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ABSTRACT

Atmospheric hydrodeoxygenation (HDO) of wheat straw fast pyrolysis vapors was studied as a
promising route for the production of renewable liquid transportation fuels. The performance of
TiOz-supported Pt (0.5 wt.%) and MoOs (10 wt.%) catalysts was compared to an industrial Mo-
based catalyst using a bench scale reactor operated at atmospheric pressure and up to high biomass-
to-catalyst ratios (B:C). Mass and energy balances were complemented by detailed bio-oil
characterization including advanced methods such as GCxGC-ToF/MS or—FID and '*C NMR.

At 50 vol.% Ha, all three HDO catalysts effectively reduced the oxygen content of the bio-oils
to ~7-12 wt.% (dry basis) compared to a non-catalytic reference (23 wt.% O). MoO3/TiO2 was
least efficient in conversion of acids (TAN = 28 mg/KOH), while Pt/TiO, and MoOs3/Al;03
obtained oils with TAN ~13 mg KOH/g (non-catalytic = 66 mg KOH/g). Compared to the TiO»-
supported catalysts, the industrial Mo/Al>Os3 catalyst produced higher yields of coke at the expense
of condensed bio-oil. MoO3/TiO; performed similar to Pt/TiOz in terms of deoxygenation and
energy recovery of condensed bio-oil, and by increasing the H> concentration to 90 vol.% the
energy recovery of bio-oil increased to 39 and 42% at 8 and 10 wt.% O (d.b.), respectively. Pt/TiO2
showed the highest selectivity to aliphatics and the lowest coke yields, e.g. the coke yield at B:C ~8
was only 0.6 wt.% of fed biomass.

This study demonstrates that by using low-pressures of hydrogen and appropriate HDO
catalysts, the quality of bio-oil can be improved without severely compromising its quantity

(carbon yield) as observed under catalytic fast pyrolysis conditions.
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1 INTRODUCTION

Fast pyrolysis of biomass is a well-developed technology, which can produce bio-oil at yields
up to ~60 wt.% (water-free) [1-6]. The integration of biomass-derived pyrolysis oils in existing
oil refineries is a potential near-term solution for decreasing our dependence on crude oil and
increasing the share of renewables in the transportation sector [7-10]. However, the pyrolysis oil
has a high oxygen content of ~35-50 wt.% (present as water and biomass-derived oxygenates),
resulting in several adverse properties such as low heating value, high polarity, acidity, and
instability upon storage and heating. The fuel properties and miscibility with fossil feedstock can
be improved via catalytic deoxygenation of the biomass pyrolysis vapors prior to their
condensation [10-19]. Though, these improvements come at the expense of carbon loss as light
hydrocarbons, CO, COz, and coke [20,21]. Amongst the variety of catalysts tested (without
hydrogen addition), microporous HZSM-5 zeolite is considered a suitable solid acid catalyst for
production of aromatics and gasoline range products from biomass-derived pyrolysis vapors
[22,23]. Nevertheless, rapid deactivation by coking is a major obstacle for their industrial
implementation [13,24].

Hydrodeoxygenation (HDO), on the other hand, uses hydrogen to selectively remove oxygen as
water without breaking the C-C bonds, and therefore has the potential to obtain higher yields of
bio-oil with low oxygen content. Direct catalytic upgrading of biomass pyrolysis vapors by a dual
function 5 wt.% Ru/TiO; catalyst was reported by Wan et al. [25], who evaluated Ru/Ti0O; in a
fixed-bed reactor for upgrading oak and switchgrass pyrolysis vapors at 400 °C and 0.58 bar Ha.
Ru/TiO2 showed a high ketonization activity and light oxygenates were converted to larger, less
oxygenated molecules, which improved the stability of the upgraded bio-oil. The TiO> support is
known to be active for ketonization reactions of acids TiO» [26—34] and the defunctionalization of

