with continuous stirring. After
adsorption, catalysts were allowed to dry for 24 h at room
temperature and calcined in an air flow (100 mL/min) at 350
°C for 3 h with a heating ramp of 2 °C/min. Prior to the
catalytic tests, the supported metal catalysts were prereduced
ex situ and passivated in a Microactivity XS15 automated
reaction setup (Process Integral Development, PID Eng &
Tech, Spain), which consisted of a tubular quartz reactor in a
fixed bed configuration. The calcined precursors were heated
to S00 °C following a 10 °C/min ramp in a N, flow (60 N
cm’/min). Next, the reduction of the solids was carried out at
500 °C for 3 h in a pure H, flow (100 N cm®/min). Then, the
reactor was cooled down to 20 °C in a N, flow (60 N cm?/
min), and afterward, the catalysts were readily subjected to
passivation by exposing them to a diluted O, flow (0.5% O, in
Ar, 25 N cm®/min) during 45 min.

Catalysts were characterized by inductively coupled plasma-
optical emission spectrometry (ICP-OES), N, adsorption, H,
temperature-programmed reduction (TPR), CO chemisorp-
tion, and X-ray diffraction (XRD). In addition, some spent
samples after reaction were characterized by temperature-
programmed oxidation coupled to mass spectrometry (TPO-
MS). Details of catalyst characterization are included in the
Supporting Information.

2.3. Pyrolysis Experiments. 2.3.1. Pyrolysis. Pyrolysis of
Amazonian cocoa pod husks was carried out in a bench-scale
pyrolysis system (Figure 1) that has been previously used for
the pyrolysis of various wastes'~ with minor modifications,
namely, the use of a fixed bed reactor with a smaller diameter,
in order to minimize radial temperature gradients during
pyrolysis. The system consists mainly of a cylindrical batch
pyrolysis reactor with an inner diameter of 40 mm and a length
of 200 mm. 100 g of cocoa pod husks were placed inside the
reactor for each run. Three K-type thermocouples were placed
at different positions to register the temperature profiles inside
the reactor. The reactor temperature throughout the experi-
ments was taken as an average of the three thermocouple
readings, considering temperature differences at the final set

8
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Figure 1. Scheme of the reaction system used for pyrolysis experiments. Authors confirm that this is an original image elaborated by one coauthor.

37612

https://doi.org/10.1021/acsomega.3c06672
ACS Omega 2023, 8, 3761037621


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06672/suppl_file/ao3c06672_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06672?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06672?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06672?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06672?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

point lower than 20°. Experiments were performed at a final
temperature of 500 °C at an approximate heating rate of 10
°C/min, and N, was used as the carrier gas (100 N cm®/min,
GHSV =24 h™"). The vapors produced during pyrolysis exited
the reactor through an outlet in the upper side of the pyrolysis
reactor.

Next, the condensable vapors (both water and organic
compounds) were collected in the condensation system (two
ice-cooled condensers and a cotton filter). The evolution of the
permanent gaseous products (specifically, CO,, CO, H,, CH,,
C,H,, CH,, C,H,, and H,S) was monitored by gas
chromatography (GC). The mass yields of solids (char) and
bio-oil were determined gravimetrically. The mass yield of
permanent gases was calculated by difference. Mass balance
closure of this experimental system was reported to be higher
than 90% for all the experiments performed.” The analytical
uncertainty associated with the experimental data is considered
less than 3% based on previous studies by the authors of this
work in the same experimental setup and with similar
materials.* "

Amazonian cocoa pod husk composition and stability during
thermal treatments were analyzed by thermogravimetric
analysis (TGA) using a NETZSCH STA 449 Jupiter
instrument. The sample (around 10 mg) was heated up to
500 °C at a heating rate of 10 °C/min in a N, atmosphere
(150 N cm®/min).

2.3.2. Pyrolysis Followed by Downstream Catalytic
Upgrading of Hot Pyrolysis Vapors. The catalytic upgrading
of hot pyrolysis vapors was carried out placing an additional
bed of prereduced catalysts, which was placed in a downstream
section separated from the pyrolytic zone. The cylindrical
stainless-steel catalytic reactor has a fixed bed reactor
configuration with the following dimensions: 35 mm inner
diameter and 100 mm of length.

