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Introduction

Sustainable Energy & Fuels

Metal Oxide Supported Ni-Impregnated Bifunctional Catalysts
for Controlling Char Formation and Maximizing Energy
Recovery during Catalytic Hydrothermal Liquefaction of Food
Wastet

Feng Cheng?, Geoffrey A. Tompsett!, Daniela Valeska Fraga Alvarez', Carla I. Romo?, Amy
M. McKenna?, Sydney F. Niles2, Robert K. Nelson3, Christopher M. Reddy3, Sergio
Granados-Facil4, Alex D. Paulsens, Ruihan Zhangé and Michael T. Timko™**

Nickel (Ni)-impregnated metal oxide catalysts, Ni/CeZrOx, Ni/ZrO2, and Ni/CeOz2, were investigated to maximize
energy recovery and reduce char yield during catalytic hydrothermal liquefaction (CHTL) of food waste. Yields of
char, biocrude, water soluble products, and gas were measured at 300 °C and 1 hour for both the parent oxides
(CezZrOx, ZrO2, and Ce02) and the Ni-impregnated versions. Using Ni-based catalysts reduced the carbon-
weighted char yield from 16-24% to <10% and decreased the energy recovery of char from 39-47% to <21%, as
compared with control tests. In particular, using Ni/ZrOz resulted in the greatest biocrude yield, greatest reduction
of char yield, and greatest energy recovered as biocrude (39.2%). After factoring in all forms of usable energy
produced from food waste, the total energy recovery obtained for the catalysts studied here was >60%. Ni/ZrO2
and Ni/CeO:2 show the greatest potential for controlling char growth and maximizing energy recovered from food
waste. The crystalline structures of all three oxides were hydrothermally stable. Catalyst reuse tests indicate that
the biocrude and char yields remained the same for the first and second use (within uncertainty) and that the
catalyst retains its initial crystallinity and 93% of its initial Ni content. Molecular composition of biocrudes analyzed
by the state-of-the-art analytical platforms (including GC-MS, GCxGC, FT-ICR MS, and 'H NMR) revealed minor
difference in the chemical constituents of biocrudes obtained using different catalysts that provide some insight
regarding reaction mechanism.

Combustion of fossil fuels for transportation applications is
the single largest source of greenhouse gas emissions,
motivating development of renewable alternatives for
decarbonizing the economy.! Biomass-derived fuels
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benefit from feedstock abundance and compatibility with
existing distribution networks and combustion engines.
Accordingly, first generation biofuels accounted for 5% of
the total energy consumption in the U.S. in 2017,2 with
potential to increase to >20% with development of second
generation biofuels.3

Despite its abundance, the cost of processing cellulosic
biomass remains a bottleneck to economic production of
second generation biofuels.® Among potential alternative
feedstocks, food waste generated from cafeterias,
restaurants, food distribution centers, and food processing
plants is particularly promising since its conversion to
energy can offset petroleum usage while mitigating the
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environmental impacts of landfill disposal.# In the U.S.
alone, approximately 77 million tons of food waste are
produced annually, with more than 90% of it disposed of in
landfills, leading to further emissions of the greenhouse-
gas methane.5 ¢ In addition, landfilled food-waste
contaminates soil and groundwater during
decomposition.* 7- 8 For these reasons, many U.S. states
have imposed tipping fees on food waste disposal.®

The main components of food waste are energy-rich
carbohydrates, proteins, and lipids.'® Therefore, food
waste has potential as a renewable feedstock that
mitigates environmental problems associated with
landfilling and offsets the use of petroleum-derived fuels for
transportation, power, and heat.'" 12 Hydrothermal
liquefaction (HTL) is a promising technique to convert wet
food-waste into biofuels.'3 Unlike pyrolysis, HTL does not
require a dry feed, which benefits the overall energy
balance for many feeds, including food waste.'* Compared
with anaerobic digestion, HTL achieves rapid and efficient
conversion of all feedstock components by thermal
depolymerization under subcritical-water conditions.!5
Accordingly, previous economic analysis indicates that
HTL produces a fuel with a minimum selling price less than
that of fuels produced from either pyrolysis or gasification6
and reduced greenhouse gas emissions compared with
anaerobic digestion and pyrolysis.'”: 1 The benefits are
most apparent for lipid-rich feeds.®

HTL is normally performed at reaction temperatures
between 180 and 374 °C, at pressures sufficient to
maintain water in its liquid state (5-25 MPa), and with
reaction times of between 5 and 120 minutes.2? Under
these conditions, water is in a subcritical state, acting as a
solvent with intermediate to low polarity and with a
tuneable self-ionization constant, thus generating HsO*
and OH- ions capable of catalyzing many reactions of
interest.20 Under these conditions, the main components of
food waste can be converted into an energy-dense
biocrude, via hydrolysis, Maillard reactions,
decarboxylation, decarbonylation, aldol condensations,
and other chemical transformations. 5. 20. 21

In addition to the biocrude product, HTL forms a char
byproduct. Hydrochar produced under HTL conditions has
some potential uses, such as a low-grade coal or as a
precursor for activated carbon. However, char combustion
efficiency is typically low due to its ash and volatile matter
content.22 Use as an activated carbon requires extensive
upgrading due to the presence of potentially toxic
compounds and undesirable textural characteristics.23-25
Furthermore, char deposits can cause plugging and
scaling problems in continuous flow systems, leading to
downtime and potential safety issues.

This journal is © The Royal Society of Chemistry 20xx

Recently, catalytic HTL (CHTL) has been proposed as a
method to increase biocrude yields.26 27 Unfortunately,
char produced in the presence of a heterogeneous catalyst
forms a catalyst-char complex, further complicating
catalyst use. Likewise, char deposits on catalyst surfaces
potentially deactivate the catalyst by blocking access to its
active sites.?® These challenges drive the need to limit char
formation during CHTL.

Char generation is difficult to control by reactor design
alone under non-catalytic HTL conditions,2® which
motivates development of new approaches for controlling
char selectivity and optimizing HTL product distribution.
One potential approach is the use of homogeneous
catalysts, such as Na2COs and KOH.30. 31 However,
homogeneous catalysts are difficult to recover after
reaction, resulting in potential environmental pollution.
Reusable heterogeneous catalysts do not pose the same
challenges as homogeneous versions making them a more
attractive alternative.2’. 27. 40 Noble metal catalysts have
been reported to improve biocrude yield and reduce char
yield, 32 33 but at great cost. Consequently, inexpensive,
abundant catalyst materials are required to control char
formation during CHTL while maintaining economic
competitiveness.

Recent studies have found nickel to be an effective catalyst
for char reduction under gasification conditions,34
suggesting promise for adapting this approach to HTL
reactions. Similarly, the use of Ni catalysts has been
described for simultaneously promoting biomass
gasification and tar reforming to produce H2 under
supercritical conditions.3® Unlike noble metals, Ni is
abundant and inexpensive, and Ni has been found to be
stable and effective at char reduction in the presence of
high-temperature water phases.36. 37 One potential concern
is formation of Ni(CO)4 under mild hydrothermal
temperature (<230 °C) in the presence of high pressure
CO (27 MPa).38 Ni(CO)4 is a highly toxic gas and its
formation contributes to catalyst deactivation. Fortunately,
Ni(CO)s4 formation is not thermodynamically favored at
temperatures >250 °C, meaning that operating at typical
HTL conditions should avoid its formation. Since previous
work on the use of Ni-based catalysts for char reduction
has been performed at temperatures (over 800 °C) much
greater than those typically used for HTL,3° the implication
of Ni catalysts at the lower temperatures associated with
HTL remains a clear knowledge gap.

In this study, a series of metal oxide supported Ni catalysts
were synthesized and evaluated for controlling char yields.
ZrO2, CeO2, and CeZrOx were studied as hydrothermally
stable supports with potential catalytic functionality of their
own.'2 40. 41 Food waste was used as the feed due to its
potential as a negative cost feed in an HTL-based
biorefinery. Catalyst effectiveness was examined by
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measuring the yields of biocrude, char, and gas products
obtained under standard conditions (300 °C reaction
temperature and 1-hour reaction time). The results suggest
new approaches for controlling char formation during HTL
and maximizing energy recovered in usable products.

