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Abstract

This work investigates the effect of suproit2a -Un-oxide nano-catalysts for hydrothermal
conversion of food waste. The studied sup, orts ' vere carbon black (Vulcan carbon), reducible
oxide (CeO;), ZSM-5 and amorp™sus SiO,-.01,0;.  Catalytic hydrothermal liquefaction
experiments were carried in a batc'»acic at 21 MPa and 300 °C. Different fractions of Fe(0),
Fe?* and Fe3™ alters its tenden v tor/ard deoxygenation, hydrogenations and condensation
reactions, which influence the bio-v mide yield, elemental compositions, and energy recoveries. The
fresh and spent catalysts w.re characterized using X-ray photoelectron spectroscopy,
physisorption analysis, “thermogravimetric analysis, transmission and scanning electron
microscopy. It was ' ounc ‘hat the change in support has different promotional effects in favouring
certain HTL path rays .ad products. Catalysts with high fractions of Fe>" relative to Fe3* increased
the yield of oi. soluble products and overall energy recovery, while the presence of Fe(0) sites

reduced t e 0x, zen content and improved the bio-crude heating values.
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1 Introduction

Fossil fuels have served humanity as a reliable, cost-efficient, and easily tr-.isy drtabie source
of energy. However, GHG emissions associated with its use have led to sev. e e’ vironmental
concerns endangering the sustainability of life on earth. Advanced biofue. ar¢ xpected to play
a significant role in furthering GHG reduction targets [1]. Waste tocl ocks (agricultural,
household, and industrial) offer cheap and sustainable starting ma er’al i »r these processes [2].
The average loss of food to waste is estimated between 124-154 1. - per capita per year. Considering
the rise in the global population, this rate would logicall keep increasing unless appropriate
actions are undertaken[3]. A significant portion of this «2ds up in landfills. Organic waste
including food waste can be utilized to potentially rep ac. fc ssil fuel while alleviating the waste

management challenge [4].

Food waste valorisation into bio-oil th*ou ™ uicrmochemical routes such as pyrolysis and
hydrothermal liquefaction (HTL) has revea.»d r omising results. However, further progress is
required to improve the economics ~nainly infiuenced by oil yield and its quality [5]) and
upgrading aspects before commer ia:.rativi. The HTL process can accept a wide range of wet
feedstocks [6], [7]. The process .: op‘rated at a lower temperature and higher pressure than
pyrolysis, and typically pro< ices v »-crude with higher heating values due to the higher carbon
and a lower heteroatom content. ; .dditional upgrading steps are usually required before being used
as transportation fuel [8]. “atalysts can be employed to improve the sustainability and economics

of HTL process by ncrea. 'ng the oil conversion yield and/or improving the bio-crude quality [9].

Heteroger ous c. *alysts are preferred for their ease of recyclability, although, challenges like
coking, prwsoning etc need to be overcome before commercial applications [10]. Iron as an
abundant, ~hea: and moderately nontoxic metal has been attractive in the catalysis industry. Its

mul pl© o idauon states makes it effective in a wide range of organic reactions [11] [12] [13],
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In recent years, the interest has been increasing toward studying iron-based heterogenc s
catalysts in hydrothermal liquefaction of various biomass materials such as algae [16] o0
processing wastes [17], and lignocellulosic materials [18]. Zero valent Fe for HTL of na. -voo .
increased bio-crude yields by 17 wt%. The HHV’s of biocrude also increased due to #= ei hanced
hydrogenation and deoxygenation reactions [18]. Iron at different oxidation states *»< 2lso been
investigated for Oak wood at 300 °C[19]. Fe,O; produced 3 wt% higher char y :1d .nin Fe;0,4 and
5 wt% higher than Fe. The biocrude yield increased by 6wt%, 1wt% and .2 w.,s using Fe;Oy,
Fe,O5 and Fe respectively [19]. Red mud as a natural catalyst containing ai »und 45% Fe,O3 was
used in HTL of Spirulina at 300 °C before and after activation. Unac*.v. 2d red mud (surface area;
14 m?g!) and activated red mud (surface area: 188 m?g!) increz ec ne ¥ 10-crude yield by 8 and
13 wt%, respectively. The increase in bio-crude yields was also «sociated with oxygen increase
by 2.5-5% and HHV’s reduction by up to 1.3 MJ kg! [20]. Nanocrystalline Fe;04 was studied for
HTL of Ulva-fasciata at 300 °C. Increasing the cataly-. adu z from 0.63 to 3.75 wt% caused a
reduction in bio-crude yield by 8 wt% and oxygen . 1uct on by 4.5 wt% accompanied by an
increase in the char formation [21]. Fe/TiO, was | est.dor Nannocloropsis at 300 °C, and showed
no impact on biocrude yield and HHV [22] 5, norwed iron-oxide on ZSM-5 was tested for soy
protein and sunflower oil at 350 °C, a reduc. an i\ bio-crude yield by 2-30 wt% and decrease in

HHV’s by 0.5-0.8 MJ kg'! was notea " both feeustocks [23].