The temperature of the pyrolytic zone was 500 °C, while the
temperature of the catalytic zone was 400 °C. Catalyst loading
was 1.0 wt % referred to the amount of Amazonian cocoa pod
husks loaded in the pyrolytic reactor. The catalytic bed density
(including the interparticle void fraction) was 0.74 g/cm®. As a
result, typical spatial velocities <0.5 h™! were set in the
catalytic bed. Such low values were selected to ensure that a
fresh catalyst could be available for upgrading the vapors
throughout the whole duration of the experimental runs.

The effect of each metal was analyzed by comparison of the
products distribution during pyrolysis in the presence of Ni,
Mo, and MoNi catalysts. In addition, the possible catalytic
effect of the y-Al,O; spheres used as support was also
investigated by filling in the catalytic reaction zone with bare y-
Al O, pellets as the filler bed.

2.4. Bio-Oil Characterization. The as-obtained bio-oil in
all of the experiments separated into two different phases, an
organic phase (OP) and an aqueous phase (AP). The bio-oil
was centrifuged to facilitate the collection and characterization
of each phase. The water content of both phases was measured
by Karl Fischer titration (Mettler Toledo V-20, titrant:
Hydranal-composite SK one-component in Hydranal-medium
K). The elemental composition of the OP was analyzed
(LECO TruSpec Micro) and the higher heating value (as-
produced, HHV,,) was calculated using the correlation
proposed by Channiwala and Parikh®™® taking into account
the water content. The chemical composition of both the OP
and the AP was semiquantitatively analyzed using an Agilent
7890A gas chromatograph (GC)-flame ionization detector

(FID) system coupled with an Agilent 5975C inert mass
spectrometry detector (MS) and equipped with capillary
columns of different polarities (Agilent DB-17 ms and Agilent
HP-FFAP). Dichloromethane was used as solvent for the OP
(more details are included in the Supporting Information).

Nuclear magnetic resonance (NMR) measurements were
done at 300 K on a Bruker Ascend III spectrometer equipped
with a PABBO § probe, at 400 and 101 MHz for 'H and *C,
respectively, and was processed using Topspin 3.2 software
(more details in the Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Characterization of the Fresh Catalysts. Ni and
Mo incorporation in monometallic catalysts was quantitative.
However, the low loading percentage of Ni indicates a poor
incorporation in the bimetallic catalyst (Table 2), which

Table 2. Metal Composition of Fresh Catalysts Was
Determined by ICP-OES

catalysts nominal experimental
Mo (wt %)  Ni (wt %) Mo (wt %) Ni (wt %)
Mo/ALO, 7 7.3
Ni/ALO, 1 0.9
MoNi/AL O, 7 1 5.9 0.40
m v-Al, O, n
¥ MoO,
I NiO
+ NiMoO, .
e
S
ey
R7)
=
]
=
v,

10 20 30 40 50 60 70 80
26 (%)

Figure 2. XRD pattern of fresh MoNi catalyst (prereduced and
passivated).

confirmed the XRD and TPR results (Figures 2 and 3). The
discrepancy found between the nominal and the real metal
contents in the MoNi bimetallic catalyst could be related to the
preparation method by electrostatic adsorption. This method
has the advantage of yielding high metallic dispersions but at
times it can result in an incomplete incorporation of the metals
onto the support.*’

The XRD pattern of the bimetallic catalyst showed signals
attributable to crystalline Al,O; from the alumina support and
to oxide species of the corresponding metals used as active
phases (Figure 2). In addition, signals suggesting the presence
of a bimetallic phase identified as monoclinic primitive
NiMoO, were subtly found. Nevertheless, peaks associated
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Figure 3. H,-TPR profiles of the fresh catalysts.

with nickel structures were difficult to elucidate, likely due to
the low loading of this metal in the catalyst (see the Supporting
Information for details on structure identification and peaks
assignment).