Methods

2.1 Food waste and catalyst materials

A standard feedstock of food waste was used for all
experiments. The mixture consisted of American cheese,
canned chicken, instant potatoes, green beans, white rice,
apple source, and butter, in designated proportions (Table
1).42 The biochemical composition of food waste feedstock
was estimated using the United States Department of
Agriculture Food Composition data associated with the
individual food items observed on the Nutrient Data
Laboratory website.43 Deionized water was added to
prepare a food waste slurry with a solid content of 15 wt%,
within the optimal range defined by previous studies.#4 The
food waste slurry was stored in sealed jars at 4 °C prior to
use. The particle sizes of the model food waste ranged
from 11 to 100 um, 75% of which were 21-60 um, as
described in the Supplementary Information (SlI).

All chemicals used here were purchased from Sigma
Aldrich with purities of >99.0%. Cerium and zirconium
oxide (CeZrOx) nanopowder, zirconium (V) nitrate, cerium
(I nitrate, and nickel (Il) nitrate hexahydrate were used
for catalyst synthesis. Acetone was used for cleaning and
biocrude extraction. Deionized water (electrical
resistivity=18.0 MQe+cm) was used for making food waste
slurry for CHTL and HTL reactions. Nitrogen gas
(purity>99.9%, Airgas) was used to pressurize the reactor
prior to each run. Helium gas (grade 5.0, Airgas) was used
for NHs- and CO2-temperature programmed desorption
(TPD) analysis and as the gas chromatography carrier gas.
CO2 (grade 5.0, Airgas) and NHs (Middlesex gases
anhydrous grade 99.995%) were used for titrating acid and
base sites.

2.2 Preparation and characterization of catalyst

Oxide catalysts, ZrO2 and CeO: were prepared by
calcining their nitrate forms by heating under constant air
flow (50 mL min-") at 5 °C min-' until reaching 500 °C, and
then holding the final temperature for 3 h. Ni-based
catalysts were prepared via the incipient wetness
impregnation following the procedure reported by Liao
et.al.45 Briefly, 15 g catalyst powder were wetted with
Ni(NO3)2:6H20 (1M) solution to obtain a mixture with 10
wt% nickel content. The precursor was dried overnight ata
temperature of 120 °C and then calcined at 500 °C for
another 3 h under air. The precipitated NiO was reduced
at 350 °C for 3 h, in a tube furnace, at a hydrogen (H) flow

This journal is © The Royal Society of Chemistry 20xx
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of 15 mL min-* to produce the Ni(10 wt.%)/oxide catalyst.45
Raman and XRD analysis of the synthesized catalyst
confirmed successful Ni impregnation of the oxide
supports (Figure S1 in the Sl).

Catalyst textural properties were evaluated using N2
adsorption at —196.15 °C using a Quantachrome Autosorb
iQ TPX instrument (Anton Paar Co., Graz, Austria). Before
N2 dosing, 500-1000 mg catalyst was degassed at 350 °C
for up to 24 h under vacuum. Total surface area was
estimated by fitting measured isotherms using the using
the Brunauer-Emmett-Teller (BET) method. Mesopore
diameters were estimated using Barrett, Joyner, and
Halenda (BJH) method and the micropore volume and
surface area using the Dubinin-Radushkevitch (DR)
method.

The morphological characteristics and elemental
distribution of the catalysts were determined using a
scanning electron microscope (JSM 7000F SEM, JEOL
Ltd., Tokyo, Japan) equipped with an energy-dispersive X-
ray spectrometer.

The density of acid sites and base sites was quantified
using NHs- and CO2-TPD, respectively. A Quantachrome
Autosorb iQ adsorption/chemisorption system equipped
with a thermal conductivity detector (TCD), was utilized for
TPD analysis. The TPD methods recommended by
Rodrigues et al., and KaRner et al.*6. 47 were used. COz-
TPD analysis involved first degassing the catalyst sample
at 800 °C under 20 mL min-* helium flow for 240 minutes,
followed by cooling to 30 °C. Afterwards, the degassed
catalyst sample was saturated under CO2 flow for 10 min.
The sample was then purged with helium gas for 30 min at
30 °C to eliminate free CO:2. Finally, the CO2-saturated
catalyst was heated to 800 °C at a heating rate of 10 °C
min-1 under helium atmosphere. The off-gassed CO2 was
quantified using a calibrated TCD detector.

A similar method was used for NH3-TPD analysis, following
the procedure recommended by KéaRner et al.46 Catalyst
was heated to 800 °C (10 °C min-1), allowed to degas for
120 min, and then cooled to 100 °C. NH3 was introduced
to the sample to saturate it for 10 minutes. The NHs-
saturated catalyst was flushed with helium gas for 30 min,
then heated at 2 °C min-' from 100 to 800 °C. Off-gassed
NHs was again quantified using the TCD detector.

The TCD detector used for quantifying both acid and base
sites was calibrated by injection of known volumes of NH3
or CO: into the chemisorption cell under constant helium
flow. The area under the TPD response curve was
integrated using Magicplot software.

The crystalline structures of the oxide catalysts with and
without nickel doping were characterized by X-ray

J. Name., 2013, 00, 1-3 | 3
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diffraction (XRD) before and after use. A Rigaku automatic
instrument (Geigerflex, Rigaku Co., Tokyo, Japan) in the
Bragg-Bretano theta-theta configuration was used for XRD
analysis. All measurements were performed using CuKa
radiation (1.5406 A wavelength) at 27.5 kV and 25 mA,
scanning over the 26 angle range from 6° to 80° at a rate
of 0.02° s=1. XRD patterns were baseline and background
corrected using Jade 6 software. Peaks were fitted to
Lorentzian shapes to determine peak position and full-
width half maximum (FWHM) using MagicPlot. The size of
nickel particles on the oxide supports was estimated by the
Scherrer equation, using K=0.9 to estimate the shape
factor.

The oxide phases present in the solid oxide catalysts were
studied using Raman spectroscopy (Xplora, Horiba
Scientific, Piscataway, NJ, USA). All samples were
analyzed using an excitation laser at 532 nm and an
Olympus 100x magnification lens. The resulting laser
power was maintained in the 1-5 mW range. The
acquisition time was 2 s with 10 scans, acquired for each
sample; average spectra are presented here. The spectra
from multiple particles of the transition metal oxides were
acquired to evaluate heterogeneity.

The nickel loadings of catalysts before and after CHTL
were determined using an inductively coupled plasma
mass spectrometer (ICP-MS) (Nexion 350x, PerkinElmer
Co., Waltham, MA).

Catalysts were characterized as synthesized, after use for
reaction, and after separate endurance tests consisting of
placing the catalyst in the HTL reactor at 300 °C and 20.68
MPa for 16 h.

2.3 Hydrothermal liquefaction of food waste

CHTL reactions were conducted in a 300-mL stainless-
steel bench-top batch reactor (Model 4841, Parr
Instrument Co., Moline, IL, USA) with a rated maximum
temperature of 350 °C and a maximum pressure of 24.1
MPa. The batch reactor was equipped with a gas
entrainment impeller (maintained at 600 rpm throughout
the reaction) and an external heating jacket.

For each reaction test, 100 g of feedstock containing 15 g
of dry food waste and 85 g of water was loaded into the
batch reactor. When catalyst was used in the test, either 5
g of the oxide catalyst or 5.5 g Ni-impregnated oxide were
loaded along with the slurry. Differing amounts of oxide and
Ni-impregnated oxide material were used so that the
amount of oxide was consistently 5 g, with approximately
0.5 g of Ni loaded when Ni-impregnated catalysts were
tested. The loaded reactor was weighed to determine its
total mass with £1.0 g precision. After weighing, the reactor
was sealed, purged using nitrogen to remove air,
pressurized with 2.1 MPa of hydrogen (H2) in runs where it

This journal is © The Royal Society of Chemistry 20xx

Table 1. Components in the food waste feedstock and corresponding
composition and higher heating value data.