The above-mentioned studies sugg st that iron in different forms and supported on various
supports may influence the BT oicciss differently. There are no studies in the literature that
systematically investigate the effect of iron supported on different supports. Furthermore, the
catalyst deactivation 1« es for HTL of wastes have not received a significant attention. This study
aims to develop an v'.  rsta.uing of the synergetic effect of iron-oxides catalysts with its supports,
and possible catalys deactivation sources. This is done by testing iron on four different supports
(Vulcan carbcn, Ci9,, Si0,-Al,03 and ZSM-5) having diverse characteristics and textural
properties: v .*h possible sources of deactivation studied by characterisation of catalyst after
repeated «-e. Tae influence of catalysts is evaluated by comparing the changes in bio-crudes
enel zy .ecover.es (combined factor of yields and HHV’s), boiling points fractions, relative
< mpos:uons of various functional groups and tendency of each support to produce asphaltenes

through polycondensation.



2 Experimental

2.1 Materials

The feedstock used in this study consists of equal proportions (dry basis) of mixed vege. bic 2.d
white meat which represent two of the main constituents in domestic food wastes [24'— 2 '. The
feedstock constituents were blended and water content adjusted to 85 wt% usirz disti.cd water.
See Table 1 for proximate and ultimate analysis of the feedstock usel in (v, st .dy. Similar
feedstocks have been used in other studies [27], [28]. The catalysts were yn.. ~sized using Iron
(IIT) nitrate nonahydrate (=98%) purchased from Sigma Aldrich, ethy.c22 slycol (99.5%) and
tetramethylammonium hydroxide pentahydrate (98%) purchased fr: 'm . hrmo Fischer Scientific,
and ammonium molybdate tetrahydrate (99%) purchased from.: Ifa ~Csar. The catalyst supports
were Cerium (IV) oxide nanopowder (99.5%) from Alfa Aesar, Vulcon XC-72 from Cabot, Silica-
alumina grade 13 from Sigma Aldrich and ZSM-5 (CBV3u 4E) from Zeolyst. The solvents used
for bio-crude and asphaltenes extractions were methy ter. chloride (>99.5%), n-pentane (=99%)
and toluene (>99.9%) purchased from Fischer Ch...7ca.. \\esidual oil and sulfanilamide used as
standards for elemental analysis were purchased 1 = L 2CO corporation. Deuterated chloroform
(99.8 atom%) used for NMR samples was pri ‘chas. 4 from ACP Chemicals. Hydrochloric acid (34-
37%) and nitric acid (67-70 wt%) used in cai. vsts digestion was purchased from Aristar Plus.
Standard elements used for ICP-OES w. e obtained from PlasmaCAL.

Table 1

Proximate, ultimate analysis .. “ocuemical compositions of food waste. (Replicates with n>3
represented as mean + stand. d dev.ation).

Properties Value

Proximate Analysis (wt. %)
Moisture 85.4+2.7
Ash 2.1+0.3

Ultimate An..'vsis

C (%) 52.3620.05
H (%% 7.01£0.28
0 (4 33.62+0.41
N%) 6.38+0.10

S (%) 0.6£0.07



HHV (MJ/kg) 23.63

Biochemical Composition

Carbohydrate 49.5
Protein 32.5
Lipid 15.4

2.2 Procedure

2.2.1 Catalyst synthesis

Iron-oxide colloidal was synthesized following the polyol synthesis as iet iled in a previous study
[29]. Iron-oxide precursor, iron nitrate nonahydrate (Fe(NOs); 'H,U) was mixed with ethylene
glycol (EG) that acts as a solvent and a reducing agent. A= alkalinc reagent solution of 0.25 M
tetramethylammonium hydroxide (TMAOH) in EG was ac led to the iron precursor solution in
droplets until the pH was 12. The final solution was re lur.ed until the temperature reached 160 °C
and then cooled to room temperature. Molybder i, oXiue colloidal was also synthesized using

polyol synthesis method. Molybdenum oxide | ecr sor, ammonium molybdate tetrahydrate

((NH4)sM070,4°-4H,0) was mixed with EG. The 1 1 of the solution was adjusted to 10 by adding
drops of 0.25 M TMAOH in EG. The solution 7as then refluxed at 160 °C for 75 minutes. The
supported catalysts were prepared folic ving the wet impregnation method by dissolving the
catalyst supports in DI water befo e ada 1g drops of iron-oxide and molybdenum oxide colloidal.

All fresh catalysts were subje w to 570 Hy/Ar at 250 °C for 5 h before HTL experiments.