N, physisorption did not show any significant variation in
the textural properties between catalysts (Table 3). As for the
metallic surface area measured by CO chemisorption after in
situ reduction of the samples, Sy, relatively low metal surface
areas were obtained in all cases, probably due to the formation
of Ni and Mo alloys with the y-Al,O; support or by effects
related to strong metal support interaction, which is inferred by
the results recorded by TPR (Table 3) (see also Supporting
Information for details in catalyst reduction and chemisorption
analysis and textural properties, respectively). The mono-
metallic Ni catalyst shows 3—4-fold smaller particles than
molybdenum or bimetallic ones, which is in agreement with
the better metal dispersion shown by this catalyst, as previously
reported.”® H,-TPR profiles revealed interactions between Mo
and Ni with the alumina support in the catalysts (Figure 3).
For Ni/y-Al,O;, the maximum reduction temperature was
shown as a broad band centered between 200 and 400 °C. For
Mo/Al,O;, two main peaks were obtained, one at around
400—500 °C (maximum at around 450 °C) and another one at
temperatures above 750 °C. The low-temperature peak has
been assigned to the partial reduction (Mo® — Mo*) of
amorphous Mo oxides or hete_:rogolymolybdates (octahedral
Mo species) as reported earlier,”"”* whereas the latter could be
attributed to the partial reduction of amorphous tetrahedral
polymolybdate MoOj; species having a strong interaction with
the support.”> The TPR profile of MoNi/y-ALOj also showed

two main distinct reduction events: a low intensity reduction
event peaking at around 300 °C and a major reduction peak
with a maximum at 430 °C. The former could be attributed to
the reduction of Ni species, and the low intensity found could
be due to the low content of Ni in this catalyst, as evidenced by
ICP-OES. The latter peak could be ascribed to the reduction of
the Mo species. The peak temperature (430 °C) is lower than
that found for the major reduction peak of the monometallic
Mo catalyst (see discussion above), indicating that the addition
of Ni promoted the reducibility of Mo (by decreasing its
reduction temperature).54

3.2. Pyrolysis and Pyrolysis Followed by Downstream
Catalytic Treatment of the Hot Vapors. 3.2.1. Products
Distribution. The thermogravimetric analysis (TGA) curve of
Amazonian cocoa pod husks and its first derivative (DTG)
results confirmed that this waste is suitable for pyrolysis
processes due to its relatively easy thermal decomposition
[Figure S3 (Supporting Information) along with a detailed
discussion].

Table 4 gathers the product distribution from both
Amazonian cocoa pod husk pyrolysis and pyrolysis, followed

Table 4. Product Distribution from Noncatalytic and Ex
Situ Catalytic Pyrolysis of Amazonian Cocoa Pod Husks

catalyst yield (wt %)

char  liquid product  OP AP gasd
none” 34.3 39.1 6.9 322 26.6
7-ALO, 348 39.0 34 356 262
Ni/y-ALO; RP* 34.6 406 31 375 248
Mo/y-ALO, RP* 346 40.8 48 360 246
MoNi/7-ALO; UR® 348 403 63 340 249
MoNi/y-ALO; RP  33.8 410 22 388 252

“Standalone pyrolysis. PUR: unreduced catalyst. “RP: reduced and
passivated catalyst. “By difference.

by downstream catalytic treatment of the hot vapors. The
product distribution obtained was quite different to that
reported by Adjin-Tetteh et al.,* especially in terms of yields of
bio-oil and permanent gases, probably due to the different
volatiles content in both cocoa pod husks used and to the
different pyrolysis temperatures tested. As expected, the yield
of char (33.8—34.8 wt %) did not vary because of the catalytic
treatment, since this treatment was performed downstream
from the pyrolysis reactor. The standard deviation of the char
yields obtained is 34.5 + 0.4, which is low and confirms that
catalytic experiments were made under equivalent conditions
in terms of liquid and gas inlet flows. Furthermore, the yields
of both bio-oil (39.0—41.0 wt %) and permanent gases (24.6—
26.6 wt %) remain constant regardless of the catalyst used and
the reduction and passivation treatments performed. Bio-oil
separated into two phases: an organic phase (OP) and an
aqueous phase (AO) in all cases. Although the catalytic

Table 3. Textural Properties of the Fresh Catalysts

catalysts N,-physisorption CO-chemisorption
Sger” (m?/g) VPIJ (cm®/g) D, (A) active surface area, Syc (m?/g metal) active particle diameter (nm) dispersion (%)
Mo/7-ALO, 237 0.39 65 6.94 (0.519) 84.73 151
Ni/y-ALO, 249 043 66 27.26 (0.25%) 24.72 409
MoNi/y-ALO; 248 0.40 63 9.4 (0.59%) 63.00 2,00

“BET surface area. “Pore volume. “Pore diameter.

37614

9Active surface area calculated as m?/ g catalyst.
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Figure 4. Composition of the OP obtained from standalone pyrolysis and from the downstream catalytic treatment of pyrolysis vapors of

Amazonian cocoa pod husks.