Feedstock Feedstock
Food Item Percent Composition and  Value
(wt%, d.b.) HHV
American Moisture (Wt%,
12. 73.
Cheese 8 w.b.) 3.0
Canned Protein (wt%,
14. 17.
Chicken o d.b.) 8
Instant Potatoes 10.6 Lipid (wt%, d.b.) 21.9
Carbohydrate
Green Beans 14.9 (W%, d.b.) 58.9
White Rice 19.1 Ash (wt%, d.b.) 1.1
HHV (MJ kgt
Apple Sauce 223 (MJ kg, 24.6
d.b.)
HHV (MJ kgt
Butter 5.4 (MJ kg, 6.5
w.b.)

HHV: Higher heating value. d.b.: Dry basis. w.b.: Wet basis.

was used, and finally pressurized to 7.6 MPa using
nitrogen (N2). An additional control experiment was
conducted in the absence of catalyst in pure N2
atmosphere. Following previous work,'2. 48 reaction
conditions were selected as 300 °C and 1 h. These
conditions represent a balance between energy use,
biocrude yield, and biocrude heteroatom content.4® The
reactor was heated to 300 °C at a heating rate of 6 °C min~*
and maintained at 300+3 °C for 1 h. The pressure was
~20.6 MPa when the reaction temperature was reached,
sufficient to maintain water in its liquid state.%0

Upon completion of the CHTL reaction, the reactor vessel
was quenched by lowering the temperature to 40 °C within
10 min by immersion in an ice-water bath. The reactor was
weighed to compare with the initial weight to check for
leaks that may have occurred during the run; only
experiments in which the initial and final reactor mass
agreed to within measurement uncertainty (x1.0 g) are
reported here. Headspace gas generated during the
reaction was collected with a Restek 3 L gas bag, using a
two-value system. The gas bag was sealed and transferred
to the GC. The reaction gas composition was measured
using a GC sample-loop. The weight of gas was
determined from the difference between the masses of the
full and deflated gas bag.

All CHTL and HTL runs were conducted in duplicate or
triplicate with the measured product yields consistent to
within +5%. Average values are reported here and
uncertainties are estimated from the standard deviation
obtained from replicate experiments.

Following quenching and depressurizing, the HTL product
mixture was transferred from the reaction vessel, and
vacuum filtered (125 mm diameter, 11 ym pore size filter
paper) separate the aqueous phase from the solid and

J. Name., 2013, 00, 1-3 | 4
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weighed, and stored in a desiccator for future analysis.
Catalyst Food Waste Char was removed from the used catalyst by placing the
[le— — HTL solids in a quartz tube furnace at 550 °C for 3 h under
CO,- & NH;- CHON, HHV, air flow (50 mL min-1). The char yield was determined as
XTRPDD‘RBET‘ CHTL Biochamical the difference between the weight of the solids before and
, Raman Analysis
I I . after the thermal treatment. The used catalysts were
Solid & Liqui regenerated using air combustion and sequential H:
Gas Phase quid . i,
Phases reduction at the same conditions that were used to prepare
|_ I I ' fresh catalyst (Section 2.2).
Solid &
. . Aqueous
GC Analysis B'Rﬁ;ﬁﬁf 1 Phase 2.4 Characterization of HTL products
I : 1 |_ Figure 1 is a schematic representation of the feedstock and
Solid Biocrude Oil TOC Analysis HTL product characterization methods. The elemental
(CHON) contents of dried feedstock, HTL solids (including
I 1 |_ catalyst), and biocrude were characterized using an
CHON Used Catalyst| L] TG oot SR elemental analyzer (Midwest Micro Lab, Indianapolis, IN,

TAN, CHON & HHV

|— XRD, Raman

Figure 1. Schematic diagram of CHTL experimental procedure and
characterization methods. Green words represent feedstock. Red
words/lines represent HTL product. Blue words/lines represent
analytic methods. TPD: temperature }grogrammed desorption. BET:
Brunauer-Emmett-Teller method. XRD:™ X-ray powder diffraction.
CHTL.: catalytic hydrothermal liquefaction. HHV: higher heating value.
GC:gas chromatqgraE[}y. TOC: total organic carbon analysis. CHON:
elemental analysis. -ICR MS: Fourier transform ion cyclotron
resonance mass spectrometry. GC-MS: gas chromatography followed
b%/—mass spec rometR/. GCxGC: two-dimensional gas
chromatography. 'H NMR: proton nuclear magnetic resonance. TAN:
total acid number.

biocrude phases. The filter cake consisted of catalyst,
char, and biocrude. It was rinsed with excess acetone to
separate the biocrude from the solids. Biocrude was
collected by acetone stripping with a rotary evaporator at
54 °C under vacuum atmosphere. The aqueous and
biocrude phases were sealed and stored at 4 °C for
characterization.

The solid remaining after acetone extraction consisted of
char and used catalyst. It was dried at 60 °C overnight,

Table 2. Surface areas, base and acid site densities of solid catalyst materials.

USA).

The higher heating value (HHV) of the dried solid samples
(containing char and catalyst) was estimated using the
Demirbas equation,5' reported previously. In addition, the
experimental HHV values of dried feedstock and biocrude
were obtained using a semi-micro calorimeter (25720,
Parr, Moline, IL, USA). The instrument was calibrated
using benzoic acid as a standard.

Biocrude composition was analyzed using gas
chromatography followed by-mass spectrometry (GC-MS),
positive-ion (+) atmospheric pressure photoionization
Fourier transform ion cyclotron resonance mass
spectrometry (APPI FT-ICR MS),52 53 proton nuclear
magnetic  resonance  ('H NMR)  spectroscopy,
comprehensive two-dimensional gas chromatography
(GCxGC), and total acid number (TAN). Details of sample
preparation and operation procedures are provided in the
Sl

Catalyst BET surface BJH mesopore DR micropore volumec (cm3  Base site density from  Acid site density from
area? diameter (nm) g') and surface area (m2 g- CO2-TPD (umol m2) NH3-TPD (umol m2)
(m2g") D)
CeZrOx 45 4.8 0.015, 41 0.332 0.006
ZrO2 84 9 0.028, 78 0.276 0.007
CeO2 64 17 0.026, 74 0.279 0.012
Catalyst BET surface BJH mesopore DR micropore volumee (cm3 Nickel loading in Ni particle diameterd
areas diameter® (nm) g1) and surface area (m2 g- catalyst (wt%) (nm)
(m2g") D)
Ni/CeZrOx 38 2.5 0.013, 35 8.9+0.2 25.9
Ni/ZrO2 52 4.8 0.019, 53 8.2+0.2 25.3
Ni/CeO2 67 8.6 0.023, 64 92+04 25.8

a BET: Brunauer-Emmett-Teller analysis; ® BJH: Barrett, Joyner, and Halenda method; ¢ DR: Dubinin-Radushkevitch method, more accurate for
microporous materials. 4 Estimated by Scherrer Equation. Ranges represent the standard deviation of three repeated tests.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Table 3. The elemental composition, higher heating value (HHV), and energy recovery (ER) of biocrude oil.

C (wt%) H (Wt%) N (Wt%) Oa (Wt%) HHV (MJ ERbiocrude ol ERbiocrude ol ERbiocrude ol
kg) (%) (%) (H2 co- Improvement (Hz2
feed included) co-feed included)®
Food Waste 47.2 6.7 4.6 41.5 24.6
HTL (H2) 67.7+3.8 8.9+0.4 4.2+0.7 19.3+3.9 36.1+1.6 34.0+5.1 30.814.6 1.13
CeO: 73.7x0.4 8.840.1 4401 13.1+0.4 38.9+1.9 34.5+1.9 31.2+1.7 1.15
ZrOz 71.8+1.6 9.2+0.3 3.840.2 15.3+1.7 37.7x1.4 33.4+1.8 30.3+1.6 1.11
CeZrOx 71.7¢1.5 8.7£0.2 3.840.7 15.8+1.7 37.6+1.3 37.6+2.8 34.1+2.6 1.25
Ni/CeO2 66.7+6.8 8.1£0.8 4.3x0.7 20.9+6.9 34.63.7 35.6+3.8 32.3+3.5 1.19
Ni/ZrO2 72.9+3.0 9.34£0.8 5.5+2.1 12.3+£3.8 39.3+0.8 43.2+1.6 39.2+1.5 1.44
Ni/CeZrOx 68.3+7.7 8.3+0.7 4.5+0.1 18.617.8 37.310.1 35.5+6.0 32.2+5.5 1.19

a By difference. b ER Improvement is equal to the ratio of ER (catalysts and Hz) to ER of control (neither catalyst nor Hz2). Ranges represent the standard

deviation of either two or three repeated tests.