lignin-derived phenolics [35] without the need of hydrogen. As indicated by Wan et al. [25], the
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promotion of TiO> with a noble metal (Ru) not only adds activity for (hydro-)deoxygenation, but
also plays a role in generating oxygen vacancy sites on the TiO; surface which promote
deoxygenation via an oxygen-vacancy driven reverse Mars—van Krevelen process [36—39]. Using
m-cresol as a model compound for Pt supported TiO2, hydrogen spillover from the metal was
proposed to form Lewis-acidic oxygen vacancies on TiO2, which are capable of aryl-OH bond
scission [40]. Over Pt(111), ring hydrogenation to 3-methylcyclohexanone and 3-
methylcyclohexanol was found to be the most energetically favorable pathway, while over
TiO2(101), tautomerization and direct deoxygenation to toluene were identified as additional
energetically favorable routes. Work conducted at NREL [41] demonstrated the use of 2 wt.%
Pt/Ti0; and 0.5 wt.% Pt/TiO; for the continuous upgrading of pine FP vapors at bench-scale. The
presence of Pt enhanced the activity and/or prolonged the lifetime of TiO; active sites under
reducing conditions. It was further proposed that Pt may prolong catalyst lifetime by facilitating
the removal of coke precursors from the catalyst surface. The catalytic activity of 2 wt.% Pt/TiO2
was found to be stable for 13 reaction/regeneration cycles (operated to biomass-to-catalyst (B:C)
ratio of ~3), and carbon recoveries of 38 C% with ~16 wt.% oxygen (d.b.) were reported. This
level of deoxygenation allowed further processing of the condensed bio-oil by a single stage
hydrotreating. However, post-reaction characterization showed an increase in Pt particle size [41],
indicating irreversible catalyst deactivation through sintering.

Molybdenum trioxide (MoO3) was found active for vapor-phase HDO of pyrolysis model
compounds and real biomass at low hydrogen pressures [42—45]. It has been reported that MoO3
undergoes partial carburization during reaction to from oxycarbide- and oxycarbohydride-
containing phases. This indicates that surface carbon plays an important role in the activity of

MoO; under HDO conditions [44]. Studies conducted in the group of Roman-Leshkov [43] found
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10 wt.% MoOs dispersed on ZrO; or TiO» active and stable for the HDO of m-cresol at 320 °C
and low H» pressures (<1 bar). The supported MoOs catalysts selectively cleaved C-O bonds
without saturating the aromatic ring, thus yielding toluene at moderate to high conversions. It was
found that the ZrO; or TiO; supports stabilized the active Mo species (Mo*) on the surface. While
hydrogen is crucial for retaining HDO activity in bulk MoOs, it can also change the speciation of
active species on the catalyst surface by over-reduction to lower oxidation states with lower
reactivity [42,46]. Murugappan et al. [47] tested 10 wt.% MoO3/TiO2 and MoO3/ZrO; at 500 °C
and H» pressures <0.75 bar for HDO of pine FP vapors. The supported MoOs (10 wt.%) catalysts
achieved complete deoxygenation to olefinic and aromatic hydrocarbons at low biomass-to-
catalyst (B:C) ratios <0.2. Furans and phenols were found to increase until B:C ~0.6 before slowly
declining. For higher B:C ratios, the primary vapors were observed breaking through the catalyst
bed. The bare TiO, support was reported to show minimal catalytic activity compared to
MoOs3/TiO; [47]. Others [48] reported a yield of ~43 C% Ca+ hydrocarbons with ~6 wt.% oxygen
from upgrading of pine FP vapors in a fluidized bed with an industrial Mo based catalyst.

It is further important to note that the degree of deoxygenation (DOD) of pyrolysis vapors can
be enhanced by increasing the H» partial pressure [42,48—50]. Higher H» pressure can also lead to
increased hydrogenation of aromatic rings and olefins to their saturated counterparts. Techno-
economic analysis showed that for atmospheric HDO the catalyst cost (e.g. the noble metal
loading) and the biomass feedstock price are the primary contributors to the minimum selling price
of fuel obtained after hydrotreating [41]. Thus, it is important to consider these factors when
designing and testing catalysts for HDO. Since MoOs is considerably cheaper than noble metals it

might be beneficial to use MoOs based catalysts if similar catalytic performance can be achieved.



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

Catalytic upgrading of fast pyrolysis vapors can be conducted in a one-reactor system, where
biomass is fed into a fluidized catalyst bed (in-sifu configuration [51,52]), or in a two-reactor
system in which the catalytic upgrading is performed in a separate reactor downstream of the
pyrolysis reactor (ex-situ configuration [52,53]). Compared to woody biomass, wheat straw
contains a much higher content of alkaline ashes such as K, Ca, Cl and Mg. The direct contact with
the catalyst in an in-situ upgrading configuration can thus lead to transfer of the alkalines and
poisoning of catalytic sites [54—57]. In order to circumvent deposition of biomass indigenous ashes
on the catalyst and allow for determination of catalyst coking without the need of char separation,
the ex situ configuration was employed in this work.