Table S. Physicochemical Characterization of the Liquid Product Obtained from Noncatalytic and Ex Situ Catalytic Pyrolysis

of Amazonian Cocoa Pod Husks

catalyst water content (wt %) oP
OP AP C (%) H (%) N (%) 0 (%) HHV,,” (MJ/kg)
none” 4.1 91.7 66.8 8.5 2.9 21.8 30.7
7-AL, O, 4.9 84.7 68.6 8.3 2.5 20.6 31.2
Ni/7-ALO; RP° 54 86.0 71.0 83 2.7 18.1 323
Mo/y-Al,O4 RP® 4.0 84.5 68.0 8.3 2.5 21.1 31.1
MoNi/7-ALO, UR” 5.0 86.0 70.5 8.4 2.8 183 323
MoNi/y-AL 05 RP° 5.6 85.2 64.2 79 3.0 25.0 28.7

“Standalone pyrolysis. "UR: unreduced catalysts. “RP: reduced and passivated catalyst. dHHVap: higher heating value as produced.

treatment did not have a significant effect on the total yield of
bio-oil, it generally decreased the yield of the OP while
increasing the yield of the AP. The MoNi/y-Al,O3-RP catalyst
led to the lowest OP and the highest AP yields. Therefore, it
can be concluded that catalytic post-treatment of the hot
pyrolysis vapors does not modify the overall yield to liquid
product, but it can alter the relative distribution of products
between the OP and the AP as well as the yield to these
phases, which is in agreement with previous studies.*"**

3.2.2. Liquid Product Properties. The water content of the
OP obtained by pyrolysis was 4.1 wt %. After the treatment of
the pyrolysis hot vapors with different catalysts, the water
content of the OP varied between 4.0 and 5.6 wt %. Thus, the
catalytic treatment had little impact on this property. All the
OP fractions showed C and O contents between 64.2 and 71.0
and 18.1-21.8 wt %, respectively, which in turn led to HHV,,
between 28.7 and 32.3 M]J/kg. Therefore, the use of
downstream catalysts did not have a great effect on the
calorific value of the OP obtained.

For the sake of clarity, the organic compounds identified in
the OP by GC—MS have been grouped into the chemical
families depicted in Figure 4. The OP was rich in phenol and
its derivatives, and in ketones and toluene and its derivatives.
Catalytic post-treatment affected the relative proportion of
these. Oxygen and/or nitrogen-containing aromatic com-
pounds were the most abundant organic compounds in the
OP (chromatographic area percentage between 57 and 64%),
followed by oxygen- and/or nitrogen-containing aliphatic

compounds (chromatographic area of 14—22%) and aromatic
hydrocarbons (chromatographic area of 9—16%).

In addition to decreasing the yield of OP, the catalytic
treatment of the hot pyrolysis vapors had a slight effect on its
composition. As concerns the different materials tested for the
treatment of the hot pyrolysis vapors, it can be generally
concluded that all the materials tested, except for MoNi/Al,O,
UR, altered the composition of the OP. The proportion of
oxygen and/or nitrogen-containing aliphatic compounds was
increased, while the aromatic hydrocarbons proportion
decreased in comparison to the pyrolysis runs, probably due
to catalyzed ring-opening reactions.”” The use of standalone
alumina as a catalytic bed did provide very similar results to
those obtained using the monometallic Ni catalyst. Both
materials increased the proportion of O- and/or N-containing
aliphatic compounds in the OP from ~14% in the NC run to
~20% at the expense of the decrease in aromatics content from
~16 to ~10%. These results confirm that the use of alumina as
inexpensive bulk material for preliminary catalytic upgrading of
pyrolysis vapors poses an interesting strategy,41 which could
increase the effectiveness and time-on-stream of highly active
and selective upgrading catalysts placed downstream from the
pyrolysis unit.

Similar trends were observed in the case of the monometallic
Mo catalyst, though this material also notably affected the
content in the aromatic compounds of O and/or N, which had
barely remained unaltered in the other catalytic treatments. In
turn, the content in O and/or N-containing aliphatic
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compounds was the highest. This increment in the content of
aliphatic hydrocarbons at the expense of aromatic compounds
displayed by the Mo catalyst can be explained by the notable
hydrocracking activity of MoO, at temperatures above 380
°C.>> According to the results obtained in the TPR analyses
(Figure 2), it can be proposed that MoO, is the prevalent
phase in this catalyst at the experimental activation and
reaction conditions used in this work.”

