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ABSTRACT

Asphaltenes, the heaviest and most polar comporéntsudes, are generally associated with
considerable operational issues in refineriesorter to understand potential operational issues
during upgrading/processing of bio-crudes, stradtand thermal behaviour of asphaltenes
derived from bio-crude (bio-asphaltenes) from hylgeomal liquefaction of food-waste and
wood residues were compared with petroleum derigsphaltenes derived from bitumen.
Structural analysis using nuclear magnetic resanand elemental analysis revealed 7 aromatic
rings per unit structure for bitumen asphaltenefr&ood-waste asphaltenes, and 3 for wood
asphaltenes. The calculated molecular weight pdér atructure followed the order: bitumen
asphaltenes (589-636 g ripl> food-waste derived asphaltenes (338-358 g™jmolwood
residue derived asphaltenes (268-274 g’ndrhe carbon residues using thermal gravimetric
analysis (bitumen asphaltenes= 40 percent, bioadigpes=19-25 percent) and glass transition
temperature (bitumen asphaltenes= 80 °C, bio-asptes= 4-64 °C) followed the same order.
These results indicate a very different structarad thermal behaviour for petroleum and bio-

asphaltenes.
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1. INTRODUCTION

Organic wastes like food wastes, bio-solids, sevehigige, etc. offer huge potential as abundant,
cheap, and sustainable starting materials for faeld chemicals traditionally derived from
petroleum. Most of these waste feedstocks have gty moisture content and hence not suited
for traditional thermochemical routes like pyroljsand gasification. Hydrothermal Liquefaction
(HTL) technology is particularly attractive for sewet bio-feedstocks since it obviates the need
to dry the feedstock, improving energetics of thhecpss whilst producing a high quality bio-

crude.

Hydrothermal liquefaction (HTL) involves the consiem of wet bio-feedstock (around 10-30
wt%) in hot liquid water at around 250-374 °C are2 MPa with or without a catalyst [1].
Bio-crude produced from HTL is generally heavieartfconventional crude, with a high heating
value in the range of 35-40 MJ Kg heteroatom content around 10-12 weight perceastiy
oxygen and/or nitrogen depending on feedstock [1PRe to its ability to produce a higher
guality bio-crude compared to other thermochemioates like fast pyrolysis, some studies [3]
have also suggested it as an attractive and mamogetcal option (both on mass and energy

basis) for the production of liquid biofuels fronoady feedstocks.

Akin to crude oil upgrading in petroleum refinetiefllowing various complex and
interdependent hydro-processing, separations, amshihg steps, HTL bio-crude could be
transformed to renewable transportation fuels drehcals. Some of these bio-crude upgrading

approaches have been the subject of several rettehes and reviews [2, 4, 5]. Most of these
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studies involve demonstration and testing of cétalypgrading processes, commonly in batch
and some in continuous systems[1]. These studeegngyortant advancements in upgrading of
HTL bio-crude to renewable biofuels and chemicalhe commercialization of these

technologies, however, will depend in part on hbese processes fare in continuous long term
operations over several thousand hours. In thlgartean understanding of most deleterious

components of HTL bio-crudes is essential.

In petroleum refineries, processing of heavier esus often associated with operational issues
due to the presence of asphaltenes. These anedést and most polar components in a crude,
and are by definition, a solubility class that is@pitated from petroleum, heavy oil, or bitumen
by the addition of excess paraffin like n-heptana-@entane [6]. Asphaltenes in crude lead to
plugging/deposits in pipes and refinery equipmeleicreased heat transfer rates and refining
efficiencies, lower product yields, lead to prematwcatalyst deactivation and negatively

influence heavy oil upgrading economics [6-8].

Several studies [9-15] have focused on understgritim structure and behaviour of asphaltenes
in various petroleum feedstocks like Chinese shid¢e Canada’s oil sands bitumen, Columbian
light crudes, etc. These studies have used aoalgthniques such as nuclear magnetic
resonance (NMR), differential scanning calorimefBSC), and thermal gravimetric analysis

(TGA), etc. to obtain insights into their structuaed thermal behaviors. There have been no
elaborate attempts to study the structure and bedvaof asphaltenes derived from bio-crudes.
Some limited studies in the area of HTL and biaderwpgrading are focussed largely on the
guantification of asphaltenes obtained from biodexsi under different process conditions and
catalysts [16-18]. Biller et. al [16] studied thgdnoprocessing of bio-crude obtained from algae

and suggested removal of asphaltenes due to fisutly to upgrade even at hydrotreating
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temperatures as high as 400 °C. This approachefooval of asphaltenes is also one of the
options practised in heavy oil upgrading industfie3 It, however, presents a loss in the liquid
bio-fuel product yields and overall economics of firocess. Some studies[20] have indicated
liquid product yields as the most significant factofluencing economics of liquid biofuel
production via HTL. So a better understanding ghastenes in bio-crude is not only crucial to
avoid any operational issues in refineries but dlso developing processes for enhanced
conversion of all bio-crude components to liquidfisels. The only work studying asphaltenes
from bio-crude is the work by Bjelic’ et al. [2Atomic ratios, molecular weights of the
fractions, and relative abundance of various fumai groups of wood derived asphaltenes were
investigated. This study looks at some depth atatges from wood bio-crude, however, the
structure and behaviour of asphaltenes in bio-c(teferred as bio-asphaltenes here) are still an

aspect that needs further work..

Using techniques such as NMR, fourier-transformairéfd spectroscopy (FTIR), DSC, and TGA
this work provides new insights into the structanel thermal behaviour of bio-asphaltenes from
food wastes and wood residues as HTL feedstocldupeal in continuous and batch systems. In
order to understand their behaviour and thus peleott operational issues during upgrading in
bio-refineries, their structures and behaviours @metrasted with asphaltenes obtained from a

heavy petroleum crude, bitumen.

2. MATERIALSAND METHODS

2.1 Materials

Food waste used for hydrothermal liquefaction expents was a mixture of ground turkey and

mixed vegetables (50-50 mixture on dry weight Dagifemental composition of the food waste
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mixture was: 49.3 weight percent carbon, 7.3 weightcent hydrogen, 5.8 weight percent
nitrogen, 0.1 weight percent sulphur, and 37.4 ttegercent oxygen (by difference). The wood
residue sample used for HTL were chipped harvestiues (mixtures of bark, twig, stem, etc.)
gathered from a harvest site in the Gaspé regio®Qutbec, Canada. It had an elemental
composition: 54.6 weight percent carbon, 6.4 weigbicent hydrogen, 0.7 weight percent
nitrogen, and 38.4 weight percent oxygen (by déifee). This feedstock is referred to as wood
residue. Wood residue samples were ground befdogeding to liquefaction experiments.
Bitumen used to precipitate asphaltenes was fraenAtfberta, Canada region obtained as a
sample from an oil sand company in Alberta. DicbioethaneX 99.5%) n-pentane>(99.0%),
and sodium carbonate ©9.0%) were purchased from Sigma Aldrich. Deugstagolvents for

NMR, deuterated chloroform and deuterium oxide99%) were acquired from ACP chemicals.
2.2 Hydrothermal Liquefaction Experiments

Continuous HTL experiments were conducted in a filmg reactor (reactor volume=1.6
L) system at around 350 °C, 2800-2900 psig pressitrea wet feed rate of 5 L'h The HTL
system consisted of a feed tank, high pressuremtiven pumping system, a preheater, plug
flow reactor heated with a three zone furnace, ypebodeparation and collection tanks, and
instrumentation and controls. A simplified schemaii the continuous HTL system is shown in
Figure 1. Dry weight of the feedstock was adjustedround 15 weight percent and 1 percent
sodium carbonate (based on weight of wet feedsteekd used as a catalyst. After the
experiment, bio-crude, the top layer from the HTlodquct mix was separated and recovered
from the aqueous phase without using any solvemtsstored at 4 °C until used for further
processing. Bio-crude was produced using both batithclave and continuous system for food

waste and using batch autoclave for wood residB@sh HTL experiments were conducted in a
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250 mL autoclave under the same process condiasnsontinuous experiments: 350 °C and

2800-2900 psig, and reaction time of 30 minutes-@ude was extracted from the product mix
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Figure 1: Simplified schematic of the continuous HTL system used for the production of bio-
crude.

using dichloromethane (DCM) followed by rotary vaouevaporation of the mixture until there
was no more weight loss. The obtained bio-crudes wsed as starting materials for the

precipitation of bio-asphaltenes and its analysiagithe procedures described below.