2.2.2 HTL experiment

The experiment was cari.>d in a 250 mL batch autoclave. The reactor containing 130 g of food
waste and 1.95 g (1) wt, based on dry mass) of catalyst was purged with argon and pressurized
with 50% H,/A~ o a tooal initial pressure of 4 MPa. The process temperature was controlled at 300
°C for 60 min #inal pressure around 16 MPa) before cooling to room temperature (refer to the
supportin 7 inf¢ mation for the heating and cooling curves). The product inside the reactor was
mixe~ v th 1. 2thylene chloride and stirred for 5 min, followed by filtration using 0.45 pm PTFE
fi':er. The oil phase was separated from the aqueous phase using a separatory funnel. Methylene

ch. ride solvent was separated from bio-crude using rotary evaporation for 25 min at conditions



of 25 °C at 400 kPa, followed by 20 min at 32 °C at 15 kPa. The yields are calculated using Fgq.

(1-3) (data presented as mean =+ standard deviation, n>3)

Asphaltenes were extracted from bio-crudes using the procedure described elsewi.>r¢ 27).

Asphaltenes yield was calculated using Eq. (4).

mbia—crude(g) 1
Ybio—crude (%) = mew () — Mmoisture(g) — Masn(g) * 100 ( )

M oxidizable solids(g) 2
YSOlid (%) = mrw (g) — Mynoisture in FW(.g) — Mgshin FW(g) * 100 ( )
Y gas+aqueous (%) = 100 — Biocrude yield (%) —Char yield % (3)
0 masphaltenes (g) 4
YASphaltenes (/0) = Mpio—crude (g) * 100 ( )

2.2.3 Catalyst characterization

The textural properties of catalysts were detex=inc 'y nitrogen physisorption using ASAP 2020
Micrometrics after degassing the samples 't 25t °C for 3 h under vacuum. The adsorption-
desorption data was acquired at 77 .7 Catalyst 1. »tal loading was determined using inductively
coupled plasma-optical emission sr==tron. =1y (ICP-OES): Perkin Elmer Optima 3000 after acid
digestion. Scanning electron micr scopy (SEM) was performed using Hitachi SU5000 FE-SEM.
EDS maps were acquired wit1 Ox>rd EDS detector and processed using Aztec software. A FEI
Titan3 80-300 TEM operated a. 200 keV, and equipped with a CEOS aberration corrector for the
probe forming lens aria > monochromated field-emission gun was used to acquire both high-
resolution TEM (H{TE. ) and annular dark-field (ADF) images. TEM specimens were prepared
by dispersing thc »olic rowder in ethanol, and sonicating for 15 min. One drop of the solution was
then placed o1.. > a 200 mesh TEM copper grid coated with a lacey carbon support film (Ted Pella)
and driec in ai The holes in the lacey films allow for the acquisition of spectroscopy signals
withewinte, “rence signals from the carbon support. ADF images were collected using a high-
arzle© ar wlar dark-field (HAADF) Fischione detector in scanning transmission
el tronmicroscopy (STEM) mode. This technique provides signal intensity related mainly to the

atomic number (Z) and the thickness of the region analyzed. The TEM instrument is also equipped



with an energy-dispersive X-ray (EDX) spectrometer (EDAX Analyzer, DPP-II). To optimize ! ie

signal intensity, EDX spectra were acquired with the specimen tilted at 15 degrees.

The surface chemistry of fresh and spent catalysts was characterised by X-ray pho.reic>#2n
spectroscopy (XPS) using Kratos Axis Ultra DLD with a monochromatic Al Ka as A -1« ource
(140 W). Survey scans were obtained at a pass energy of 80 eV and high-resolutan an.. ysis was
obtained at 20 eV. Kratos charge neutralizer was used, and the analysis vras ¢ v.ed n a vacuum
of 5 x107 torr. XPS spectra were fitted using CasaXPS software to get i »e v st fitted curves at
minimal root mean square after calibrating the binding energy to the al on. tious carbon 248.8
eV. High resolution XPS of spent FeO,/CeO, resulted in noisy a1 d i ditinguishable peaks and
was not included in the manuscript. Coke disposition on cataly’ t wao Getermined by the weight
difference after combusting the solids recovered from HTL _under o+ at 850 °C. To determine the
mass of carbon deposition on catalysts, 5 mg of spe. ‘. catalysts were subjected to TGA
programmed to reach a temperature of 850 °C at aram  ra’c < f 10 °C/min. The weight of deposited
carbon in VC supported catalysts was estimated k3 2on. Zcring the weight loss for the fresh and

the spent catalysts.