The organic carbon content of the CHTL aqueous fractions
was determined using a total organic carbon (TOC)
analyzer (Shimadzu Co., Kyoto, Japan) and all
measurements were conducted in at least duplicate.

The gaseous products were analyzed by GC (GC-2014,
Shimadzu Co., Kyoto, Japan) equipped with a TCD and an
80/100 Hayesep Q packed column (3 m x 0.125 in x 2.1
mm SS). Samples were injected into the inlet using a 102
ML sample loop via an automated valve. The temperature
program consisted of an initial temperature of 30 °C,
followed by heating to 90 °C (5 °C min-1), holding for 20
min, then heating to 130 °C (5 °C min-'), and finally heating
to 150 °C (10 °C min~"). The final temperature was held at
150 °C for 40 min until all products had eluted. The peak
areas of gaseous compounds were integrated and
identified using retention time matching with known
standards. TCD response was quantified using known
standards.

The carbon yields of char, biocrude, aqueous phase, and
gases were determined using the following equation:

Massproduct X Carbon %product
. . X 100%

Carbon YleldpmduCt B Massfeedstock X Carbon %feedstock

which utilizes the measured product masses and carbon
weight fractions. The carbon content of the biocrude was
estimated based on elemental analysis. The carbon
content of the gas product was estimated based on the
measured compositions of CO2, CO, CHa4, and C2H4 in the
gas phase. The carbon content of aqueous phase was
estimated by measuring the TOC of aqueous phase.

Carbon yields in the biocrude, char, aqueous phase, and
gas products were summed to check for closure of the
overall carbon balance. In most cases, the carbon balance
closed to within 5%, while only in the case of Ni/CeZrOx,
the carbon balance closed to within 5-20%, due to residual

This journal is © The Royal Society of Chemistry 20xx

char and biocrude that could not be physically recovered
from the reactor. For the control test, i.e. non-catalytic HTL
in the presence of Hz, the carbon balance exceeded 100%,
but the excess was well within measurement uncertainty.
In the interest of transparency, carbon yields are reported
without normalization to account for losses.

The energy recovery (ER) in a given product was defined
as a ratio of the energy stored in that product relative to the
combined energy stored in the food waste and Hz charged
to the reactor:

140
M Gas m Bio-crude Qil
B Loss m Aqueous
— 120+ Solid
=
%100—- 7 O W %
o 80 i
L
@
@ 60
=
8 40+
o
O 204
0_
@ OOV, OF
CP ? ’\/ 4
)
S

Figure 2. Carbon distribution among different HTL products without/with
using hydrogen and catalysts. The operating condition was 300 °C and 60
min. HTL(Hz2): Thermal run (with Hz2 no catalyst). Error bars represent the
range or standard deviation of either two or three repeated tests.
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Massproduct X Hvaroduct

ER =
Massdry feed X HHVdry feed + I\/[EISSHZ X HHVHZ

X 100%

where HHV denotes higher heating value and subscripts

are used to specify the product category.

Results and Discussion

The purpose of this study was to evaluate the catalytic
performance of Ni-based catalysts for HTL of food waste,
with specific emphasis on char reduction and energy
recovered as usable products. This work comprises four
components: 1) characterization of catalysts, 2) test of
catalytic performance, 3) stability of catalysts, and 4)
molecular characterization of the biocrude product to gain
insight into reaction pathways.

3.1 Characterization of Ni-Impregnated Oxides

ZrO2, Ce02, and CeZrOx were impregnated with Ni to
confer catalytic HTL activity to reduce char formation while
maintaining biocrude yield. Synthesis techniques -
described in the Methods Section — were selected to
produce mesoporous oxides, primarily consisting of base
sites, and possessing consistent Ni loading as uniformly
distributed metallic nanoparticles. Accordingly, the
synthesized catalysts were characterized using N2 sorption
to evaluate textural properties, NH3- and CO2-TPD to
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Figure 3. The van Krevelen plot of H/C vs. O/C molar ratio for different
feedstocks, HTL biocrude oil, and different types of crude oil products. The
CHTL operating condition are 300 °C, 20.7 MPa for 60 min. H/C and O/C
error bars are within +/- 0.2 and +/- 0.1, respectively.
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quantify base and acid sites densities (Figures S2 and S3),
XRD to identify crystal phases and estimate Ni
nanoparticle sizes, acid digestion followed by ICP-MS
analysis to quantify Ni content, and SEM to evaluate
particle morphology. Table 2 summarizes the results
obtained for the metal oxide supports and the
corresponding Ni-impregnated metal oxides. Raw data,
including XRD diffractograms and SEM images, are
provided in Figures S1 and S4.

Table 2 shows that the Ni-impregnated catalysts have
surface areas greater than 40 m2 g-', consistent with
porous structures.5* Ni impregnation decreases surface
area and micropore volume of parent oxides by <40%. BJH
estimates of pore diameters range from 2 to 17 nm all
catalysts.5% In all cases, these pore diameters are sufficient
to provide access to small molecules obtained by
hydrolysis of lipids, polypeptides, or oligosaccharides
initially present in the feed.56. 57

Figure S4 provides SEM images and EDS composition
maps of the synthesized Ni-based catalysts. Ni/CeO:
exhibits a brick-like structure with smaller irregular particles
embedded on the catalyst surface. Ni/ZrO2 exhibits an
angular flaky structure with irregular texture. Ni/CeZrOx
forms aggregates, with each aggregate consisting of
thousands of nanoscale particles. Measured nickel particle
sizes were similar on all catalysts (approximately 26 nm,
see Table 2). EDS maps of the oxide surfaces indicate
uniform nickel nanoparticle distribution (Figure S4). ICP-
MS analysis of acid digested catalysts indicated consistent
nickel loading between 8.2 and 9.2 wt% (Table 2).

Figure S1 provides XRD diffractograms of the synthesized
catalysts. Based on comparison with crystallography databases,
ZrO2 was found to be a mixture of its monoclinic (JCPDS-ICDD
#37-1484) and tetragonal phases (JCPDS-ICDD #50-1089).58
Ce0O2 was synthesized as its cubic fluorite phase (JCPDS-ICDD
#81-0792).59 CeZrOx forms a complex crystal structure
(JCPDS-ICDD #38-1436) that is consistent with observations
made in previous studies.80 After impregnation, Ni is present in
its metallic state, as indicated by the appearance of its
characteristic peak at 44.6° (JCPDS-ICDD #87-0712).61

Raman spectra (Figures S5-S7) are consistent with XRD
patterns and literature. More detail is provided in the Sl and the
most important conclusion that can be drawn from the Raman
spectra is that minimal Ni inclusion occurs in the oxide crystal
structures themselves.