2.3 Asphaltene Precipitation

The asphaltene precipitation method was developsddon procedures and concepts described
elsewhere [21-23]. In a 250 mL Erlenmeyer flaskpragimately 5 g of bio-crude /bitumen
sample was weighed. In the same flask, 50 g oet@u(1:10 w/w, oil/toluene) was added to
dissolve bio-crude /bitumen with stirring for 15mates. The mixture was centrifuged at 60,000

rpm for 30 minutes to remove the solids. After aéungation, the resulting liquids were carefully
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pipetted out to a pre-weighed 500 mL round bottdaskf and evaporated in a rotatory
evaporator. In the same round-bottom flask, tolu@n w/w, oil/toluene) was added and left to
stir for 10 minutes. To start the precipitationasphaltenes, pentane (40:1 w/w, pentane/oil) was
added dropwise using a separatory funnel at aofepproximately 1-2 drops per second. After
overnight stirring, the mixture was filtered. Thalids on the filter were washed with 50 mL of
pentane, transferred to a pre-weighed ceramic eatipg dish, and dried in a vacuum oven at
60°C for one hour. Dark-coloured solids were olgdims the asphaltene product. Due to the
more hygroscopic nature of bio-asphaltenes, thasglkes were further dried at 110°C for 45
minutes in a nitrogen atmosphere. The followinghafiene nomenclature is used throughout the
manuscript: asphaltenes precipitated from bitumenreferred to as bitumen-asph, asphaltenes
obtained from bio-crude with wood residue as tlagtisty material for batch HTL are referred to
as wood-biocrude-asph, asphaltenes precipitated io-crude with food waste as the starting
material for continuous HTL are referred to as fadte-biocrudeC-asph, and asphaltenes
precipitated from bio-crude with food waste assteting material for batch HTL are referred to
as foodWaste-biocrudeB-asph. All asphaltenes derikem bio-crude are collectively referred
to as bio-asphaltenes. Figure 2 shows the vispya¢aance of foodWaste-biocrudeC-asph as
brown/black colored solids at room temperature,ilamto what is obtained from bitumen.

Wood-biocrude-asph precipitated as a viscous sdichisoroom temperature (not shown).



146

147  Figure 2: Images of bio-crude/asphaltenes: A) Bio-crude obtained from hydrothermal
148  liquefaction of food waste in continuous HTL system B) Asphaltenes precipitated from food
149  waste bio-crude C) Asphaltenes precipitated from bitumen.

150

151 2.4 Elemental Analysis

152  The elemental analysis of the bio-crude and aspmalsamples was performed using Elementar
153  ‘Vario’ EL cube elemental analyzer. Sulfanilamidaswsed as a standard. The sample size was
154  approximately 15-20 mg. Data presented is aveoddbree replicates with oxygen calculated

155 by difference.

156 2.5 FTIR spectroscopy by attenuated total reflec¢a(A TR) measurements

157 The infrared spectra were acquired using a Nic6lB®0 equipped with an ATR through
158 accessory with a multiple bounce zinc selenide tatysSolutions of asphaltenes in
159  dichloromethane (DCM) were prepared by dissolvir@) 0.05 mg of asphaltene sample into
160 0.6 mL of DCM measured using a 1 mL syringe. TheRAModule’s zinc selenide crystal was
161  thoroughly cleaned with isopropyl alcohol, air driand a background spectrum was acquired
162  prior to every acquisition. The asphaltenes sotuti@as syringed evenly on the crystal and the
163  through covered with a piece of filter paper favslevaporation of the DCM, leaving a thin film

8



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

in direct contact with the optics. Spectra wereusregl in absorption mode over the spectral
region 4000-650 cih a resolution of 4 cth and 32 scans. The resulting average spectra
obtained from triplicate experiments resulted inodoquality spectra independently of the
different sample textures from solid (bitumen-asjplodWaste-biocrude-asph) to pasty (wood-
biocrude-asph). Unfortunately, despite the corgrblsample preparation conditions, the non-
uniformity of the film thickness after solvent ewagtion resulted in variance up to £30 % in

some cases thus preventing accurate quantitatalgsis
2.6 NMR Analysis

Asphaltene and bio-asphaltene samples obtained) ubm procedure described above were
analyzed using a Varian Unity Inova NMR spectranett resonance frequencies of 400 and
100 MHz for'H and **C nuclei, respectively. Five millimeter probes wersed for both
experiments, an indirect detection probe fi#t and a broadband probe fdfC. The
concentration, probe temperature (23 °C) and atouisparameters used for both series of
experiments were kept identical to allow for quiative comparison of absolute integral values

between these test results.

For 'H-NMR acquisitions, 50 +0.5 mg of samples were biprad with 0.75 mL of CDGlin a
vial and left to dissolve for 10 mins prior to ted@rring into 5 mm NMR tubes. The samples
were then inserted into the NMR magnet and leftetitle for 10 min prior to acquiring 32 scans
with a 90 ° pulse width, 3.75 second acquisitionetj and a relaxation delay of 16.25 seconds.
The sample tubes were then ejected and 10 miagldé DO were injected into the tube

followed by vigorous shaking for 1 minute and repaisition using the same parameters.
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For *C-NMR acquisitions, 50 mg +0.5 mg of samples werepgpred in 0.75 mL CDgI

containing 0.05M chromium(lll) acetylacetonate aslaxation agent. Low concentrations were
used to allow for complete solubility of the sampieCDCk. Each sample was submitted to
13500 acquisition scans using 90 ° pulse width,ebosds relaxation delay and proton

decoupling only during the 1.5 seconds acquisitiowe for quantitative results.

The raw NMR FID data was processed using the Vadiware in absolute intensity mode. The
spectra were carefully phased and integrated th&ilntegration curves well represented the flat
baseline and the rising peaks. The asphaltenesarmplex mixtures which often result in
challenging spectra to process due to broad oyarigpeaks and noise especially in the case of
3C-NMR. For this reason, the raw NMR FID data facke NMR sample was processed three
times and the triplicate regional integration valweere averaged and the standard deviation
calculated as weltH-NMR and®*C-NMR were referenced using the chloroform sigiial%
ppm, 77.00 ppm) and spectra obtained were intedjrateer several regions of interest as
described inTable 1 . The averaged integral values were used to cakuhe structural
parameters according to the work by Yokoyama 4l The structural parameters and their
descriptions are presentedTiable 2 As described in the study [24] these calculati@he into
account the presence of heteroatoms which werdgmfisant quantities in bio-asphaltene
samples. The range of the molecular weights persinicture were obtained by incorporating

the standard deviations obtained in elemental aisafnd regional integration values.