2.2.4 Bio-crude and asphaltenes characte. ~atio .

The elemental analysis of bio-crude’ s determi. »d using Vario EL cube Analyzer. Residual oil
and sulfanilamide standards were 12224 1c > alibration. The oxygen content was determined by
difference. The HHV’s were calc: lated 'ising Boie’s equation (Eq. (5)), and the energy recovery
was calculated using Eq. (€,. “ermogravimetric analysis (TGA) was performed using TA
Instruments model Q5000 IR. 1. » sample was heated to 700 °C at a ramp rate of 50 °C min™! under
nitrogen flowrate of 25 1.1, min'!. Gas chromatography-mass spectroscopy (GC-MS) was used as
a semi-quantitative tech. ‘aue to identify the components using Agilent 5975¢ GC equipped with
DB-5MS columi. €30 .~ length, 0.25 mm ID and 0.25 thickness). The samples were injected at a
split ratio of .5, and the generated peaks were identified using NIST library. Proton nuclear
magnetic resor mnce (1H NMR) was conducted using Bruker AVANCE 300 with a resonance
frequaov 00 7U0 MHz. The samples were mixed with CDCls, and the spectra was acquired at 32
scan ~.nd. /0° pulse. The Fourier transform infrared (FTIR) spectra was acquired using Nicolet
6.0 equipped with diamond ATR accessory. The spectra was obtained in the range 4000-525

cm’! at a resolution of 4 cm!.



HHV (MJ/kg) = 35.16 C +116.225H — 10.090 + 6.28 N + 10.465S (5)

HHV bio—crud :
ER (%) = HHVopmim % Y bio—crude (%) 0)

3 Results and Discussion

3.1 Catalyst characterization

The characteristics of catalysts supports such as surface area and porosity .=+ ence its activity by
offering a reasonable contact surface area and appropriate pore sii es-.nz allow access to active
sites. Nitrogen adsorption isotherms were carried out to analy: the puysisorption characterstics
of catalysts and are presented in Fig. 1. In accordance with [IUPAC classification, all catalytsts
show type IV isotherms with hystyresis loops typically f types H2 (FeO,/Si0,-Al,03), H3
(FeO4/VC) and H4 (FeO,/CeO, and FeO,/ZSM-5) wi 1 rure shapes mostly like ink-bottle shaped
(H2) and slit-shaped pores (H3 and H4). The peic oluue, pore size and BET surface area of
catalysts are shown in Table 2. Pore size . strikation of catalysts can be found in the
supplementary material . The average per: diaieter of all the catalysts are in the range of
mesoporous materials. Catalysts with Si0,-A. )5 supports had the highest surface area and
distinguishably high pore volumes in co.»narison with other supports. The decrease in pore sizes
can be beneficial for increasing th : surfz e area but can also make it susceptible to pore blockage

during processing of biocher .c.' coupounds[30].

The chemical states of iron-oxiac ~upported catalysts were investigated before and after HTL using
XPS analysis. The main .= 2p peaks of fresh catalysts correspond to Fe** (FeO) and Fe** (Fe,03)
at different ratios (Vig. 2 .nd Table 3 ). The orbitals of Fe 2p;,, were fitted with Fe** and Fe** with
binding energies ear 710 eV and 712 eV, respectively. The orbitals of Fe 2p;,, were fitted with
Fe?" and Fe3™ sith binding energies near 723 eV and 726 e€V [31]. The peaks shift to higher or
lower bit ding ‘nergies depending on the strength of interactions between iron sites and the
supp- .« Iro. orbitals appeared at lower binding energies in fresh FeO,/CeO, catalyst which imply
a tre .g 1 ceraction between CeO, and iron-oxide nanoparticles. XPS peaks of Fe(0) was also
no.>d in FeO,/CeO, which also indicate a reduction of iron on the support sites. The ratios between

relative fractions of Fe3* and Fe?* varied depending on the support. The fitted peaks for Mo 3d in



the fresh FeO,-MoO,,VC correspond to Mo (0), Mo and Mo%" at binding energies near 22¢.1
eV, 231.5 eV and 232.7 eV [32]. The presence of a higher electronegative transition metal »~Gy
sites seem to oxidize FeOy sites, as noted with a high relative content of Fe3* and the pres r.e ¢

Mo(0) sites in FeO,-MoO,,VC (Fig. 2 and Table 3).

Iron-oxide supported catalysts show uniform distribution as shown in SEM-ED>Y. map, .ngs and

TEM-EDX in Fig. 3..

Table 2
Textural properties of fresh catalysts

Pore Volume  Pore Size

Material Fe (wt%) Mo (wt%) St (M%/g (cm¥g) (o)
CeO, - - 70.71 0.126 7.286
FeO,/CeO, 4.74 - 47.63 0.082 7.710
VC - - 221.22 0.293 8.557
FeOx/VC 5.44 - 43.75 0.154 8.114
FeO,-Mo00,/VC 2.47 2.72 152.02 0.163 7.700
Si0,-Al,0; - - 418.88 0.553 4.836
FeO,/Si0,-Al,04 423 348.52 0.460 4.706
ZSM-5 - - 335.01 0.107 3.703

FeO/ZSM-5 4.64 - 156.48 0.079 5.721
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Fig. 1. nitrogen adsorption/desorption for iron-oxide supported catalysts
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Fig. 2. XPS sp.ctivm o1 a) Fe 2p and b) Mo 3d in fresh iron-supported catalysts