NHs- and CO2-TPD indicate that all three supports were
primarily basic, as summarized in Table 2. Cheng et al.
previously reported optimal biocrude yields for mixed metal
oxides with approximately 50-150 times more base sites than
acid sites, irrespective of strength.48 The three catalysts studied
here fall at the edge of this range, with base-to-acid site
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densities ranging narrowly from 23 to 55. The acid/base content
of the Ni-impregnated catalysts could not be measured due to
partial oxidation of Ni particles during TPD analysis.®2 Because
the metal content is <10 wt%, the effect of nickel loading on the
bulk acid-base properties of the underlying oxides is not
expected to change after nickel impregnation.®3

In summary, the Ni-impregnated catalysts exhibit similar
textural properties, metal loading, and acid-base properties to
one another, facilitating direct comparison of catalytic
performance. Moreover, all of these properties fall within the
ranges previously identified as appropriate or optimal for HTL
conversion of the proteins, carbohydrates, and lipids present in
food waste.48

3.2 Evaluation of Catalyst Performance for HTL of Food
Waste

The performance of Ni/CeOz2, Ni/ZrO2, Ni/CeZrOx, and their
parent oxides was investigated for CHTL of food waste with
emphasis on char inhibition and biocrude yield. Non-
catalytic HTL reactions were performed as controls at the
same conditions as the CHTL experiments - i.e., at the
same temperature, reaction time, and hydrogen loading. In
addition, data were collected for non-catalytic HTL in the
absence of Hz. These data are provided in the Sl. In all
experiments, the composition and higher heating values of
biocrude, gas, and char were measured or estimated to
complete the energy balance and determine the energy
recovered in the main product phases. Figures 2-5 and
Tables 3-6 and S1 summarize these results.
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Figure 4. The van Krevelen plot of H/C vs. O/C molar ratio for HTL char.
The CHTL operating condition are 300 °C, 20.7 MPa for 60 min. H/C and
O/C error bars are within +/- 0.2 and +/- 0.1, respectively.
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OC’E I201t-)0.5 MPa Hz, and 60 min. HTL(H2): Thermal run (with H2 no
catalyst).

Figure 2 and Table S2 provide carbon yields as biocrude,
gas, aqueous phase, and char products. Use of metal
oxides reduced char yield relative to those obtained
without catalyst, with the greatest benefit observed for
CeZrOx. The superior performance of CeZrOx relative to
other oxides is consistent with its possessing a base-to-
acid density ratio closer to the optimal range as previously
identified.48 In addition, ceria containing materials possess
oxygen vacancies that can play a catalytic role, especially
for reduction of oxygen bearing compounds under
reducing environment.t4 These results are consistent with
the use of metal oxides for directing HTL pathways away
from char.2. 48

Figure 2 shows that use of the Ni-impregnated oxide
catalysts resulted in further incremental increase in
biocrude carbon yield, with the improvement greater than
experimental uncertainty for Ni/ZrO2, but not for Ni/CeO: or
Ni/CeZrOx. The real benefit of the Ni-impregnated
catalysts, much greater than uncertainty, is reduction of
char. Here, the carbon yield obtained as char decreased
from 50% for non-catalytic HTL, to 15-24% for the oxide
catalysts, to <10% for the Ni-impregnated catalysts. Use of
Ni/ZrO2 resulted in nearly immeasurable char carbon
yields (1.3%).

Concomitantly with char reductions, use of the Ni-
impregnated oxides promoted formation of water-soluble
carbon that appeared as aqueous-phase products. The
carbon yield in the aqueous phase increased from 12% for
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non-catalytic HTL (Hz) to approximately 37% for the Ni-
impregnated oxide catalysts. Promoting pathways that
form water soluble carbon instead of char can be beneficial
for catalyst lifetime.85 Moreover, the water soluble carbon
produced during HTL is appropriate for hydrothermal
gasification or anaerobic digestion to produce renewable
natural gas (RNG). Accordingly, reducing char vyields
without sacrificing biocrude yields and increasing yields of
water-soluble carbon products can increase the overall
value of the HTL products.

Decreasing char yields cannot come at the detriment of
biocrude composition. Tables 3 and S2 provide CHON
elemental analysis for the biocrudes shown in Figure 2. As
expected, non-catalytic HTL increases the carbon content
of the feed from 472 wt% to 67.7 wt%, with a
corresponding decrease in oxygen content. Interestingly,
use of all catalysts evaluated here results in biocrudes with
similar carbon and oxygen content compared with that
observed under non-catalytic HTL conditions. Therefore,
the char reduction shown in Figure 2 does not sacrifice
biocrude composition.

The compositional changes between samples are rapidly
visualized with plots of H/C vs O/C ratios for detected
compounds in van Krevelen diagrams.% Figure 3 shows
the van Krevelen plot corresponding to the biocrude
products shown in Figure 2 and Table 3. Data points for
several important feedstocks and hydrocarbon fuels are
annotated for reference.®-70 As expected, CHTL reduces
O/C ratios, from approximately 0.7 to 0.25-0.35 depending
on the catalyst. Uncertainties in O/C and H/C are sufficient
that all but the most separated biocrudes are roughly
equivalent, meaning that composition is only weakly
dependent on catalyst. Similarly, and again independent of
catalyst, the H/C ratio of the biocrude is approximately 1.5.
The H/C ratio of petroleum-derived fuels is ~1.8, indicating
the need for biocrude hydrotreating,%® 70 shown by the
dotted arrow in Figure 3. The nitrogen content data showed
in Table 3 indicates that hydrotreating the biocrude must
reduce its nitrogen content in addition to removing oxygen.

Sustainable Energy & Fuels

Table 3 provides HHV data measured for the biocrude. In
all cases, the HHVs of the biocrudes were significantly
greater than the original food waste, approximately 36 MJ
kg~ compared with 24.6 MJ kg='. HHVs measured for the
different conditions were tightly clustered around 36 MJ
kg1, with the biocrude obtained using Ni/ZrO:z as the only
statistical outlier with an HHV of 39.3 + 0.8 MJ kg-'.

Similarly, the total acid number (TAN) of the biocrudes was
measured, as shown in Table S3. TAN was >100 mg KOH
g~ for most of the catalysts used here, indicating that the
biocrude will need to be upgraded prior to its use as a
transportation fuel.

Figure 4 shows the van Krevelen plot of the char products.
Thermal conditions produce a char with an H/C ratio less
than any of the other samples. Similarly, the O/C ratio of
the thermal char is among the least of those studied here.
The H/C ratio of chars produced in the presence of metal
oxides are slightly greater than that observed for the
thermal char. Interestingly, the O/C ratio of the char formed
in the presence of CeO:2 was significantly greater than that
formed in the presence of ZrO: or CeZrOx. Finally, H/C
ratios of the chars formed in the presence of Ni-
impregnated oxides were roughly uniform (all
approximately 1.4) and greater than those formed in the
absence of Ni. On the other hand, the O/C ratios of the
three Ni-supported oxides varied significantly from one
support to another. Interestingly, Ni/CeO2 and Ni/CeZrOx
(and not Ni/ZrO3) define the extremes of the observed O/C
ratio (Table S4), contrary to what might be expected from
catalyst composition.

The results shown in Figure 4 clearly indicate that chars
formed in the presence of catalysts, especially in the
presence of Ni-bearing catalysts, are compositionally
distinct from thermal chars. Decarboxylation and
dehydration reaction pathways may both be active for char
formation, as shown schematically in Figure 4. Alternative
pathways include increased aromatization during thermal
HTL to account for the lower H/C ratio observed and
hydrogenation to account for the greater H/C ratio
observed in the presence of Ni-impregnated oxides.

Table 4. Energy recoveries of biocrude oil, aqueous-soluble product (usable for CH4 production), gas product, and total.

Catalyst ERbiocrude oil (%) ERRNG, estimated (%)2 RNG Yield (MJ/kg Food Waste) ERGas (%)2  ERoveral (%)
Thermal (H2) 30.8+4.6 6.5£1.9 1.8+0.5 8.6 45.915.0
CeO2 31.2£1.7 7.5£2.1 2.01£0.6 13.5 52.2+2.7
ZrO2 30.3+1.6 9.1+£0.3 2.510.1 15.6 54.9+1.7
CeZrOx 34.0+2.6 7.811.8 2.11£0.5 24.5 66.3+3.1
Ni/CeO2 32.3£3.5 11.3£2.7 3.11£0.7 9.0 52.6+4.4
Ni/ZrO2 39.2+1.5 11.5£2.4 3.11£0.7 12.7 63.5+2.9
Ni/CeZrOx 32.2+5.5 14.0£6.4 3.811.7 13.1 59.3+8.4

a Estimated based on the gas composition and corresponding heating values of gas components. RNG: Renewable natural gas. Ranges represent the

standard deviation estimated based on either two or three repeated tests.