Table 1: Assignments 8f , *C NMR resonances used for structural parameters. [24

'H NMR (ppm) Proton type

Aromatic protons next to a heteroatom or
10.0-8.5 sterically hindered positions

10



Diaromatic, -triaromatic, and tetraromatic

8.5-7.0 protons

7.0-6.0 Monoaromatic protons

6.0-5.2 Olephinic protons

4.6-3.3 Hi: Ph-CH-Ph bridge between 2 aromatics
3.3-1.9 H: CH,CH,CH; a to aromatic

1.9-1.6 H: CH,CH,,CH; p to aromatic

1.6-1.0 H: CH,CH y or more to aromatic

1.0-0.0 H: CH; terminaly or more to aromatic

13C NMR (ppm) Carbon type

220-195 Aldehydic and ketonic carbons

195-170 gumi?doene C=0 and C=0 of acid, ester
170-150 ?:r_osm-C-OH. C-O-R, internal C-O or C-N or
150-130 Condensed or substited
130-118 CH aromatic

118-90 CH aromatic ortho to OH or OR

70-60 paraffinic & naphthenie to OH

60-40 CH, CH a to COOH and C-quaternary

40-0 alicyclic and aliphatic CH,CGiCH;

205

206  Table 2 Description of structural parameters (per uritucture) used to elucidate the differences betwatmen
207 asphaltenes and bio-asphaltenes. Equations for utaion of these structural parameters can be found
208 elsewhere[24].

Symbol Description

11



209

210

1 fa Aromaticity

2 z Atomic H/C ratio for aliphatic substitution espt
for y or farther terminal methyl

3 Ha/Ca Degree of aromatic ring condensation

4 Caus) Number of aromatic carbon per unit structure

5 Cows) Number of aromatic peripheral carbons

6 Raus) Number of aromatic rings

7 Cal Degree of aliphatic substitution of aromatic ring

8 GON Degree of oxygen and nitrogen substitution

9 OTot Degree of total substitution

10 Nenainsws)y ~ Number of aliphatic substitutions in unit struetur

11 n Number of carbons per aliphatic substitution

12 Gal(us) Number of aliphatic carbons

13 4 Atomic H/C ratio for aliphatic substitution

14 fa Fraction of alkyl carbon to total carbon

15 Muw(us) Weight of unit structure

2.7 Thermogravimetric analysis (TGA)

12
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All TGA experiments were conducted with a TA Instrents TGA model Q5000IR.
Temperature calibration was done using 5 Curietiandards. The samples were contained in
platinum pans while the furnace was purged witlt&tin of nitrogen. Approximately 10 mg of
the sample was heated at 10°C/min  up to 600°€& afhich time the purge gas flow was
switched to air for full oxidation of the remainirtpar. The same FTIR spectromet®icdlet
6700) was used for monitoring the evolved gases froemTtBA furnace using a TGA accessory
in the FTIR compartment and a heated transferdomnecting the TGA and FTIR gas cell (17
cm long path length) while the detector acquirespactrum at 2 scans every 4 seconds over the

spectral region 4000-650 ¢hand a resolution of 2 chn
2.8 Differential scanning calorimetry (DSC) measuents

All DSC experiments were conducted using a TA nsients DSC model Q2000. Nitrogen was
used as the purge gas at 50 cc/min. Temperatutgatadn was performed through melting of
tin and indium metals. Aluminium, non-hermetic pars lids were used to load 10 mg of
asphaltenes/bio-asphaltenes for each measuremeatsamples were submitted to heat-cool-
heat cycles and the first heating cycle never ed@geveight loss temperature as measured in
TGA. The purpose of the first heating cycle wagrtisure an initial softening to remove built-up
stress in the samples and allow good sample cowiticthe bottom of sample pans. The second
heating cycle was performed from -40°C to 150°@ &teating rate of 10°C/min and was used

for analysis.
3. RESULTSAND DISCUSSION
Hydrothermal liquefaction processes involve a \grieof reactions like hydrolysis,

depolymerisation, decarboxylation, condensatiomnmdeation, re-polymerization of aromatics

13
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and polycyclics to form higher molecular weight gmunds or char producing a range of
molecules in terms of function groups and size esehreactions and mechanisms are described
in detail elsewhere [25, 26]. Upon precipitationbad-crude with excess paraffin hydrocarbon
like n-pentane, some of the most polar and hedvamtions end up as bio-asphaltenes. The
discussion below focuses on understanding thetataladifferences using elemental analyses,
NMR, and FTIR followed by their thermal propertigsing TGA and DSC. The understanding of
their structures is used to explain the differencesheir behaviours and would also help

understand potential operational issues duringirefiin comparison to petroleum asphaltenes.

3.1 Elemental Composition

Asphaltenes are generally higher in heteroatoms lam@r in hydrogen compared to their
corresponding crudes. The elemental compositiorbitfmen-asph and bio-asphaltenes are
presented inTable 3 Hydrogen content of asphaltenes and bio-asptedtare very similar,

around 8 weight percent. Total heteroatom congeatound 12 percent

Table 3: Elemental analysis (weight percent) ofledenes obtained from bitumen and bio-crude derifrem
wood residues and food wastes. Bitumen-Asph, WamitBle-Asph, FoodWaste-BiocrudeC-Asph, FoodWaste-
BiocrudeB-Asph are asphaltene samples obtained fsittmen, HTL bio-crude (batch HTL) with wood &s t
starting material, HTL bio-crude (continuous HTkjith food waste as the starting material , and biade (batch
HTL) with food waste as the starting material, restvely.

Bitumer-Asph  WoocBiocrude- FoodWast- FoodWast-
Asph BiocrudeC-Asph BiocrudeB-Asph
C 80.7 76.C 754 76.0
H 8.0 74 7.9 8.0
N 12 13 7.1 6.7
S 106 0.3 0.4 0.4
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o~ 0 151 9.1 8.7

for bitumen-asph with around 90 percent of it ie form of sulphur species such as aromatic
thiophenes, saturated sulfide and sulfoxide stresf@7]. These values are in agreement with
other studies [28]. The total heteroatom conteriimasphaltenes (both wood residue and food
waste derived) is around 17 percent, consistingniypaof oxygen and nitrogen, with wood
residue derived bio-asphaltenes predominantly stingi of oxygen. Around 40 percent of
heteroatoms in foodWaste-biocrude-asph comprisechimbgen, derived mainly from the
transformations of protein derived molecules [Z9]ese elemental analysis values were used in
the calculation of structural parameters by NMRhe FTIR discussion below provides insight

into the various functional groups associated Wigse heteroatoms.
3.2 FTIR Analysis

The FTIR spectra of bitumen-asph and bio-asphadtéram different sources are shown in
Figure 3. The spectra can be divided in four negjias discussed by Smith [29] : the first two
regions cover the hydrogen stretching region (37800 cnt) and the double bond stretching
region (2000-1600 ci). The hydrogen atoms attached to carbon, oxygdmirogen give rise

to molecular vibrations in the higher wavenumbejiar. The common alkene and alkane C-H
stretching vibrations appear in the 3100-3000 a®@022800 crit regions, respectively. The
differences between the four samples are noticedidewood-biocrude-asph sample shows a
strong O-H stretch from phenol like structures a#® cm' which is accompanied by strong
absorptions in the C-O region (1150-1250%nThe foodWaste biocrude-asph spectra display a