Table 3
XPS bin< ng er >rgies and fractions of Fe 2p and Mo 3d in fresh catalysts
Fe’", Fe3" /Fe*" relative
Fe(0) Fe?* Fe’*
satellite ratios

FeOx/VC ] 710.27 712.44 718.46 0.80



FeO,-M00,/VC ) 710.17 712.37 716.11 18.49
FeO,/Si0,-Al,0; ) 710.24 712.43 716.17 1.33
FeO,/ZSM-5 - 710.14 712.11 716.57 1.57
FeO,/Ce0O, 707.08 709.23 713.59 - 200
N Mo%*
Mo (0) Mo’* Mo*%* Mo>* Mo*
satellite
FeO,-Mo0O,/VC 228.12 231.52 232.69 23447 235.82 236.82
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Fig. 3. distribut’'on ¢ “elements in fresh iron-oxide supported catalysts using a) SEM-EDX
mapping and b) TEM-EDX

3.2 Effect~ supp rted iron-oxide catalysts on bio-crude yields

The effec” o1 “-on-oxide catalysts was determined by comparing the influence of the supports on
the yield vofor, and after adding iron-oxide. Four different supports with various features were
cove re in this study: Vulcan carbon (VC), CeO,, ZSM-5 and Si0,-Al,0;. The results in Fig. 4
J' ow that iron-oxide may increase or decrease the biocrude yield depending on the type of support

and 11on sites. Most iron-oxide catalysts promoted the formation of oil soluble compounds (62-65



wt%) and reduced the char formation when compared to their respective supports. Iron-ox: te

supported by CeO, showed a decrease in bio-crude yield to 50 wt% accompanied by an incr=ase

[ Bio-crude [__|Solid[_] Gas+Aqueous
70 -
60 - l r‘
< |
< 404 _} 1 ] _I_ 1] -} l T
% i - ‘ Ea
5 30 | ~ I{'"
20 -
K ll l
0- T T T T T _I'bﬂ T T T
o O (9] (9] g v o o » b2
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QO 4 - Q %'\ 6\ QQ
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< QQO

Fig. 4. Bio-crude, oxidizable solids.2auc 1< and gas yields produced from HTL of food waste at
300 °C, 21 MPa and 1h. (Replicat s wit . n>3 and error represented as standard deviation).

in gaseous and aqueous fractic s “2 40 wt%. The decrease in the bio-crude yield using FeO,/CeO,
is attributed to the presence « Fe (0) sites on its surface (Fig. 2), which could had promoted
deoxygenation and de: _ dration reactions and decreased quantity of oil-soluble compounds. This
is also evidenced by .. ch luwer oxygen content of bio-crude (see Table 4). Iron-oxide supported
on VC showed incre sed bio-crude yield (63 wt%) compared to 56 wt % for VC, and significant
reduction in ¢' ar frc a Swt% using VC to 0.9 wt% using FeOx/VC. The increase in the bio-crude
yield in irun-c riac supported catalysts was also associated with the presence of high fractions of

Fe?* relativ 2 te'7e3 on the catalyst surface (Table 3).

32 " .ler.ental analysis of bio-crude
T influence of different iron-oxide catalysts on the bio-crude was investigated by determining

the elemental distribution and HHV’s of bio-crudes and are shown in Table 4. The change in



catalysts and supports led to varied carbon (69-77 %), oxygen (8-16%), hydrogen (8-10 %) 21d
nitrogen (5-7 %) content of bio-crude. Apart from FeO,/CeO,, adding iron-oxide to diff==et.
supports caused an increase in oxygen content by 2-6 wt% and a decrease in the carbon cor *c.it b
2-3%. The increase in the heteroatomic contents of bio-crudes produced by supportec “ro1. oxides
reduced the bio-crude HHV’s in comparison to their supports. Catalysts with higi.cfi. ctions of
Fe?* relative to Fe3* (FeO,/VC, FeO,/Si0,-Al,03; and FeOx/ZSM-5) (Tabl: 3’ i creased the
oxygen content of bio-crudes. Despite the reduction in the HHV’s in some cas . tic uverall energy
recoveries that consider the combined factors of bio-crude yields and HHV 's improved by 4-9%
(Table 4). From the energy recovery perspective FeO,/Si0,-A7,C seems to be the best
combination with ER greater than 95 %.

Table 4

Elemental compositions of bio-crudes produced from HTT. of food waste at 300 °C, 21 MPa and
1h. (Data presented as mean + standard deviation, n>3).