This journal is © The Royal Society of Chemistry 20xx
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Table 5. Impacts of Ni-based catalysts on the product distribution and E£R of biocrude oil from literature.

Product Carbon Yields (wt%, ER
Temperature (°C),
Catalyst Feedstock . . d.b.) Improvement of Ref.
Time (min), Gas . .
Char Biocrude Oil Biocrude Oil°

No catalyst Rice straw 300, 120, N2 15.12 27.4 Younas et al.,2017
Ni/CeO2 Rice straw 300, 120, N2 9.92 31.6 1.15 Younas et al.,2017

Nannochloropsis
No catalyst 340, 30, N2 3.1a 51.42 Li et al.,2014

salina

Nannochloropsis
NiMo/Al203 340, 30, H2 3.4 72.52 1.30¢ Li et al.,2014

salina
No catalyst Vermicompost 340, 30, N2 26.82 39.9 Li et al.,2014
NiMo/Al203 Vermicompost 340, 30, H2 35.72 53.1 1.14¢ Li et al.,2014
No catalyst Spirulina platensis 350, 60, N2 5.82 62.8 Jena et al.,2012
NiO Spirulina platensis 350, 60, N2 5.72 49.0 0.82 Jena et al.,2012
No catalyst Food waste 300, 60, N2 41.5+26.1 23.847.4 This study
Ni/CeZrOx Food waste 300, 60, H2 4.3+0.3 32.4+£1.7 1.19¢ This study
No catalyst Food waste 300, 60, N2 41.5+26.1 23.8+7.4 This study
Ni/CeO2 Food waste 300, 60, H2 10.1+£2.5 35.94£3.9 1.19¢ This study
No catalyst Food waste 300, 60, N2 41.5+26.1 23.8+7.4 This study
Ni/ZrO2 Food waste 300, 60, H2 1.3+0.2 41.814.1 1.44¢ This study

a Mass basis. b £R Improvement is equal to the ratio of £R of catalytic HTL to ER of non-catalytic HTL. ¢ The energy content of Hz co-feed is included
in ER of catalytic HTL. d.b.: dry basis. ER: energy recovery. Ranges represent the standard deviation of either two or three repeated tests.

Figure 5 provides gas component yield data. In all cases,
the gases consisted mainly of carbon dioxide (CO2),
carbon monoxide (CO), hydrogen (Hz), and small amounts
of methane (CH4) and ethylene (C2Ha4). Figure S8 shows
the estimated HHV values of gas product under all
experimental conditions.

CO is the product of decarbonylation,”” while CO: is
formed either directly from decarboxylation or indirectly
from CO.72 The presence of metal oxides increases CO2
yields, decreases the O/C ratio of biocrude oil, and
decreases CO yields. Collectively, observations that metal
oxides promote decarboxylation and/or decarbonylation
are consistent with previous reports.’375 |n fact,
decarboxylation of biomass-derived bio-oils and model
compounds has been studied extensively over acidic
catalysts.” C2Hs may be produced either from
dehydrogenation of protein-derived short acids or
dehydration of carbohydrate-derived ethanol.’7. 78 H: is
residual from the initial charge and can be produced from
dehydrogenation reactions, as has been reported under
pyrolytic conditions and may be possible under HTL
conditions.”® Ni catalyzes hydrogenation in the reducing Hz
yields.80 Interestingly, the main effect of the catalysts is to
increase the CO2 and H: yields and decrease the CO yield,
indicating that the catalysts may be effective for promoting
WGSR as well.62. 63

This journal is © The Royal Society of Chemistry 20xx

As shown in Figure S9, use of an oxide catalyst results in
net Hz generation, while the Ni-impregnated catalysts
result in partial H2 consumption. After separation, the
resulting gas streams produced using the Ni-oxide
catalysts can provide Hz for recycle to the HTL reactor, an
ethylene-rich hydrocarbon stream, and a pressurized CO2
stream suitable for utilization or capture.8!. 82

The biocrude, gas phase, and aqueous phase are readily
converted into energy products. The biocrude is
appropriate for upgrading to renewable liquid fuel. In the
gas phase, the high-pressure COz is especially suitable for
capture and the Hz can be recycled to the CHTL reactor or
used for upgrading the biocrude. If recycled, then the
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effective ER need not account for the hydrogen co-feed,
increasing the ER observed for use of Ni/ZrO2z to 43.2%.

The aqueous phase is appropriate for RNG production,
either by hydrothermal gasification® or anaerobic
digestion.8* Using aqueous TOC measurements (Table
S5), the RNG potential of the aqueous phase can be
estimated using literature methods.84 85 Table 4
summarizes the estimated RNG yields and the
corresponding metric, £RRNG,estimated-

The ER values calculated for the biocrude, aqueous
phase, and gas products can be summed into an overall
metric, ERoveral, as shown in Table 4. The total ER
available for Ni-supported metal oxide and metal oxide
catalysts outperform that of controls by 14-44% due to the
significant char reduction and transference of carbon into
more usable products. Specifically, according to the life-
cycle assessment model reported by Sun et al.,’® using the
Ni/ZrO2 catalyst can reduce the energy input to energy
output ratio and the greenhouse gas emissions by
approximately 10% compared with HTL performed without
catalyst. Similarly, the minimum selling price of biocrude
could be reduced by as much as 15%, based on the
techno-economic analysis model performed by Ou et al.8

Table 5 compares the performance observed for the Ni-
based catalysts with some previous literature results
obtained for CHTL of algae or biomass.ss 8. & Because
product yields are strongly dependent on the feed, data
reported for both HTL and CHTL conditions are provided
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Figure 6. XRD patterns of fresh ZrO. and the used ZrO. under 300 °C and
16 hours. t: tetragonal. m: monoclinic. HT: hydrothermal treatment.
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to isolate the catalyst effect. As expected, from carbon
yield and HHV results, the maximum ERbiocrudze Was
obtained using Ni/ZrO2, approximately 40%.

The impact of the catalyst on ERbiocrude is shown directly in
Table 5 as the ratio of the values obtained with and without
catalyst. ER values from literature studies were re-
calculated to account for the addition of H2 co-feed so that
all ER values are calculated on the same basis. Table 5
shows that the performance of the Ni-based catalysts,
especially Ni/ZrO2, was superior to most previous literature
reports in terms of simultaneous char reduction, biocrude
yield improvements, and ER performance. The ER
performance observed for CHTL of Nannochloropsis salina
over Ni-Mo/Al20s is in the same range as observed in this
work. However, in comparison with Ni/ZrO2, Ni-Mo/Al203
produces about 3-times more char and the Ni-Mo/Al203
catalyst actually increases char yields relative to non-
catalytic HTL conditions. Accordingly, Ni-impregnated
zirconia and ceria catalysts show promise for
simultaneously reducing char yield and maintaining bio-oil
quality and yield.

3.3 Catalyst Stability and Reuse Tests

The previous discussion on performance suggests that the
Ni-impregnated catalysts have potential for improving ER
obtained from HTL processing of food waste. To be
economically viable, the catalysts must also be stable
under the harsh reaction conditions associated with HTL.
Several deactivation methods must be considered: 1)
sulfur poisoning, 2) Ni(CO)s formation, 3) carbon
deposition, 4) mineralization or decrystallization, 5)
leaching Ni of sintering of Ni particles.

The sulfur content of food waste is < 1 wt%,89 meaning that
sulfur poisoning should not be a major deactivation
mechanism. Consistent with this expectation, sulfides were
never observed in the used catalysts. Conditions that favor
Ni(CO)4 formation — i.e., temperature < 230 °C and high
CO partial pressure — were avoided, meaning that this
deactivation route should be negligible.38 Limiting carbon
deposition was a major emphasis of this work, and the char
reduction observed after Ni impregnation suggests that it
is an effective method for minimizing carbon deposition.

Table 6. CHTL product yields of fresh and used Ni/ZrO- catalysts.

Carbon Yield (wt%)

Catalyst . .