different absorption profile with a broad peak 828 cni' attributed to amide N-H stretching.
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The N-H bond is believed to originate from secogdanide functional groups commonly found
in proteins. This is alsosupported by the two ctiaréstic amide C=0 stretch and N-H in plane
bend found at 1655 and 1555 tnrespectively. The presence of carboxylic acidugsois
revealed for all species, especially for wood-hide-asph and foodWaste-biocrude-asph, by
the very broad O-H absorption ranging from 360@360 cni* due to strong hydrogen bonding
and by the aromatically conjugated carbonyl (C=@gtshing peak at 1680 ¢ The extra
shoulders on the left of the carboxylic acid C=nhdb@bsorption in wood-biocrude-asph and
foodWaste-biocrude-asph could potentially be fraromatic ester groups; in addition, and
according the**C-NMR, carbonyl groups of the ketone type are agpected in the wood-
biocrude-asph sample and would be in that samelddrolA strong C=C stretch absorption at
1600 cnt is characteristic of olefinic and cyclic alkenésis combined with the aromatic C-H
bending and ring bending in the 900-7007cim indicative of aromatic structures. The third
region of interest, fingerprint region (1600-100@9 is dominated by the C-H asymmetric
bending and Chiscissoring at 1455 c¢mand the C-H bend and stretch at 1375'cifhe vast
region between 1000 and 1350 trpntains absorptions from C-O, C-N and S-O bonetdi.
The strong absorptions between 1350 and 1250 are mainly due to aryl ether, ester and
carboxylic acid C-O vibrations while the 1250 t®00m® regions mainly C-OH stretching due
to phenol and carboxylic acids. It is worth notgithat, only in the case of wood-biocrude-asph,
we see the C-O absorptions nearly equal in sizeetC-H peak at 1455 chindicating a larger
ratio of C-O bonds in that particular sample whempared to C-H bonds. This is in agreement
with the observed intense phenolic O-H vibratior8340 cni and with the elemental analysis.
The peaks between 1475 and 1525'cane possibly due to C=C aromatic ring stretch; the

absence of this vibration in the bitumen-asph ma&at indication of greater ring mobility in the
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296

297

298

299

wood-biocrude-asph and foodWaste-biocrude-asph culds. The final region of interest
between 1000 and 650 &nis responsible mostly for aromatic C-H bendinggrbending, Chi
chain rocking and possibly N-H out of plane vibbas. The multiple peaks suggests complex

aromatics with multiple degree of substitution atious sites.
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Figure 3: FTIR spectra obtained from thin films of asphalem@&d bio-asphaltenes using a multiple bounce ATR
accessory. Bitumen-Asph: Absorbance signal fromhasgne derived from bitumen. Wood-Biocrude-Asph:
Absorbance signal from bio-asphaltenes derived froood bio-crude. FoodWaste-BiocrudeC-asph: Absocka
signal from bio-asphaltenes derived from food wasbecrude (in continuous system). FoodWaste-BideB:asph:
Absorbance signal from bio-asphaltenes derived frood waste bio-crude (in batch reactor).
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3.3 NMR Analysis
3.3.1 Proton NMR

As mentioned in the materials and methods secfam’H NMR, two spectra were acquired,
with and without DO addition. The objective was to reveal the posifchemical shift) of labile
protons, if any, and to quantify their disappeaeans that would be taken into account when
computing structural parameters. The integral \@aluwere measured for each region of the
spectra acquired with and without@ addition. The addition of @ resulted in essentially no
intensity changes in surface area measurementhdobitumen-asph sample but a substantial
decrease specifically in the 5.2 to 10 ppm regitmrswood-biocrude-asph and foodWaste-
biocrude-asph sample suggesting the presence ofidnal groups bearing hydrogen atoms
involved in strong hydrogen-bonding like phenolatboxylic acids, amides, etc. The nature of
the labile protons involved in deuterium exchangerevdifferent when comparing wood-
biocrude-asph with foodWaste-biocrude-asph: theomigtegral decrease were generally at
higher field (6-5.2 ppm) for wood-biocrude-asph amdower field for foodWaste-biocrude-asph
(8.5-10 ppm) indicating the presence of phenotmgns for the wood-biocrude-asph samples
when compared with aromatic amides expected iV 1#86®.4 ppm region for R-CO-NH-Ar and
Ar-CO-NH-Ar [30] for foodWaste-biocrude-asph. Figud shows the spectra of the 4

asphaltene/bio-asphaltene samples with adg&ldaquired using g-NMR conditions.

The proton integration values from the spectralomeg listed inTable 1were obtained from the
spectra after BD addition, except for the 4.6-3.3 ppm region dugartial water interference;
the non-BO spectra values were used in this case. The irggdbsolute intensities for the
spectral regions listed above are displayed inr€i§u The two I regions were combined into

one region and the same was done for H
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331  Figure 4: *H NMR (left) and®*C NMR spectra (right) of asphaltenes and bio-asgmals. a) Bitumen-Asph: NMR
332 spectra of asphaltene derived from bitumen. b) WBiodrude-Asph: NMR spectra of bio-asphalteneswaetifrom
333  wood bio-crude. ¢) FoodWaste-BiocrudeC-asph: N&sa of bio-asphaltenes derived from food wagie b
334 crude (in continuous system). d) FoodWaste-Bioduagph: NMR spectra of bio-asphaltenes derived fimml
335  waste bio-crude (in batch reactor).

336

337 In the aromatic region (6-10 ppm, Figure 5), higheymatic hydrogen content is observed for
338  wood-biocrude-asph suggesting less ring substitutamd/or less condensation into large
339 aromatic systems. The highest band in the mono-aionmregion 6-7 ppm also suggests smaller
340 aromatic units in the wood-biocrude-asph but caléd be due to electron shielding of protons
341 at the ortho position on aromatic rings. Bitumemphadtenes show low amounts of mono-
342 aromatic protons accompanied by higher amountsuifi4ning and sterically hindered protons

343 (7-
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Figure 5: Absolute intensity integration values obtained from quantitative ' HNMR spectra of asphaltene/bio-
asphaltene samples. The Figure on the left shows the aromatic regions while the aliphatic regions are shown on the
right.

10 ppm), as observed in other studies[13]. Food&Vasticrude-asph have proton contents in
between wood-biocrude-asph and bitumen-asph bendiveir fairly high proton content in the
6-7 ppm region, they are likely to also have lagsstitution and condensation as bitumen-asph.
As seen in the olefinic region (6-5.2 ppm), foodWasiocrude-asph have the highest contents
of non-aromatic protons attached to carbon-carlmrbi@ bonds. In the aliphatic region (4.6-0
ppm, Figure 5), kd region is indicative of the number of alkyl grougitached to aromatic rings.
The smaller K band observed for bitumen-asph is in good agreemig the aromatic region
as more ring condensation would leave less spacakyl substituents. LargerdHprotons (4.6-
1.9 ppm) for wood-biocrude-asph and foodWaste-biderasph indicate more aromatic
substitution. # and H regions (1.9-0.0 ppm) are responsible for the ©fethe alkyl
substituents. It can be inferred from Figure Sufoién-asph had larger side chains than the bio-

asphaltene samples. wood-biocrude-asph had théestrainounts of alkyl hydrogens.

3.3.2 Carbon NMR
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359  The carbon NMR was separated into 9 regions agideddn the materials and methods section

360 and the absolute intensities resulting frof’@-NMR are represented in Figure 6. The number

70.0
60.0
50.0 f

361  of carbons in the alkyl substituents (0-60 ppmniaiger in the bitumen-asph which is in
40.0 -
30.0 -

s
| TR
f I
1t 1l 11 |
: I
oo g l. I II T II
40-0

220-195 195-170 170-150 150-130 130-118 118-90 70-60 60-40

YOND o

362 M Bitumen-Asph Wood-Biocrude-Asph M FoodWaste-BiocrudeC-Asph B FoodWaste-BiocrudeB-Asph

363 Figure 6: Absolute intensity integration values aibed from quantitativé® C-NMR spectra of asphaltene/bio-
364  asphaltene samples.