Based on above research, in this work the deoxygenation performance of a 10 wt.% MoO3/Ti02
catalyst, an industrial Mo catalyst similar to that used in ref. [48], and a 0.5 wt.% Pt/T10O> catalyst
were compared for the deoxygenation of wheat straw pyrolysis vapors in a continuous bench scale
unit. Mass and energy balances and a detailed analysis of the bio-oil properties allowed comparing
the performance of these HDO catalysts with frequently used solid acid catalysts such as y-Al,Os3
and HZSM-5 zeolite. We investigated how the yield and the quality of bio-oil is influenced by the
amount of biomass pyrolysis vapors processed over the catalyst. Addressing this aspect will allow
determining the frequency of regeneration needed for maintaining a certain bio-oil quality in a
scenario of parallel fixed bed reactors [58]. We further studied to what extent the hydrogen
concentration influences the yield and quality of the bio-oil. In addition to commonly reported
characterization of bio-oils derived from woody biomass using GC-MS, elemental composition,
heating value and TAN, we conducted oil characterization by one- and two-dimensional '*C and

"H NMR, GCxGC-ToF/MS or—FID, basic nitrogen determination, and thermogravimetric analysis
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in order to fully investigate the chemical composition and fuel properties of the bio-oils derived

from wheat straw FP vapors after atmospheric HDO.

2 EXPERIMENTAL SECTION
2.1 Feedstock

Wheat straw pellets were downsized to <1.4 mm using a hammer mill. The proximate and
elemental analysis are shown in Table 1. Experimental details on the feedstock characterization
can be found in earlier work [13]. Potassium was amongst the highest concentrated ash
components with ~1 wt.% (d.b.).

Table 1. Properties of wheat straw feedstock.
Proximate analysis

Moisture (as received (a.r.)), 8.8 wt.%
Volatiles (dry basis, (d.b.) 66.8 wt.%
Fixed carbon (d.b., by diff.) 18.5 wt.%
Ash (d.b.) 5.9 wt.%

Elemental composition (dry and
ash-free basis (daf))

Nitrogen % 0.8 wt.%
Carbon % 50.4 wt.%
Hydrogen % 5.6 wt.%
Sulfur % 0.1 wt.%
Oxygen % (by diff.) 43.1 wt.%

2.2 Catalyst preparation
In order to achieve a high dispersion of Pt particles, 100 g of Pt/TiO> with a target Pt loading of

0.5 wt.% was synthesized via strong electrostatic adsorption following the procedure described by
Griffin et al. and references therein [41,59,60]. The pH of an aqueous solution (~500 mL) of 1 g
of Pt(NH3)4(NO3)2 was adjusted to 11.5 by adding NH4OH. Titanium(IV) oxide, (Sigma Aldrich,
nanopowder, 21 nm primary particle size (TEM), >99.5% trace metals basis) was soaked for 24 h
in the solution containing 5.7x10™* M Pt. After impregnation, the catalyst suspension was dried at
room temperature for 48 h and then at 60 °C overnight. The catalyst was downsized to 250-850

pm via pelletizing/crushing and filled into the catalytic reactor, where it was calcined/reduced in
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flowing 5% Ho/N> at 450 °C for 5 h. The catalyst was passivated in flowing 1% O>/N> at room
temperature before taking a sample for pre-reaction analysis.

100 g of 10 wt.% MoOs/TiO; was prepared via wet impregnation: Ammonium molybdate
tetrahydrate (Sigma-Aldrich, 99.98% trace metals basis) was dissolved in 80-160 mL nanopure
water and added to 10-20 g of TiO; (Sigma Aldrich, nanopowder, 21 nm primary particle size
(TEM), >99.5% trace metals basis). The paste was mixed vigorously overnight using a magnetic
stirrer and then dried at 110 °C for 24 h. The dried solid was transferred to a ceramic crucible and
calcined at 550 °C (10 °C/min) for 4 h under static air. In addition, 100 g of bare TiO> support
(same as for preparation of MoO3/Ti0O2 and Pt/TiO2) was prepared after calcination at the same
conditions used for preparation of MoO3/Ti10xz. Prior to reaction tests, all catalysts were reduced

for 2 h at 450 °C under reaction atmosphere (50 or 90 vol.% H>).