On the other hand, the water content of the AP varied
between 84.5 and 91.7 wt %, and the AP generated by pyrolysis
without any catalytic treatment of the hot pyrolysis vapors had
the greatest water content (Table S). Therefore, the use of
catalysts reduced the water content of the AP. High water
contents in the liquid product collected resulted in AP liquids
having a very low heating value, which restricts their use as
fuel. In consequence, focus must be put on obtaining valuable
chemicals from the AP.

Moreover, the small organic fraction present in the AP was
rich in oxygen-containing aliphatic compounds (chromato-
graphic area percentage >75%) such as carboxylic acids
(mainly acetic acid), ketones, and alcohols (Figure S). This,
together with the presence of N-containing aliphatic
compounds, resulted in this chemical family being prevalent
amidst all the different identified compounds. Oxygen and/or
nitrogen-containing aromatic compounds (both nonheterocy-
clic and heterocyclic) were also present (chromatographic area
percentage between 9 and 20%). The most representative
compounds of these two chemical families were phenol and
pyridinol and their methyl derivatives, respectively.

In summary, the main chemical families were the same in
both pyrolysis and pyrolysis, followed by downstream catalytic
processing of the hot vapors. In general terms, the use of
catalytic materials increased the proportion of oxygen- and/or
nitrogen-containing heterocyclic aromatic compounds while
decreasing the proportion of oxygen-containing aliphatic
compounds and oxygen- and nitrogen-containing aliphatic
compounds. Thus, the catalytic treatment of Amazonian cocoa
pod husk pyrolysis hot vapors increased the degree of
aromatization of the small organic fraction present in the AP.
Interestingly, the bimetallic catalyst had a lesser impact on the
AP composition, regardless of the way it was used (with or

without preliminary activation). Therefore, the liquid product
obtained in the runs carried out with MoNi/AlLO; catalysts
had an AP composition that resembled more that of bio-oil
from pyrolysis without any catalytic treatment downstream.
Since the predominant phases in the bimetallic MoNi catalysts,
even after the ex situ reduction and passivation treatment, are
MoO; and NiMoO, (see Figure 2, XRD analyses), it can be
concluded that this material only shows certain hydrocracking
activity when subjected to the activation treatment, which
mainly affects the composition of the resulting OP and barely
impacts the AP composition. The introduction of Mo in Ni/
Al Oj; catalysts hinders the reduction of NiO, thus impacting
negatively on the catalytic activity of Ni catalysts, though
reduction of MoO; to MoO, is facilitated by the presence of
NiO,** which could explain the results obtained.

Regarding the rest of the catalytic materials tested, similar
AP compositions were obtained in all cases. The general
relative increase in aromatic compounds detected in all their
AP liquids, combined with the decrease detected in their
corresponding OP. In catalytic pyrolysis, it is frequent the
occurrence of deoxygenation, cracking, aromatization, and/or
condensation reactions,® along with enhancing the conversion
of pyrolysis intermediates of cellulose or hemicellulose to
phenols caused by the presence of superheated water in
pyrolysis volatiles, which reacts oxygen-containing functional
groups, increasing acidity and promoting dehydration and
decarbonization reactions.’” Cracking reactions, for example,
could provoke the cleavage and ring-opening of polycyclic
aromatic compounds, thus yielding lighter organic compounds
and fragments that may be redistributed between the two
phases. In the absence of hydrogen, condensation routes are
possible, leading to an increase in polyaromatic compounds
and changes in chemical nature such as solubility in water,
which could explain changes in product distribution.
Comparisons with other studies in the literature are difficult
since, to the best of our knowledge, most of the bio-oil
upgrading processes use hydrogen in contrast to this
contribution.

Again, the results obtained using standalone y-Al,O; as
catalytic material help envision further bio-oil upgrading
strategies, which could include the use of a preliminary
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Figure 6. Evolution of permanent gases obtained from Amazonian cocoa pod husks pyrolysis and pyrolysis followed by downstream catalytic
treatment of the hot vapors: (a) NC, (b) ALO;, (c) Mo/ALO; RP, (d) Ni/AL,O; RP, (e) MoNi/ALO; UR, and (f) MoNi/Al,O; RP

upgrading catalytic stage downstream from the pyrolysis
reactor.