365 agreement wittH NMR. The sum of aromatic protonated carbons (80-fipm) is similar for
366  all four samples but bio-asphaltenes have more aior@-H at higher field (90-118 ppm) due to
367 higher amount of heteroatoms. As suggestetHiéNMR, bitumen-asph have a hight content of
368  multi-ring structures resulting in higher number qfaternary carbons (130-150 ppm)*ie-
369 NMR. Higher amounts of quaternary carbon in woaathide-asph compared to foodWaste-
370 biocrude-asph is likely due to the high oxygen eabtTable 3 and the resulting phenols or

371 phenyl ethers rather than multi-ring structureslaserved in bitumen-asph. At the low field, bio-
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asphaltenes show the presence of carbonyl carbrousica 178 ppm, likely from —COOH, —
CONH- , -CO moieties. At the other end of the spedhe smaller intensity bands for saturated
C-0O, C-N region (60-85 ppm) suggests that morerbatems are linked to aromatics rather than

aliphatics.
3.3.3 Structural parameters per unit structure
3.3.3.1 Aromatic structural parameters

NMR spectroscopy has been a very effective andlwigecepted technique for the elucidation
of chemical structures of asphaltenes [24, 31-33]e calculations herein are based on
methodology proposed by Yokoyama et al.[24] to wale asphaltene structural parameters
based on elemental analysis and NMR spectra irteghaes of specific regions in bothl and
13C-NMR .It is important to understand that the structusiameters, listed in Table 4, are for
the average unit structure for each of the aspiedte The objective is to compare the
characteristics of the individual asphaltene/bipkadtenes obtained using the same methodology
and acquisition parameters. It is worthwhile memtg that the average values of elemental
analysis and NMR integral regions were used indfleulations of the structural parameters
listed in Table 4. The calculated structural paramseare dependent not only on the precision of
elemental analysis and NMR data but also on threrpnetation of chemical shift regions (Table
1 and Table 2). Each integral region is based ermaisumption that only one type of proton or
carbon is present in that specific region. Thisargly the case in reality and this will have some
effect on the final values. However, using the sanethodology and acquisition parameters can

minimize this to some extent.
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393 . Bitumen-asph have the lowest aromaticity. As deefore in the ¢*C-NMR (Figure 6), all
394 samples have similar contents of aromatic carboh tha larger amount of alkyl and/or
395 naphthenic substituents in bitumen-asph resultoimel aromaticity when compared to bio-
396 asphaltenes.
397 The degree of aromatic ring condensatiog/E}) is an expression of how many aromatic rings
398 have condensed into a larger aromatic system. festof aromatic carbons originate from
399 condensation: peripheral, bearing a hydrogen ataoma osubstituent (alkyl, naphthenic,
400 heteroatom) and the quaternary carbon involvedridgimg with other rings. The degree of
401 condensation is
402 Table 4: Aromatic, substituent structural parameteand molecular weight per unit structure of adtdree/bio-
403 asphaltene samples.
aromatic structural parameters Substituent structural parameters
1
Fa Ha/Ca Gy G Ra Onl CoN OTotal  Nchan N G Fa MW  range
s (average)
1 1 1 1 1 1 1 1 1 1 1 1
Bitumen-Asph 060 051 26.2 13.3 75 035 019 05472 37 26.5 0.40 589-636
(611)
1 1 1 1 1 1 1 1 1 1 1 1 1 1
Wood-Biocr- 066  0.71 12.8 9.1 2.8 036 015 05. 46 1.8 87 340 268-274
Asph (271)
1 1 1 1 1 1 1 1 1 1 1 1 1 1
Foodwaste- 065  0.65 15.5 10.1 3.7 037 01¢ 056 56 2.2 122 0.35  338-345
BiocrC-Asph (342)
1 1 T T T 1 T T 1 T T 1 T 1
FoodWaste- 0.64  0.65 15.8 10.2 3.8 036 01¢ 055 57 2.5 12.¢ 0.36  347-358
BiocrB-Asph (352)
404
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405 defined by comparing the quantity of substituted ansubstituted peripheral aromatic carbons
406  (Cp) to the total number of aromatic carbons)(@Gmaller numbers indicative of more ring
407 condensation. The degree of ring condensation nurcée also be correlated with specific
408 aromatic systems [34] hence, based on théCHvalues, estimated ring condensation per unit
409  structure were: bitumen-asph 7 rings, wood-bioctasigh 3 rings, foodWaste-biocrude-asph 4
410 rings. Similarly the number of aromatic ring,JRvas computed and the results correlate with the
411 degree of ring condensation. The unit structuréibfmen-asph contains the largest aromatic
412  structure with 7.5 rings while the wood-biocrud@fadas only 2.8. FoodWaste-biocrude-asph
413  show intermediate condensation with 3.8 rings pet structure. It is worthwhile mentioning

414  that calculations were done assuming peri typeahatic structures rather than cata type.
415  3.3.3.2 Substituent structural parameters

416  The degree of substitution on the peripheral casbsnmepresented by (Table 4 : oa for alkyl
417  or naphthenic substituentsy \ for heteroatoms anel.. The asphaltenes from wood-biocrude-
418 asph and foodWaste-biocrude-asph contain signifieamounts of oxygen and nitrogen. The
419 calculated values fos are all similar and indicate that approximatelyf led the peripheral
420 aromatic carbon have their hydrogen substitutedrbwlkyl group or a hetero group. Given the
421  low content of O and N in bitumen-asphabple 3, the high content (0.20) of O and N
422 substitution is likely caused by significant peakdriness resulting in overlapping in tHe-

423 NMR 90-118 ppm region thus affectiog .

424  The substituents attached to aromatic rings careitteer alkyl chains, naphthenic rings or
425 heteroatoms. The similar composition of alkyl arapimhenic groups (CH, GH makes it
426 difficult to distinguish the signals belonging tither of them therefore the substituents are only

427 reported in terms of saturated carbon numbers. dheulated values for alkyl substituents
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(Nchaing Shows the largest number of groups (7.2) andotartumber (n) per group (3.7) on the
bitumen-asph which is in agreement with NMR absollue observations reported before.
Bio-asphaltenes have fewer attached groups, 4 wdod-biocrude-asph and 5.7 for foodWaste-
biocrude-asph, and they are also smaller with b 22 carbons per group . As a result, the
total number of aliphatic carbons per unit struet(€al) for bitumen-asph (26.6) is 2 and 3 times
that of foodWaste-biocrude-asph (12.6) and woodibide-asph (8.8). The molecular weight
values listed in Table 4, determined by elementalysis and NMR, are for an average unit
structure rather than for a molecule. It is importéo understand that the molecular weight
values are the result of an equation fed by thecgtral parameters, taking into consideration the
contributions of the aromatic backbone, aliphatibssituents and heteroatoms as described
elsewhere[24]. The calculated range of moleculagkiean Table 4 is the result of calculations
performed with elemental analysis and NMR valuedemonsidering their standard deviations
from the mean. It was found that the MW range fiturben asphaltenes was the largest; this is
due to the presence of minerals in bitumen, causisigrelaxation of nuclei ifH and**C NMR
hence broadening of peaks as seen in Figure 2wider peaks makes NMR data processing
more difficult (phasing, baseline correction, iragn) which inevitably causes more variations
in integral region values and ultimately in unitusture parameters, including molecular weight
values. The resulting molecular weights is largesbitumen-asph (611 g md)l. In comparison,
foodWaste-biocrude-asph are at about half (342, @36ol") while wood-biocrude-asph unit
structures are the smallest (271 g MoEven for the same feedstock, food waste, tHerdifice

in processing (continuous in a plug flow reactorbagch in a stirred tank reactor followed by