N (%) C (%) H(%) @ £(%) O(%) HHVMJkg) ER
(%)

No Catalyst 6.5040.23 70.72+042 8.5.:,.56. 0.21x0.02 14.03:0.74 33.8 87.06
\%e 6.614034 73.76+037. 8.45 048 0.22+0.01 10.93+0.69 35.1 82.89
FeO,/VC 6.124027 68.91:049 8.01+0.76 0.20£0.01 16.46:0.94 32.6 86.97
FeO, MoO, /VC ~ 7.26:0.44 74.19:0:2 . 9.28:0.74 021001 9.07+1.06 36.4 86.33
CeO, 5804024 72.10:032 9.51x0.61 0.23x0.02 12.36:0.73 35.6 85.21
FeO,/CeO, 6.77+037 TA.04+054 8.86+0.65 0.22+0.01 7.50:092 36.9 76.70
Si0,-AL,0; 5.17+027 +74.112032  9.92+0.62 0.2040.02 10.60+0.75 36.9 86.31
FeO,/Si0>-ALO;  5.74047 7231:068 8.99+0.70 0.210.02 12.66:1.08 35.0 95.22
ZSM-5 5004023 72.30:048 8.39+0.55 0.21£0.01 13.81:0.77 34.1 77.13
FeO,/ZSM-5 0094034 70.51:052 8.1240.86 0.20£0.02 16.05:1.06 33.0 85.79

3.4 C. npos :ion of bio-crudes

The nar rcow ~ounds detected in bio-crude were unsaturated fatty acids, fatty acid amides (FAA),
n' .rog = leterocyclic compounds (pyrroles, pyrazines, indoles), and oxygen heterocyclic
con.ounds as displayed in Fig. Sa (also see supplementary material for details). A combination

GC-MS data, Van Krevelen chart (see Fig 7), and literature studies were used to elucidate the



influence of various catalysts and supports on reaction pathways. The widely accepted route “or
the generation of fatty acid is through hydrolysis of triglycerides. The main fatty acid comp~=na.
found in this study were octadecanoic, octadecenoic and oleic acids. Fatty acids may S . the
condensate with amines generated from the decomposition of the protein derived ar ‘no . cids to
produce fatty acid amides via amidation [33], [34]. Fatty acids amides may furthc, “=ai sform to
fatty ketones intermediates and finally hydrocarbons [35]. Amides in this/ ~¥07< <vere mostly
detected in form of octadeceneamides in addition to tetra-, hexa-, anJ oc..-decanamides.
Amidation of fatty acids may also increase the bio-crude yields by transfoi ming water miscible
amines into bio-crude miscible compounds (also see Figure 6)[36]. "1i. xer bio-crude yields (Fig.
4) were also noted for cases containing high relative content of 21’ s (F.g. 5a). Protein derived
amine groups may also interact with carbonyl groups genc ated from the hydrolysis of
carbohydrates via maillard reaction to form nitrogen heter )cyclic compounds such as pyridines,
pyrazines, pyrroles, indoles and piperidines. Nitreoc. heocrocyclic compounds are mostly
miscible in bio-crude, however, some alcohols and i\ “wonf s forms of piperdines and pyridines
compounds such as pyridinols, pyrrolidinones, p. ricon s and piperdinones has higher affinity for
the water phase [37]. The amines are utilizes .. “wo competing reactions between amidation and
Maillard reaction during HTL that may favo.r the formation of either amides or N-heterocyclics
[38]. The ratio of amides and N-hete, -“yclic in kig. 5 was between 1.6 and 2.9. It was lower for
VC (1.6) and SiO,-Al,05 (1.8) viucl may imply higher selectivity toward maillard reaction.
Adding iron-oxide catalyst on all st anor*; except CeO, increased the relative ratio of amides which
suggest an increased select vity . ward amidation. The higher production of N-heterocylic
compounds using Ce(), (Fig 5) 1. attributed to the promotion of dehydration and decarboxylation
reactions. An increase i cvclic ketones and N-heterocyclic compounds accompanied by a
reduction in carbe ylic «»ids were found in FeO,/CeO, bio-crudes which were also found to
promote dehyd aw. »n roates. Ketonization of carboxylic acids via dehydration and decarboxylation
routes have bec. evidenced using CeO, based catalysts in other studies [39]. Cyclic ketones such
as cyclep »ntanc ne are generally produced by dehydration of carboxylic acids [40], or from the
hydroge: atio. of 5-HMF compounds produced during the hydrolysis of carbohydrates [41], [42].
Asur mary of the reaction pathways is depicted in Fig. 6.