'H and "*C NMR measurements confirmed the presence of
aromatic and aliphatic compounds both in the OP and the AP
as concluded from GC—MS analysis, while HSQC-TOCSY
provided additional insights about the composition of the OP
showing similar cross-peaks in all cases which was related to
methoxy groups (see the Supporting Information for more
details). Moreover, HSQC-TOCSY crossed the peaks (Table
S1) in the aromatic region confirmed the presence of phenolic,
guaiacyl, and vanillin units in the samples which agrees with
the O-containing aromatic fraction (Figure 4). Finally, DOSY-
NMR measurements on the OP showed two significant
diffusion traces in all samples, related to guaiacol and vanillin
(Flgure S5). s8-62

3.2.3. Permanent Gases Analysis. Various reactions occur
simultaneously along with devolatilization, including primary
and secondary thermal cracking reactions, CO disproportio-
nation (Boudouard equilibrium), steam reforming, and the
water-gas-shift (WGS) equilibrium, among others, which is
reflected in the evolution of the permanent gases’ composition

37617

(Figure 6). Gas analyses were initiated once the desired
pyrolysis temperature (500 °C) was reached. Anyhow,
temperature gradients inside the pyrolysis reactor were
somewhat expected, given the dimensions of the reactor and
the limitations concerning heating rates that can be achieved
with the electric furnace of the setup. Therefore, the induction
period observed at the beginning of the runs (~1S min) can be
explained by the occurrence of devolatilization of the most
volatile species, which typically yield CO,, CO, and steam as
the main gaseous products. As the pyrolytic bed gradually
increased its temperature, the release of volatiles occurred, and
secondary thermal cracking reactions may explain the time
evolution observed in the case of CH, and C,’s, which showed
a noticeable uptake after the induction period.

When no catalytic treatment was applied to the hot pyrolysis
vapors, the time evolution of both CH, and C,’s reached a
plateau between ca. 15 and —55 min of reaction time. A similar
trend was followed by H,, though the plateau took place at
longer reaction times (between 30 and 65 min approximately).
This was likely caused by the massive release of volatiles and
their evolution by secondary thermal cracking reactions into
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smaller molecules. Next, there was another significant increase
in the proportion of both CH, and H, together with a steady
decay of CO, after approximately 60—65 min of reaction time,
and a similar upward trend was observed by C, until ca. 72
min. However, the latter then showed a gradual decay until the
end of the run. These results seemingly indicated that
devolatilization has finished after 60 min of reaction. Later,
solid carbonaceous residues may continue their thermal
decomposition into more graphitized forms, which could
result in the release of CH, and H,, thus resulting in the release
of CH, species and, ultimately, H, by thermal cracking
reactions of those species.

As for the different catalytic bed materials, similar trends
were found in all cases. C,’s concentrations reached maxima at
different reaction times for the different catalytic materials,
showing different decays afterward. This, along with the steady
asymptotic increase in H, production until the consecution of
different maxima values of concentration in the product gases
at the end of the runs, revealed that reforming reactions took
place in the different catalytic beds.

If the time evolution of C,’s is carefully analyzed, the MoNi
catalyst previously reduced and passivated (MoNi-RP) yielded
a very fast abatement of C,’s once the maximum was reached,
followed by the unreduced MoNi and closely followed by the
monometallic catalysts. This may be explained by the activity
for promoting reforming reactions of these catalysts along with
the simultaneous occurrence of cracking reactions of different
oxygenates in the volatile species and of different hydrocarbons
both in the carbonaceous residues and in the volatiles, which is
in accordance with NMR and GC—MS results showed above.
The time evolution of CO, suggests that the WGS activity of
the catalysts was low in any case, despite selecting a catalytic
upgrading temperature that is thermodynamically favorable for
promoting CO, and H, via the exothermic WGS reaction.

Regarding the CH, evolution over time in the different
catalysts evaluated, the interpretation was difficult because the
release of CH, due to progressive deactivation by coke
deposition on the catalytic bed was combined with the partial
reforming and cracking of the species on the surface of fresh
catalyst particles downstream from the deactivation front.

It is also worth mentioning again the noticeable performance
of bare y-Al,O; as a catalytic material. Cracking reactions can
occur on the surface of this material, favored by its acidic
nature, thus resulting in the decomposition of carbonaceous
residues as well as other C-containing species into light
hydrocarbons and hydrogen, which can explain the trends
observed for CH,, H,, and C,’s contents in the product gas
over the reaction time.