solvent extraction) result in some differenceshim molecular weight.
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Only a few other studies [2, 35] have focused arestigation of asphaltenes obtained from bio
oils while numerous researchers have contributepgetooleum asphaltenes (from bitumen and
other crudes) [10, 12, 36, 37]. It is interestimgsee that the unit structure molecular weight
calculation obtained here for wood-biocrude-aspti (@ mol) resembles the molecular weight of
asphaltenes from HTL of lignocellulosic biomass swad by ultra high pressure liquid
chromatography coupled to high-resolution masstsp@etry (260-300 g/mol)[2]. Lopez et al.
used vapor phase osmometry (VPO) ahiNMR for the study of molecular weight and
structure of asphaltenes obtained from pyrolysiw@dd. Lopez et al. obtained molecular weight
of 299 g/mol using VPO[35]. Elemental analysis shdwhat these asphaltenes generated from
the pyrolysis of wood contained significantly maneygen compared to asphaltenes from bio-
crude. A comparison of the aromatic and aliphatitictural parameters revealed, for the
aromatics, higher aromaticity and higher numbearoimatic carbons in asphaltenes from HTL
process (Fa: 0.66 (HTL), 0.40 (pyrolysis) ; Ca:8LTL), 5.5 (pyrolysis). As for the aliphatic
substituents are concerned, more carbon in asplealfeom HTL were obtained but with shorter
length (Cal: 8.8 (HTL), 6.5 (pyrolysis) ; n: 1.9 TH), 2.9 (pyrolysis). These results suggest
wood derived bio-asphaltenes average unit strustofrgimilar sizes but with some fundamental
structural differences in that, bio-asphaltenesnfidTL contain less oxygen and have more
condensed aromatic structures bearing shorterigidygs. As for the asphaltenes from bitumen
are concerned, there seem to be less agreemeimé omolecular weight and size[36he values

of molecular weight and number of fused rings regmblare ~ 700 g/mol and between 4 to 10,
respectively, which is comparable to what was olat@diin our work (610 g/mol and 7.5 rings).

Comparing all these asphaltenes and bio-asphajtariesnd seems to develop when we compare
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472 the results from elemental analysis and correspgndaverage unit structure with

473  asphaltenes/bio-asphaltenes containing higher oxlggeing less condensed aromatic rings.

474  The information obtained from the structural asalyis used to describe their thermal behavior
475 as seen in the thermogravimetric and DSC analgsid, its potential influence on upgrading

476  aspects.
477 3.4 Thermogravimetric Analysis

478  The TGA graph (Figure 7) showed different weiglasi@rofiles between bitumen-asph and bio-

479  asphaltenes.

—Bitumen-Asph —Foodwaste-BiocrudeC-Asph
—FoodWaste-BiocrudeB-Asph Wood-Biocrude-Asph
100.0 =
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§ 600
£
=)
(]
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40.0
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0 100 200 300 400 500 600

Temperature, C
480

481 Figure 7: TGA thermograms of asphaltenes/bio-asiein@l samples. The TGA experiments were performaer un
482 nitrogen purge (50 cc/min) and a ramping rate of°0@min up to 608C before the purge gas was switched to air
483  for complete oxidation.
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The Table 5 lists the temperature recorded for 3 different points on the curves: 1% weight loss,
5% weight loss and the extrapolated onset which is the point of intersection of the starting

mass baseline and the tangent to the TGA curve at the point of maximum weight loss

Table 5: Thermogravimetric analysis of asphaltenes obtained from bitumen and bio-crude derived from wood residue and food
wastes. Bitumen-Asph, FoodWaste-BiocrudeC-Asph, FoodWaste-BiocrudeB-Asph, Wood-Biocrude-Asph are asphaltenes samples
obtained from bitumen, HTL bio-crude (batch HTL) with food waste as the starting material, HTL bio-crude (continuous HTL) with
food waste as the starting material and HTL bio-crude (batch HTL) with wood residue as the starting material, respectively

Asphaltenes Sample: Temperature (°C) Weight (%)
1% weight 5% weight Extrapolated At 600°C
loss loss onset

Bitumen-asph 270 370 401 39.0
Foodwaste-BiocrudeC- 130 197 195 25.1
Asph

Foodwaste-BiocrudeB- 126 178 179 22.8
asph

Wood-Biocrude-asph 109 148 147 18.8

The TGA curves andlable 5 results show a higher degradation temperaturbeatl% and 5%
weight loss marks for bitumen-asph than for the dvoesidue and foodWaste-biocrude-asph. In
addition, the temperature at 5% weight loss is atmidentical to the temperature of the
extrapolated onset for bioasphaltenes but, fomigurasph, the onset is 31°C higher. This is an
indication of a slower thermal decomposition fore tthitumen asphaltenes whereas
intermolecular dissociation resulting from the hékely caused the evaporation of smaller
molecular weight volatiles at the early stages #rad was actually substantiated, especially in
the case of wood-biocrude-asph, by real-time FTéRedion of selected wavenumbers: 2932
cm® (C-H), 1709 crit (C=0), 1275 cri (C-O).Water and carbon dioxide (3853 and 2363)cm
were also detected. A sudden release of substdmezedrg those functionalities was observed
between 100 and 225°C for wood-biocrude-asph. Ehen indication of the early release of

linear or cyclic alkanes possibly of the ester tgsewell as alcohols. Water vapor and carbon
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dioxide detection was likely the result of some afeposition of the low molecular weight
volatiles. The first stages of weight loss for fédaste-biocrude-asph , unlike wood-biocrude-
asph, did not show an early sudden detection afrocgsubstance but rather a gradual release of
substances bearing similar functionalities: C-HOC€-0, BO, CQ. The constant weight loss
observed for wood-biocrude-asph and food waste atgptes between room temperature and
450°C was attributed to dissociation, evaporatio @ecomposition of molecules bearing
weaker bonds than in bitumen-asph believed to keadalthe significant presence of heteroatoms.
Again, some differences in behaviour are seen anl\daste-biocrude-asph samples exposed to
different processing (batch followed by solventragtion vs continuous followed by solvent-
free recovery) as explained in the previous secfidre influence of solvent and solvent-free
recovery of bio-crude has also been observed iaratudies[38]. The main observation in the
case of bitumen-asph was the rapid and importatetctien of alkane C-H bonds (2932 ¢n
above 400°C resulting from the scission of alkgleschains as described in other asphaltene
studies [39, 40]. It is worth mentioning that, thle same TGA-FTIR experimental conditions,
the surface area of the FTIR absorption profile3@@ni!, C-H) for bitumen was two to three
times superior to the others which is agreemert Wie number of aliphatic carbon atoms per

unit structure estimated by NMR from the structyralameter &

The last portion of the TGA curve between 500 a®@d°€, where no weight loss occurs in inert
atmosphere, are carbon residues of the samples Th&ke residues were highest for bitumen
asphaltenes at 40 percent, lowest for wood-biocasggpdat 19 percent, and 22-26 percent for
foodWaste-biocrude-asph. Since the amount of carbsidue in a sample also generally relate
to its aromatic carbon content [42] , the carbosidee values were compared with NMR

structural parameter,Qthe number of aromatic carbons per unit strugtukdinear relationship
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was found between carbon residue values of all Evgnd their respective structural parameter
Ca,. A two fold increase in £from wood-biocrude-asph to bitumen asphaltenadtesbin a two
fold increase in carbon residue. Similar trendsewelbserved for food waste bio-asphaltenes