As ouserved in Van Krevelen chart ( Fig. 7) ,CeO, and SiO,-Al,0; promoted higher alkylation

reactions, possibly via Friedel-Craft alkylation routes induced by hydronium ions [43]. The



reaction trajectory changed into promoting dehydration and decarboxylation reactions after 1 ie
addition of iron-oxide to CeO,, as is also seen by the decrease in the relative content of acid=anc
increase in N-heterocyclics and benzene derivatives (Fig. 5). The use of VC promoted dehy ¥+ itio .
reaction in comparison to the non-catalytic case. The increase in nitrogen con'~nt nd N-
heterocyclic compounds (pyrroles, pyrazines, etc.) of bio-crude while using VC'cin <'so be an
outcome of dehydration reactions through furans and amino intermediates [44]/ 45 . The presence
of MoOx in FeOx-MoOx/VC promoted alkylation (Fig. 7 and Fig. 5b) ana . mu.....on (high N/C
in Table 4) reactions. An increase in relative content of amines and bcazene derivates was
observed for FeOx-MoOx/VC in comparison to FeOx/VC (Fig. 57,. The increase in amination
reactions may also relate to increase in water-soluble and gaseor's . “.ctic as in Fig. 4. The use of
FeOx/ZSM-5 lead to increased dealkylations reactions, due to he nature of ZSM-5 catalysts
(generally used for cracking reactions). Iron-oxide on Si( -Al,O5 support lowered the alkylation
reactions while increasing amides (Fig. 7). The convsis. n ¢ acids to amides can be observed
from increase in ratio between acids and amides in Fig sa (.rom 0.86 to 2.84). The formation of
amides from carboxylic acids was least favour d 7.sii g ZSM-5 and FeOx/ZSM-5 with a ratio
around 0.9. Amides were lower than the acids u..*ke vi0-crudes from other supports (Fig. 5a). The
deoxygenation and oxygenation routes we.> al<o linked to the chemical state of iron-oxide
catalysts, having higher fraction of F¢ ™ relative to e** seem to have promoted oxygenation routes
as shown from the increase in oxygu.. ~otient in bio-crudes produced by FeO,/VC, FeOx/Si0,-
AlO; and FeO,/ZSM-5. In contrc v, b..ving Fe (0) and Mo (0) sites in FeOx/CeO, and FeO,-
MoO,/VC promoted deoxyg« natio. routes and produced bio-crudes with lower relative oxygen

content in bio-crudes.

IH-NMR was used .. 2 co...plementary technique to study the changes in bio-crude functional
groups [46] (a.so re.>r to FTIR results in the supplementary material). It is noted that the catalyst
promoting de tydra.on reactions (FeO,/CeQO,) were also found to result in the highest aromatics
distributic®., iang. 6-8.5 ppm (Fig. 7 and Fig. 5b), which is in-agreement with the increase in
benzene G riva‘.ves and N-heterocylics (Fig. Sa and Fig. 6). Alkanes protons were high in FeOy-
Mo( /¥ CHio-ciude which may also explain the alkylation route found in Fig. 7. The increase in
¥ = unsawrated and heteroatomic protons found in the region 1.5-3.0 ppm correlate well with the
increcse in Fe?' ratios in FeO,/VC, FeOx/ZSM-5 and FeO,/Si0,-Al,0; bio-crudes, which may

suggest that the possible reason for higher bio-crude yields is the increase in the fractions of fatty



amides and the fatty acids showing lower deoxygenation trajectories in Van Krevelen chart whi-h

indicate lower decarboxylation activity for fatty acid conversions (Fig. 7).
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3.5 Boiling point distributic n

The boiling point distribution « € bio-crudes classified into following distillation cuts: gasoline
(<190 °C), jet fuel (194-290 °C), diesel (290-340 °C) and heavy oil (>340 °C) is shown in Fig. 8.
Catalysts promoting the J>rmation of N-heterocylcics (e.g. Pyrazine, ethyl-, Pyrazine, 2,5-methyl-,
Pyrazine, 2,5-¢'meu. 1-3-propyl-, 1H-Pyrrole,2,3,4,5-tetramethyl-, Indole) increased the
distribution o1 =t fuer and gasoline range (see Fig. 5a) . Catalysts that increased the percentage of
fatty acid; (e.g Oleic acid and 6-Octadecenoic acid) and fatty amides (e.g. 9- Octadecenamide,
(Z)-)zbhio tudes led to the increased distribution of diesel and heavy oil fractions. Supported
iron- >.de catalysts increased the heavy fractions of bio-crudes in comparison to their supports
pu sibly due to increased activity of condensation reactions and hence asphaltenes (see

information about asphaltenes in the supplementary material).
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(Replicates with n>2 and erro. ==zresented as standard deviation).

3.5 Catalyst deactivation and ' eusal ility

3.5.1 Characterization of si ent ¢ :talysts

The changes in chemical states ~f catalysts after reaction were examined by XPS (see Fig. 9).
Fractions of Fe3" increa.»d relative to Fe?" which indicates that iron was oxidized during HTL
processing. The fiactio. = of Fe3" appeared lower in the spent FeO,-MoO, VC catalyst in
comparison to thio fres’ catalyst. The decrease in the Fe** was associated with the chemical shift
of Mo’ to Mc ™, which indicate that Molybdenum was oxidized while iron was reduced during
HTL (Fi.. 9) also see supporting information). The spent FeO,-MoO,,VC also shows the
form=.i2 0. Vo nitrides and MoC sites at binding energies 229.6 eV and 227.7 eV [47], [48].
X™S ~ect a of spent catalysts also reveal the presence of CaCOj sites near 347.5 eV, C-O-P sites
neo = 134.8 eV and Fe-P near 133.8 eV [49]-[51]. The distribution of iron and other elements on
spent catalysts is determined by SEM-EDX mapping (Fig. 10a) and TEM-EDX (Fig. 10b).