Biocrude Oil Char Aqueous Phase Gas
Ni/ZrO2 41.8+4.1 1.3+0.2 31.1+6.9 11.4+0.0
Used Ni/ZrO,? 41.6+2.8 2.7+1.8 29.949.2 11.5+2.0

©

Used Ni/ZrO2 represents the regenerated catalyst obtained through
decoking and reducing the spent Ni/ZrO:2 catalyst after CHTL.
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This leaves the most likely de-activation mechanisms as
mineralization and decrystallization or Ni sintering and
leaching.?® Accordingly, catalyst stability to mineralization,
leaching, and sintering was evaluated after hydrothermal
endurance tests (16 h), after a single use, and — for the
most effective catalyst — by recovery and reuse.

Hydrothermal endurance tests were performed by placing
the catalyst in liquid water at 300 °C for 16 h. The purpose
of hydrothermal endurance tests was to evaluate
crystalline stability at time scales appropriate for kinetically
limited degradation phenomena,® without interference
from organic reactants, and without requiring removal of
carbon deposits prior to characterization. The crystalline
structures of fresh and used catalysts were investigated
using X-ray diffraction (XRD).

Figure 6 shows XRD diffractograms obtained for ZrO:2
before and after the hydrothermal endurance test. The
water treatment decreased the intensities of the peaks
associated with the ZrO:2 tetragonal phase, at 30.2°, 35.4°,
50.4°, and 60.2° (JCPDS-ICDD #50-1089). However, the
XRD pattern confirms that the polycrystalline structure was
maintained, and the more thermodynamically stable
monoclinic phase (JCPDS-ICDD #37-1484) was still
present in the ZrO:2 after the 16-hour hydrothermal stability
test. These observations are consistent with the high
hydrothermal stability of ZrO».91

Figure S1 shows similar data for Ni/CeO2 and Ni/CeZrOx
and indicates that the crystal structures of Ni/CeO2 and
Ni/CeZrOx were nearly unchanged after hydrothermal
reaction. Interestingly, evidence of CeCOsOH formation
(JCPDS-ICDD #41-0013) was detected in the XRD
patterns of both Ni/CeO2 and Ni/CeZrOx, suggesting a
potential change in oxidation state during water exposure
and consistent with previous studies on the interaction
between water and Ce02.92

Similarly, nickel particle sizes were estimated from XRD
diffractograms using the Scherrer equation before and
after the hydrothermal endurance test. Table S1 shows
that the Ni particle size decreased slightly for all three Ni-
impregnated catalysts after the hydrothermal endurance
tests, suggesting that leaching of trace amount of Ni
occurred under hydrothermal conditions, which was in
agreement with the observation in previous studies.%3. 94

To evaluate further, the aqueous phase obtained from a
representative catalytic test was analyzed for metal
content using ICP-MS. The nickel loading and the nickel
percent leached into the CHTL aqueous phase of the
Ni/ZrO2 obtained after the 2nd-cycle were 7.74 wt% (as
compared to 8.24 wt% Ni content in the fresh catalyst) and
0.06 wt% (on a basis of Ni amount in fresh catalyst),

This journal is © The Royal Society of Chemistry 20xx

respectively, indicating that Ni leaching should be
considered a minor catalyst deactivation route.

The hydrothermal endurance test permits characterization
on relevant time scales (16 h) and without interference
from organic reactants. To complement the hydrothermal
endurance test, used catalysts were recovered, calcined in
air to remove char, and characterized using XRD and
Raman spectroscopy. The Raman spectra (Figures S5-S7)
of used CeOz2, Ni/CeO2, CeZrOx, and Ni/CeZrOx catalysts
display all of the same features as the original materials,
but with more intense bands. The increased intensity is
consistent with removal of surface defects (e.g. oxygen
vacancies) during use and/or regeneration. The XRD
patterns and Raman spectra (Figures 6, S1, and S6)
obtained for ZrO2 and Ni/ZrO2 before use and after
regeneration indicate a transition from primarily monoclinic
phase to a tetragonal phase.®® The zirconia catalyst
remains in the monoclinic state after exposure to
hydrothermal conditions, indicating that the transition to the
tetragonal phase occurred during thermal regeneration at
550 °C. Decreasing the regeneration temperature from that
used here (550 °C) should eliminate this problem.

To evaluate the reusability of the best catalyst, Ni/ZrO2, a
sample was recovered after its use, regenerated by
calcining in air, and used for a second cycle. Table 6
indicates negligible differences between the biocrude and
char yields obtained in the first and second uses. Likewise,
the XRD diffractogram (Figure S1) of the catalyst
recovered after its second use was nearly identical to that
corresponding to the first use, indicating negligible loss of
structure. Accordingly, all of these considerations are
consistent with stable catalytic activity under HTL
conditions, encouraging continued evaluation.

3.4 Molecular-Level Characterization of the Biocrude

Lastly, the molecular composition of the biocrude was
analyzed in detail using a series of complementary
methods, with the objective being to gain insightin the HTL
and CHTL mechanisms. Accordingly, biocrude chemical
composition was investigated at the molecular level using
GC-MS, GCxGC, (+) APPI FT-ICR MS, and 'H NMR.

Beginning with GC-MS, the full-scan total ion
chromatograms (TIC) were dominated by fatty acid amides
(C14-C18) (Figure S10 and Table S6). This is reasonable
as fatty acid amides are formed by reaction of fatty acids
with amines, and amines are the natural product of protein
hydrolysis.9 The presence of fatty acid amides in the
biocrude gives a clear target for hydrodenitrogenation.97. 98

Interestingly, unlike the other biocrudes, GC-MS indicates
that the ZrO2 and especially Ni/ZrO2z biocrude contained
fatty acid ester peaks (e.g. 63.8 min: ethyl hexadecanoate,
and 70.2 min: ethyl octadecanoate, etc.). The fatty acid
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ester content of the ZrO2 biocrude determined from GC-
MS analysis is consistent with its bulk properties, including
especially its C-H-O composition and greater HHV value
compared with the other biocrude products (Table 3).
Formation of fatty acid esters indicates that the ZrO:
catalysts possess esterification activity, similar to previous
reports on bio-diesel catalysis.%®

To extract further information from the biocrude obtained
using the best catalyst (Ni/ZrO3), this sample was analyzed
using comprehensive two-dimensional GC high-resolution
time-of-flight mass spectral detector (GCxGC-HRT).
Compared to single dimension GC-MS (unit resolution),
GCxGC—-HRT has greater resolving power and provides
much more detailed chemical information on complex
samples.'00 Interestingly, and in contrast with GC-MS,
GCxGC-HRT indicated that the fatty acid content was
greater than the corresponding fatty acid amide content,
with the amide-to-fatty acid ratio varying from 5:1 to 10:1
(Figure S11). The discrepancy between GC-MS and
GCxGC-HRT can be attributed to co-elution in the former
and the greater mass resolution of the latter. Future work
on biocrude analysis should prioritize GCxGC-HRT over
GC-MS.

To understand lipid content in grater details, GCxGC
analysis was performed on a derivatized sample of lipids
extracted from the feed and compared with analysis of
biocrudes obtained using HTL and CHTL with Ni/ZrO: as
the catalyst (Figure S12). In all cases, C16 fatty acids are
more abundant than C12, C14, and C18 varieties.
Interestingly, the C18 fatty acid is not apparent in the HTL
or CHTL biocrude, suggesting that it is more reactive than
other fatty acids.'0' This is a new finding under HTL
conditions, but a similar effect of chain length on fatty acid
reactivity has been reported for thermal aging of bio-
diesel.'92 Increasing reactivity with increasing chain length
suggests the importance of H-abstraction in the
mechanism, since H-abstraction rates are proportional to
the number of abstractable H atoms present on a
molecule.'93 Similarly, the C12, C14, and C16 fatty acids
are present in saturated forms, while the C18 fatty acid is
present both in saturated and monounsaturated form. The
unsaturated C18 is expected to be more reactive than the
saturated form, as the double bond provides opportunities
for mid-chain hydrolysis and/or radical formation reactions.