(Figure 7).
3.4 Differential Scanning Calorimetry Analysis

As discussed in the previous sections, asphali@nédio-asphaltenes being the most polar and
heavier fractions in a crude, have a tendency twroas colloidal particles causing coking and
poisoning of upgrading catalysts. Understandingqnatf only the structure and composition of
bio-asphaltenes, but also their thermal behavisuessential to keep them dispersed during
refining, especially during co-processing of biodes with petroleum crudes. Co-processing of
bio-crudes has been the subject of several restemies [43, 44]. DSC techniques have
previously been used to understand the thermal viimlva of various petroleum derived
asphaltenes [45-47]. DSC experiments were condutie provide insight into the glass
transition temperatures of bio-asphaltenes and aoegheir behaviour with bitumen derived
asphaltenes. The asphaltene/bio-asphaltene sam@tessubmitted to heat-cool-heat cycles and
the resulting curves from the second heating cyateshown in Figure 8. The DSC experiments
were conducted between -40°C and 150°C for woodrbie-asph and foodWaste-biocrude-
asph and up to 350°C for bitumen derived asphadtefiee DSC curves showed a clear glass
transition temperature {J for wood-biocrude-asph (4.4°C) and the foodWdmsberude-asph
(64.4°C and 32.2°C) while only a faint change imatheapacity was noticed for bitumen-asphat
105°C with a possible graround 85°C (Figure 8). Hypothetical melting psifT.,) were
calculated based on the relation between glassiti@mtemperature and melting temperaturge, T

= 0.65 T,as used in various studies
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551

552 Figure 8: DSC thermograms of asphaltenes and bjhakenes samples showing the onset, mid-poig)i &hd
553 endpoint for each sample. The DSC experiments werformed under 50 cc/min of nitrogen gas purge and
554 heating rate of 10°C/min.

555  regarding petroleum asphaltenes [46, 47]. HypathEtnelting points for bitumen asphaltenes,
556  wood-biocrude-asph, and foodWaste-biocrude-asple w8 ° C, 7 ° C, 99 ° C (food waste-
557  continuous), and 50 ° C (food waste-batch), respelgt Generally the amorphous phase in a
558  material increases with aromaticity, polarity andlecular weight [48]. The increasing, @&nd

559 Tp values, from wood-biocrude-asphto food waste tmnbén, are in agreement with the
560  structural parameters regarding aromaticity andemdar weight of a unit structure. The low
561 temperature and intensity of, T, for wood-biocrude-asph and foodWaste-biocrude-aspran

562 indication of weak intermolecular bonding such abvdthding in opposition to only a constant
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change in heat capacity observed in bitumen asptedt The bitumen asphaltenes are known to
aggregate and stack due to strong interactionsdagtwhe aromatic systems[49] resulting in

higher glass transition temperatures.

3.5 Implications for Refinery Operations

Asphaltenes in heavy crudes are known to negatiméllyence refining operations, particularly
the hydrotreating and hydrocracking processes Isecatliits tendency to precipitate on catalyst
surfaces followed by coking and catalyst deactora{i7].This could be problematic especially
for co-processing of bio-crudes with petroleum eru@ihe structure of asphaltenes play a key
role in coke yields and thus catalyst deactivabOh| Some factors that lead to increased coke
formation include a decrease in hydrogen contergsphaltenes, increase in molecular weight,
number of condensed rings, and total number oftdutei alkyl carbon atoms on aromatic rings
[51-53]. Although hydrogen content of asphaltenad bio-asphaltenes are similar, considering
all the structural differences discussed in presisactions, bio-asphaltenes may have a lower
propensity for coking and catalyst deactivation pared to bitumen asphaltenes. Carbon residue
of feedstock is also an important indication ineditining the coking tendency of feed and low
carbon residues are desirable to minimize cokindng refining [53]. Carbon residues (as
measured using TGA) for bio-asphaltenes were ard@m@®0 percent less as compared to

bitumen asphaltenes.
CONLUSIONS

The structure and properties of bio-asphaltenedymed during HTL were compared with that
of asphaltenes from bitumen. Bio-asphaltenes shery different structure and behaviour

compared to petroleum asphaltenes, their commoractegistic being their precipitation under
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certain similar conditions. Compared to bitumenha#fenes, bio-asphaltene had lesser aromatic
rings and lower molecular weight per unit structdosver carbon residues and glass transition
temperature. The structural parameters correlateldl with the observed thermal properties.
These findings indicate that compared to their gbetim counterparts, bio-asphaltenes could
potentially be less problematic in refining. Alttghuhigher heteroatom content in some cases
may still be a concern for some traditional upgngdtatalysts. Asphaltenes and bio-asphaltenes
also represent a loss in liquid product yields. 8ooh the future work in HTL process and
catalyst development should focus on minimizing eoversion of these molecules represented
by bio-asphaltenes into liquid biofuels or othetuable products. Future experimental and
economic analysis evaluating co-processing of bicles with petroleum crudes should also
consider the issues or economics associated wéhigtation of bio-asphaltenes at specific
intersection points in a refinery. The work prasérhere could be used to develop strategies for

commercial upgrading of bio-crudes or their blemith petroleum crude.

ACKNOWLEDGMENTS

The authors would like to acknowledge the suppartthis research provided by the National
Research Council of Canada’s Bioenergy Program @adernment of Canada’ s Office of
Energy Research and Development. The authors vadsitdiike to thank Mr. Benjamin Bronson

(Natural Resources Canada) for donating sample®od residues.

CONFLICT OF INTEREST

All authors declare no conflict of interest.

34



607

608

609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

REFERENCES:

1. Elliott, D.C., et al., Process development for hydrothermal liquefaction of algae feedstocks in a
continuous-flow reactor. Algal Research, 2013. 2(4): p. 445-454.

2. Bjeli¢, S., et al., Detailed Investigation into the Asphaltene Fraction of Hydrothermal Liquefaction
Derived Bio-Crude and Hydrotreated Bio-Crudes. Energy and Fuels, 2018. 32(3): p. 3579-3587.

3. Tews, l.J., et al., Biomass Direct Liquefaction Options: Technoeconomic and Life Cycle Assesment.
2014.

4, Castello, D., M.S. Haider, and L.A. Rosendahl, Catalytic upgrading of hydrothermal liquefaction
biocrudes: Different challenges for different feedstocks. Renewable Energy, 2019. 141: p. 420-
430.

5. Kazemi Shariat Panahi, H., et al., Recent updates on the production and upgrading of bio-crude
oil from microalgae. Bioresource Technology Reports, 2019. 7.

6. Abu-Khader, M.M. and J.G. Speight, Influence of high asphaltene feedstocks on processing. QOil
and Gas Science and Technology, 2007. 62(5): p. 715-722.

7. Gawel, I., D. Bociarska, and P. Biskupski, Effect of asphaltenes on hydroprocessing of heavy oils
and residua. Applied Catalysis A: General, 2005. 295(1): p. 89-94.

8. Stark, J.L. and S. Asomaning, Crude oil blending effects on asphaltene stability in refinery fouling.
Petroleum Science and Technology, 2003. 21(3-4): p. 569-579.

9. Abdul Jameel, A.G., et al., Characterization of deasphalted heavy fuel oil using APPI (+) FT-ICR
mass spectrometry and NMR spectroscopy. Fuel, 2019. 253: p. 950-963.

10. Groenzin, H. and O.C. Mullins, Molecular size and structure of asphaltenes from various sources.
Energy and Fuels, 2000. 14(3): p. 677-684.

11. Molina, D., E. Ariza, and J.C. Poveda, Structural differences among the asphaltenes in Colombian
light crudes from the Colorado Oil Field. Energy and Fuels, 2017. 31(1): p. 133-139.

12. Poveda, J.C. and D.R. Molina, Average molecular parameters of heavy crude oils and their
fractions using NMR spectroscopy. Journal of Petroleum Science and Engineering, 2012. 84-85:
p. 1-7.