2.3 Catalyst characterization
The Mo loading of the MoOs/TiO; catalyst was determined by X-ray fluorescence (XRF)

following the procedure described in earlier work [13]. For the quantification of Ti and Pt in the
Pt/TiO; catalyst, 0.1-0.15 g finely ground sample was weighed accurately and transferred
quantitatively into a Teflon microwave digestion vessel in duplicate. 9 ml of 37% HCI (p.a.
quality), 3 ml of 65% HNOs3 (p.a. quality) and 2 ml of 47-51% HF (p.a. quality) were added and
the sample was digested at 200 °C for 20 minutes in a Milestone Ethos UP microwave digestion
unit yielding a clear sample solution. The sample solution was then transferred to a 100 ml
volumetric flask and filled to the mark with pure water (18.2 MQ). The contents of Ti and Pt in
the sample solution were quantified by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) with an Agilent 720 ES ICP-OES instrument. The sample was analyzed

with suitable dilution and the emission signal from several Ti and Pt specific emission lines were



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

compared to the signal from certified calibration standards containing 0—10 mg/l for Ti and 0—
2.5 mg/1 for Pt. The precision of the analysis was +3% relative with 95% confidence.

For analysis of the Pt/TiO; catalyst by transmission electron microscopy (TEM), the catalyst
was ground in a mortar and sieved to <50 um before adding them on a copper TEM grid with lacey
carbon film. TEM images were acquired using a Tecnai T20 G2 (at an acceleration voltage of
200 kV). For acquisition of X-ray diffraction (XRD) patterns, samples were analyzed in powder
form using a zero background holder on a Siemens D500 x-ray diffractometer operated with MDI
Datascan software. A copper x-ray tube operating at 45 kV and 30 mA was used in combination
with a Ni filter, 0.3 degree divergence and anti-scatter slits, and a 0.15 degree detector slit. A
graphite monochromater was tuned to the Cu K-alpha line. Samples were scanned from 10 to 70
degrees two-theta with a step size of 0.05 degrees and a dwell time of 2 seconds per step. The
patterns were processed using Jade software version 9.5 from MDI.

N> physisorption was carried out on a Quantachrome Novatouch apparatus at liquid nitrogen
temperature. Prior to the measurement, the samples were outgassed under vacuum at 350 °C
overnight. The specific surface area (Sger) was calculated by the Brunauer-Emmett-Teller (BET)
method. The total pore volume (Vioa1) was calculated from the amount of adsorbed nitrogen at the
relative pressure of p/po = 0.99. The Barrett-Joyner-Halenda (BJH) pore size distribution was
derived from the adsorption branch of the N> physisorption isotherm.

Temperature programmed desorption (TPD) of ammonia was conducted for the characterization
and quantification of the catalyst’s acid sites. The measurements were performed using a
Micromeritics Autochem II 2920 Chemisorption analyzer. The samples were first heated to 500 °C
at 20 °C/min in 20 mL/min He and held for 1 h to remove moisture. Next, the sample temperature

was decreased to 450 °C, and the catalyst was reduced in a 10 vol.% H»/He mixture for 2 h at the
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same flowrate. Then, the temperature was lowered to 100 °C and NH3 was adsorbed for 30 min by
flowing 10 vol.% NH3/He at 20 mL/min. Any weakly adsorbed NH3 was purged with He for 60
min at 20ml/min. The sample was then heated to 500 °C at 10 °C/min under the same flow
conditions and the NH3 desorption was recorded using a thermal conductivity detector (TCD).
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) of pyridine-loaded
samples was performed following the procedure reported previously [61] with the modification
that the catalyst was reduced at 450 °C for 1 h in a flow of 10 % H2/N2 before cooling the sample
to 150 °C for acquisition of the spectra of the reduced catalyst. The flow was then changed to argon
and pyridine was adsorbed on the reduced catalysts from the vapor phase for 30 min using a
bubbler operated at room temperature. After flushing any weakly adsorbed pyridine for 30 min,
the spectra of the pyridinated sample was acquired. Absorbance from 4000 to 400 cm ™! was
collected using 64 scans at a 4 cm™! resolution. A background spectrum was recorded with pure

KBr at 150 °C.

2.4 Pyrolysis unit
A detailed description of the bench scale fast pyrolysis unit is found in earlier work [13], and a

flow sheet is provided in Fig. S1. In this work, tests were conducted in either 50 vol.% or 90 vol.%
hydrogen (balance nitrogen) at a total flowrate of ~8.7 NI/min and a maximum operating pressure
of ~0.1 bar above atmosphere. The biomass feeding-rate on a dry and ash-free basis (daf) was
~3 g/min. The pyrolysis reactor, the cyclones, and the hot gas filter were externally heated to
530 °C, 450 °C, and 350 °C, respectively. In earlier work [62], the experimental uncertainty in
terms of £2 standard deviations for the yields of gas, organic liquid, reaction water, and char was
estimated to 2.1 wt.%, 0.4 wt.%, 0.8 wt.% and 3.8 wt.%, respectively. In this work, a catalyst mass
of 100 g was used and the typical duration of the assays was ~2 h for tests run to B:C ~4 and ~4 h