Elements found in food waste such as Ca and P were deposited on catalysts and appeared at clc se

proximity to iron which may indicate poisoning effects and potential source of cotalvs.

deactivation.
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Fig. 10. eleme, “al distributions of spent iron-supported catalyst using a) SEM-EDX mapping
and b) TEwv1-L. DX (FeO,/S10,-Al,05 spent catalyst)

C ke 'enisited on spent catalysts was analysed using TGA experiments. Coke is referred to the
carc ~naceous deposits on heterogenous catalysts and typically oxidizes at 450-470 °C for slightly

developed coke and 520-530 °C for more condensed coke [52], [53]. The change in iron-oxide



catalyst support influences coke formation as displayed in TG curves in Fig. 11a. The main D7 G
peaks were found at temperatures near 316 °C for spent FeO,/CeO,, 284 °C and 447 °C for-=ret.
FeO,/Si0,-Al,05 , while 344°C and 423°C for spent FeO,/ZSM-5 (Fig. 11b). The amount f ok
(weight loss at temperatures higher than 400 °C) was found in the order of %eC /ZSM-
5>Fe0,/S10,-Al,05;>Fe0,/Ce0,. CeO, supported catalysts showed possibly adsc.>ec organics
rather than coke as evidenced by peaks at much lower temperature. The p ese.ich of oxygen
vacancies have been found to increase the resistance of catalyst sites to forn. :laic ..igh molecular

weight fractions in biomass processing [54].
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Fig. 11. nalysi. of spent catalysts by a) TG thermogram and b) DTG curves

3.5.2 Clualy. * reusability

The cataly. wch the highest energy recovery was chosen for reusability tests. The catalyst was
recy 'lea as is without pre-treatments between HTL tests. The catalyst support Si0,-Al,05 showed
1« 'sonable hydrothermal stability with minor indications of dealumination or desilication after
three cycles with Si/Al reduction from 5.9 to 5.4. The activity of FeO,/Si0,-Al,05 catalyst dropped

as seen from the reduction in yields and energy recoveries in Fig. 12. The deactivation of recycled



catalysts may be attributed to the decrease in the available active sites and the increase in the P
and Ca elements near FeOx (Fig. 12 and Fig. 10 ). The sintering of active sites can also be an=the,
reason for the loss in activity (Fig. 10). The effect of FeOx was lost after the third recyclc due t
the significant increase in the poisonous elements and the catalyst acted as a ¢ et with
behaviour closer to that of Si0,-Al,05 support as displayed in Fig. 12b It should alsc e ~oted that

after the third recycle no surface peaks of Fe were observed using XPS analysi ..
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Fig. 12. bio-crude yields, enerov rc ~ve.ies, and metal compositions (ICP-OES) of recycled
catalysts, b) Van Krevelen ck art 0. hio-crudes using recycled FeOx/Si02-A1203 catalyst

4 Conclusior.

Iron-oxide supno. ed . talysts was studied over Vulcan carbon (VC), CeO,, SiO,-Al,05 and ZSM-
5 for HTL ot .»od waste at 300 °C. The change in the support and/or addition of a MoOy sites
provided vario. s fractions of Fe(0), Fe?" and Fe**. Catalysts that produced high bio-crude yields
were "o /S, 1»-AlL0s, FeO,/ZSM-5 and FeO,/VC, which were also found to have higher surface
froct ~as ¢ Fe?" in comparison to other catalysts. The increase in bio-crude yields was also found
to . = associated with the increase in distributions of unsaturated acids and fatty acid amides. Higher

distributions of aromatics were found in catalysts featuring dehydration reactions. Also, catalysts



that promoted the formation of N-heterocyclic compounds increased the boiling fractions of b’o-
crudes in gasoline and jet-fuel range, while catalysts that increased the formation of fatty aci<=~nu
fatty amides increased the distribution of diesel and heavy fractions. The recycling of FeC /%10-

Al,O5 catalyst showed that the catalyst lost its activity after the 3" cycle and produce* vic'ds and
elemental distribution close to that of support SiO,-Al,03. The sources of catalyu< de. ctivation
were attributed to the presence of poisonous compounds (mostly Ca and T ce.n; ounds) that
masked the active sites. This study manifests the effect of iron-oxide ot aticus supports in
promoting certain reaction pathways that influence the bio-crude yields, ‘ts composition, and

energy recoveries.
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