13. Woods, J.R., et al., Canadian crudes: A comparative study of SARA fractions from a modified
HPLC separation technique. Oil and Gas Science and Technology, 2008. 63(1 SPEC. ISS.): p. 151-
163.

14. Zhao, S., et al., Solids contents, properties and molecular structures of asphaltenes from different
oilsands. Fuel, 2001. 80(13): p. 1907-1914.

15. Wang, Q., et al., A comparison of the structures of &gt;300 °C fractions in six Chinese shale oils
obtained from different locations using 1H NMR, 13C NMR and FT-IR analyses. Fuel, 2018. 211:
p. 341-352.

16. Biller, P., et al., Hydroprocessing of bio-crude from continuous hydrothermal liquefaction of
microalgae. Fuel, 2015. 159: p. 197-205.

17. Wang, W., et al., Hydrothermal liquefaction of high protein microalgae via clay material
catalysts. RSC Advances, 2017. 7(80): p. 50794-50801.

18. Subagyono, D.J.N., et al., Pressurized thermal and hydrothermal decomposition of algae, wood
chip residue, and grape marc: A comparative study. Biomass and Bioenergy, 2015. 76: p. 141-
157.

19. Gray, M.R., Fundamentals of Partial Upgrading of Bitumen. Energy and Fuels, 2019. 33(8): p.

6843-6856.

35



652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

Zhu, Y., et al., Techno-economic analysis of liquid fuel production from woody biomass via
hydrothermal liquefaction (HTL) and upgrading. Applied Energy, 2014. 129: p. 384-394.
Mitchell, D.L. and J.G. Speight, The solubility of asphaltenes in hydrocarbon solvents. Fuel, 1973.
52(2): p. 149-152.

Tu, Y., et al., Pentane-insoluble matter from conventional and heavy crudes: Relationships
between thermal characteristics and molecular parameters. Petroleum Science and Technology,
2006. 24(3-4): p. 339-350.

Long, R.B., CONCEPT OF ASPHALTENES. American Chemical Society, Division of Petroleum
Chemistry, Preprints, 1979. 24(4): p. 891-900.

Yokoyama, S., et al., Combination of 13C- and 1H-n.m.r. spectroscopy for structural analyses of
neutral, acidic and basic heteroatom compounds in products from coal hydrogenation. Fuel,
1981. 60(3): p. 254-262.

Déniel, M., et al., Hydrothermal liquefaction of blackcurrant pomace and model molecules:
Understanding of reaction mechanisms. Sustainable Energy and Fuels, 2017. 1(3): p. 555-582.
Gai, C.,, et al., An investigation of reaction pathways of hydrothermal liquefaction using Chlorella
pyrenoidosa and Spirulina platensis. Energy Conversion and Management, 2015. 96: p. 330-339.
Zuo, P., S. Qu, and W. Shen, Asphaltenes: Separations, structural analysis and applications.
Journal of Energy Chemistry, 2019. 34: p. 186-207.

Bazyleva, A., et al., Phase behavior of athabasca bitumen. Journal of Chemical and Engineering
Data, 2011. 56(7): p. 3242-3253.

Smith, B.C., Infrared Spectral Interpretation A Systematic Approach. 1999: CRC Press.
Silverstein, M.R.F., .X.W., Spectrometric Identification of Organic Compounds. 1998: Wiley.

Ok, S. and T.K. Mal, NMR Spectroscopy Analysis of Asphaltenes. Energy and Fuels, 2019. 33(11):
p. 10391-10414.

Dickinson, E.M., Structural comparison of petroleum fractions using proton and 13C n.m.r.
spectroscopy. Fuel, 1980. 59(5): p. 290-294.

Bartle, K.D., et al., Structural analysis of supercritical-gas extracts of coals. Fuel, 1979. 58(6): p.
413-422.

Speight, J.G., A structural investigation of the constituents of Athabasca bitumen by proton
magnetic resonance spectroscopy. Fuel, 1970. 49(1): p. 76-90.

Lépez, D., N. Acelas, and F. Mondragdn, Average structural analysis of tar obtained from
pyrolysis of wood. Bioresource Technology, 2010. 101(7): p. 2458-2465.

Badre, S., et al., Molecular size and weight of asphaltene and asphaltene solubility fractions from
coals, crude oils and bitumen. Fuel, 2006. 85(1): p. 1-11.

Qing, W., et al., IH NMR and 13C NMR Studies of Oil from Pyrolysis of Indonesian QOil Sands.
Energy and Fuels, 2016. 30(3): p. 2478-2491.

Xu, D. and P.E. Savage, Characterization of biocrudes recovered with and without solvent after
hydrothermal liquefaction of algae. Algal Research, 2014. 6(PA): p. 1-7.

Wiehe, I.A., The Pendant-Core Building Block Model of Petroleum Residua. Energy and Fuels,
1994. 8(3): p. 536-544.

Speight, J.G., Chemical and Physical Studies of Petroleum Asphaltenes, in Developments in
Petroleum Science. 1994. p. 7-65.

Noel, F., Alternative to the Conradson carbon residue test. Fuel, 1984. 63(7): p. 931-934.
Trasobares, S., et al., Kinetics of Conradson Carbon Residue Conversion in the Catalytic
Hydroprocessing of a Maya Residue. Industrial and Engineering Chemistry Research, 1998. 37(1):
p.11-17.

van Dyk, S., et al., Potential synergies of drop-in biofuel production with further co-processing at
oil refineries. Biofuels, Bioproducts and Biorefining, 2019. 13(3): p. 760-775.

36



700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720

721

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lavanya, M., et al., Hydrothermal liquefaction of freshwater and marine algal biomass: A novel
approach to produce distillate fuel fractions through blending and co-processing of biocrude with
petrocrude. Bioresource Technology, 2016. 203: p. 228-235.

Zhang, Y., et al., Observation of glass transition in asphaltenes. Energy and Fuels, 2004. 18(1): p.
283-284.

Yasar, M., S. Akmaz, and M. Ali Gurkaynak, Investigation of glass transition temperatures of
Turkish asphaltenes. Fuel, 2007. 86(12-13): p. 1737-1748.

Kopsch, H., On the thermal behavior of petroleum asphaltenes. Thermochimica Acta, 1994.
235(2): p. 271-275.

Shen, M.C. and A. Eisenberg, GLASS TRANSITIONS IN POLYMERS. Rubber Chemistry and
Technology, 1970. 43(1): p. 95-155.

Buenrostro-Gonzalez, E., et al., The overriding chemical principles that define asphaltenes.
Energy and Fuels, 2001. 15(4): p. 972-978.

Seki, H. and F. Kumata, Structural change of petroleum asphaltenes and resins by
hydrodemetallization. Energy and Fuels, 2000. 14(5): p. 980-985.

Appleby, W.G., J.W. Gibson, and G.M. Good, Coke formation in catalytic cracking. Industrial and
Engineering Chemistry Process Design and Development, 1962. 1(2): p. 102-110.

Trasobares, S., et al., Upgrading of a petroleum residue. Kinetics of conradson carbon residue
conversion. Industrial and Engineering Chemistry Research, 1999. 38(3): p. 938-943.

Prajapati, R., et al., Coking propensity during hydroprocessing of vacuum residues, deasphalted
oils, and asphaltenes. Fuel, 2017. 203: p. 514-521.

37



HIGHLIGHTS

» Agphaltenes from food-waste and wood bio-crude are compared with that from bitumen.
» HTL asphatenes have much lower calculated molecular weight per unit structure.

* Aromatic rings per unit structure: 3-4 for HTL asphaltenes and 7 for bitumen asphaltenes.
» HTL asphatenes produce 35-50 percent less carbon residue.

» Glasstransition temperatures are lower for HTL asphaltenes.
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