GC and GCxGC analysis provide detailed molecular
information for compounds that evaporate at temperatures
less than 300 °C, but little or no information on the less
volatile and/or thermally unstable components of the
biocrude. Accordingly, biocrude was analyzed using 'H
NMR spectroscopy and FT-ICR MS.52.101 1H NMR and FT-
ICR MS do not provide as much structural detail as can be
determined from GC and especially GCxGC-MS analysis;
however, neither technique is limited to sample volatility.

This journal is © The Royal Society of Chemistry 20xx
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Accordingly, 'TH NMR and FT-ICR MS ideally complement
analysis using GC and GCxGC.

Figure S13 shows that the most prominent peaks in the 'H
NMR spectra are located at 0.81-88 ppm and 1.18-1.26
ppm, indicating the abundance of aliphatic methyl protons
and methylene protons in alkyl chains, respectively, in all
biocrudes regardless of the catalysts used. A third major
peak, located at 2.09-2.18 ppm, represents aliphatic
protons in the a-position relative to a heteroatom in
straight/branched amides or carboxylic acids. A minor
peak, appearing at 5.31-5.38 ppm, corresponds to non-
conjugated olefinic protons, consistent with unsaturated
lipids. No peak appears at 9.0-10.1 ppm, suggesting
negligible aldehyde content in the biocrude. This is
consistent with the high reactivity of aldehyde,'2 resulting
in its complete consumption under these reaction
conditions.

To gain further information into heteroatom content, the
peak area ratios of 2.09-2.18 ppm (protons adjacent to
heteroatoms) to 1.18-1.26 ppm (methylene protons) were
estimated for all biocrudes. ZrO2 and Ni/ZrO: biocrudes
have smaller peak area ratios than the rest of biocrudes
(Table S7), indicating that ZrO2 and Ni/ZrO2 biocrudes
have the greatest methylene content and least fatty amide
content compared with the biocrudes obtained using the
other catalysts, which is consistent with the GC results.

The biocrude was further analyzed by (+) APPI FT-ICR MS.
The resolving power and mass accuracy (50-250 ppb) of
FT-ICR MS allow for elemental composition assignment to
the tens of thousands of mass spectral peaks detected in
each sample. As with GC and NMR analysis, fatty amides,
distinguished by their molecular formulas of the form Cie.
22H35.42N101, were a major component identified using FT-
ICR MS. In addition to the N1O1 class, the most abundant
heteroatom classes identified in the biocrude correspond
to N102, N202, N1Os3, N203, and N201 multicyclic
compounds (~C14—C2s with double bond equivalents
between 4-13) likely comprised of hydroxyl, aldehyde, and
ketone groups (Figures S14 and S15). Potential structures
corresponding to these classes include pyrrolidinediones,
pyrimidinediones, quinoxalines, indoles, and phenazines,
respectively.104. 105 |nterestingly, the types of compounds
present in the biocrudes did not depend strongly on the
catalyst.

Additionally, Figure S16 shows that the molecular weight
distributions (MWD) of biocrude obtained using different
catalysts fall in the range from 150 and 1000 Da, with a
mean molecular weight of approximately 310 Da and again
independent of catalyst. In summary, these advanced
methods shed light on the comprehensive molecular-level
chemistry of biocrudes, previously unattainable with
traditional analytical platforms, and reveal a complex
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Figure 7. The schematic diagram of plausible char reduction mechanism in the CHTL using the metal oxide and nickel-supported metal oxide catalysts.

continuum of biocrude oils before and after the use of Ni-
impregnated heterogeneous catalyst.

The molecular-level analysis of the biocrude can be
combined with the char and gas composition analysis to
support a plausible mechanism of catalytic control of char
formation, as shown in Figure 7. In general, char may be
formed from primary and secondary mechanisms.'% Food
waste is fed to the reactor as insoluble particles (20-60
pm). During heat-up, water cannot access organic
compounds trapped within the particle. As the organic
compounds contained within the particle thermally
decompose, the fragments cannot be removed rapidly and
instead carbonize to form primary char.’ The organic
components in the outer shell of the food waste particles
are depolymerized and released into the liquid phase.0%.
107, 108 |n the absence of catalyst, some of the highly
reactive water-soluble products re-polymerize to form
biocrude or secondary char with less H and O content than
primary char.109

In the presence of metal oxides, most secondary char
precursors deposited on the catalyst surface must be
removed and reacted via oxidation reactions on the
catalyst rather than accumulating as char (Figure 7).
Specifically, the metal oxides appear to reduce the
tendency of reactive oxygenates to form char, resulting in
the char with less oxygen content than observed in the
absence of catalyst (Figure 7b). Ni has the additional effect
of hydrogenating char precursors, thereby increasing the

This journal is © The Royal Society of Chemistry 20xx

H content of the char while also inhibiting char formation
and decreasing the hydrogen yield (Figure 7c).

The importance of the WGSR is supported by the
observation that CO yield decreases in the presence of
oxide catalysts in parallel with increasing H2 and CO:2
yields. Both CeO2 and CeZrOx exhibit redox properties and
are capable of catalyzing the low-temperature WGSR.110.
111 Redox reactions imply a change in Ce oxidation state.
In fact, the aforementioned appearance of a band
attributable to CeCOsOH (JCPDS-ICDD #41-0013)
observed in XRD analysis of used Ce-containing catalysts
indicates transition between Ce#* and Ce3* (Figure S1).

Unlike Ce, Zr is not widely reported as a redox active
material,’2 and hydrothermal exposure of ZrO2 does not
give rise to bands attributable to Zr3* (Figure S1). ZrO:
must therefore inhibit char formation by a different
mechanism from CeO2 and CeZrOyx, which should be
studied in future research. Transesterification to form fatty
acid esters and remove reactive groups from the mixture
prior to forming char is a likely pathway, given the
effectiveness of ZrOz-based catalysts for promoting
esterification reactions and thereby increasing biocrude
yields.

In the presence of Ni-impregnated metal oxides, Ni further
reduces char yields, increases yields of water-soluble
carbon, and results in H2 consumption relative to that
observed for the metal oxides on their own. Formation of

J. Name., 2013, 00, 1-3 | 14
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secondary char may be further inhibited by preventing char
growth on the catalyst surface as well as limiting aqueous
condensation via hydrogenation reactions (Figure 7). This
mechanism is consistent with the H/C and O/C ratios
obtained for the hydrogen-rich char formed in the presence
of Ni-impregnated catalysts (Figure 4). This mechanism
can be confirmed by further characterization of the HTL
aqueous phase formed in the presence and absence of
catalysts.

Conclusions

Three metal oxide supported Ni catalysts, Ni/CeZrOx, Ni/ZrO2,
and Ni/CeO2, were investigated for CHTL of food waste to
reduce char yield and improve energy recovery as useful
products. The Ni-based catalysts decreased char yield
significantly from 16-24% to 1-10% (carbon basis). Ni/ZrO2
was the most effective catalyst tested for reducing char yield
and simultaneously produced the greatest yield of biocrude with
the greatest HHV (39.3 MJ kg~') and greatest £R as biocrude
(39.2%). After accounting for the energy content that could be
recovered from the gas product and aqueous phase, the net
effect was to increase the £R as usable products from 45.9 +
5.0% without catalyst to 63.5 + 2.9% with Ni/ZrO2.

All three catalysts were hydrothermally stable, with minor
decreases in Ni particle size observed after 16 h of exposure to
HTL conditions. The thermal stability of Ni/CeZrOx and Ni/CeO2
was greater than that of Ni/ZrOz as the crystalline structure of
Ni/ZrO2 transformed from tetragonal to monoclinic during
regeneration. Tests with reused Ni/ZrO2 indicate negligible
decrease in biocrude yield or increase in char yield after two

cycles, with 93% nickel retention.

The biocrude was analyzed using several complementary
methods. Fatty acids and fatty amides were present in all
samples. Heavy compounds present in the samples were likely
pyrrolidinediones, quinolines, pyrimidinediones, quinoxalines,
indoles, and phenazines. Esterification reactions to remove
reactive precursors and WGSR were suggested as plausible
pathways responsible for char reduction in the presence of the

catalysts used here.
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