3.2.4. Spent Catalyst Characterization. Understanding the
catalyst deactivation during the catalytic reaction is a key
aspect to optimizing product distribution and operational
process scale-up. Biomass is a challenging feedstock to process
because a wide range of heteroatoms can lead to multiple
issues than can affect the catalyst’s lifetime. Some of the most
relevant mechanisms for catalyst deactivation involved on
biomass according to Santamaria et al,®® could be thermal,
mechanical, or chemical nature.

On the one hand, thermal deactivation, normally linked to
sintering issues, is caused when metal particles start to
aggregate to form big metal particles (more stable config-
uration), leading to a reduction of active phase exposure. On
the second one, the mechanical deactivation of catalysts is
closely linked to fouling or attrition/crushing, which can easily

rule out. Considering the reaction temperature leads to fluid
adsorption in the catalyst pore or loss of activity due to
material abrasion, which typically occurs on fluidized or
circulating bed reactors. Finally, the chemical nature of the
deactivation of catalysts involves poisoning, coke, and phase
changes. The relevance of these three mechanisms depends on
multiple factors, such as feedstock composition, catalyst, and
reaction conditions. Generally, alumina has been the most
widely used support in commercial Ni steam reforming
catalysts®*®® as its high specific surface area eases Ni
dispersion, and its mechanical strength provides stability to
the catalysts. However, the high rate of coke formation on
catalysts based on alumina has been closely related to their
acidity properties.

Based on the TPO analysis, it is possible to highlight that
both, the reduced and passivated MoNi catalyst and the bare y-
Al,O; bed had similar profiles which is indicative of similar
coke characteristics (coke combustion temperature) lead by a
lower amount of nickel and molybdenum incorporated on the
support (Figure 7). The quantity of carbon deposited over the

5
— — MoN:i (RP)

4 —ALO,
2
S
@)

2

14

0 T T T T T T T T 1

0 200 400 600 800 1000

Temperature (°C)

Figure 7. TPO profiles of spent MoNi catalysts and y-ALO; (RP:
reduced and passivated).

spent catalyst was calculated from the peak area, and both
MoNi and bare y-Al,O; bed had similar deposited carbon
amounts after the runs, 73 and 62 mg C/g.,iys respectively. A
literature analysis about the nature of the coke formed in the
reforming of bio-oil and pure oxygenates reactions over Ni
nanoparticles, attributes these peaks to the combustion of three
coke fractions: (i) an amorphous coke, encapsulating metal
nanoparticles, and well-graphite nature.® In our case, MoNi
(RP) showed a small shoulder at a higher temperature than the
obtained for bare alumina, possibly associated with more
graphitized or filament carbon lead by dehydrogenating
reaction over Ni and Mo metals.

4. CONCLUSIONS

In this study, we proposed the valorization of one of Ecuador’s
major agricultural residues (Amazonian cocoa pod husks) with
thermochemical processing by pyrolysis in the absence of
hydrogen. Downstream catalytic processing of hot pyrolysis
vapors using Mo- and/or Ni-based catalysts and standalone y-
Al,O; was performed with the aim of enhancing the liquid
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product properties and exploring chemical products composi-
tion.

Mo, Ni, and MoNi/y-Al,O; catalysts reduced the yield of
the organic phase, but the homogeneity of the liquid product
and the heating value remained constant. However, the use of
catalytic materials increased the degree of aromatization of the
small organic fraction present in the AP, revealed by the higher
proportion of heterocyclic aromatic compounds containing O
and/or N in contrast to the decrease of aliphatic homologues.

Pyrolysis gases were mainly composed of H,, CO, CO,, and
light hydrocarbons. All catalytic reactions enriched the gaseous
streams in CH,, C,’s, and H, promoting reforming reactions
along with cracking reactions of different oxygenate com-
pounds, as confirmed by GC—MS results.

Pyrolysis of Amazonian cocoa pod husks can represent a
potential improvement in the development of a biobased
economy in Ecuador, bringing along numerous benefits and
opportunities for the development of socially unfavored areas
in the country by using biorefinery strategies to valorize
agricultural residues. However, it is necessary to continue
investigating the improvement of the liquid properties using
catalysts and with different proofs of concept. In particular, the
combination of a series of catalytic beds, including the use of
standalone y-Al,O; as bulk inexpensive material as a
preliminary catalytic bed, must be further explored in
conjunction with further downstream catalytic processing of
the pyrolysis vapors and/or collected liquid products.
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