for tests run to B:C ~8. A catalytic upgrading temperature of 450 °C was found optimal by Wang
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et al. [48] for the industrial Mo/Al>Os catalyst, and the same temperature was employed here for
the tests with MoOs/TiOx. For catalytic upgrading with Pt/TiO., the reactor was heated to 400 °C,
which has been reported to avoid condensation of the pyrolysis vapors while higher temperatures
are undesirable due to a decrease in hydrogen coverage and thermodynamic limitations on ring
hydrogenation, which inhibit HDO reaction pathways [41]. Upon contact with the vapors, the
temperature of the catalyst (measured in the middle of the fixed bed) increased by ~25-50 °C
within the first ~15 min of biomass feeding (B:C ~0.5), after which the bed temperature slowly
decreased while remaining 5-25 °C above its set point temperature (see Fig. S2). Condensation
was achieved by a three-stage condensation system consisting of 1) a condensation stage at 4 °C,
i1) an electrostatic precipitator (ESP) for collection of aerosols that were generated during the initial
quench, and 1i1) a condensation stage at -60 °C consisting of a series of impingers immersed in a
dry-ice/EtOH bath. The dry gas was analyzed continuously for CO and CO2 by nondispersive
infrared and O; by paramagnetism, and every ~10 min a sample was analyzed by GC-FID/TCD

for analysis of C1-Ce hydrocarbons and Ha.

2.5 Oil characterization
Each experiment yielded five different liquid fractions, which were kept refrigerated at 5 °C in

order to minimize ageing reactions. Liquid collected at the 4 °C condensation stage and the -60 °C
condensation stage spontaneously phase separated into an aqueous and organic-rich phase, while
a single-phase organic-rich oil was collected at the ESP. The three oil fractions and the two
aqueous fractions were combined in the proportion of their yields for further analysis. The moisture
content and elemental content (CHN, O by difference) of the total bio-oil and aqueous phase was
determined by Karl—Fischer titration and elemental analysis according to the details described

elsewhere [13]. The higher heating value of the bio-oil (d.b.) was calculated based on the elemental

11
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composition using an empirical formula according to Channiwala and Parikh [63]:
HHV [M]/kggp] = 0.3491 x wt.% C + 1.1783 x wt. % H — 0.1034 X wt.% O — 0.0151 X wt. % N.

The oil and aqueous fractions were analyzed using a GC-MS/FID Shimadzu QP 2010 Ultra
apparatus equipped with a Supelco Equity 5 column. Identification and quantification of the
species in the samples were performed by the mass spectrometer (MS) and flame ionization
detector (FID), respectively. Aqueous samples were analyzed directly while the oil samples were
diluted in a 1:9 volumetric ratio in acetone. The initial temperature for the GC column was held at
40 °C for 10 min and the column was heated to 250 °C with an initial heating rate of 2 °C/min to
100 °C followed by an increased heating rate of 8 °C/min. A split ratio of 80 was used at the
injection port (280 °C). The MS scanning was set to a range of 20 to 300 m/z. The selectivity of
different product groups was calculated based on the FID area percentage after correcting the FID

areas taking into account the effective carbon numbers of each compound as outlined by

. .. FID areas of compounds in product grou
Schofield [64]: Selectivity product group = = P productgroup . 5.

Y. FID areas of all compounds

The condensed oil fractions were further analyzed for their total acid number (TAN) following
ASTM D664, and for their basic nitrogen content following UOP Method 269-10. Using the
methodology reported by Dayton and coworkers [65,66], the evaporation behavior of the oils was
studied by thermogravimetric analysis (TGA). About 20 mg of oil was loaded into a Pt crucible
with lid shortly before start of the temperature program in order to minimize the loss of volatiles.
The temperature was increased at a rate of 10 °C/min to a final temperature of 650 °C in 150
ml/min N> flow.

Bio-oil samples obtained in the 50 vol.% H> atmosphere without catalyst and at B:C ~4 from
atmospheric HDO with the three different catalysts were further characterized by

GCxGC-ToF/MS or-FID. In addition, bio-oil obtained from vapor upgrading with MoO3/TiO> at

12
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an increased H> partial pressure (90 vol.%) was analyzed. For the analysis, a LECO® Pegasus
4DTM instrument was used that included an Agilent 7890A GC equipped with a Gerstel® CIS 4
PTV inlet, a secondary oven, a quad-jet, dual-stage cryogenic-based (liquid N2) modulator, a time-
of-flight (ToF) mass spectrometer (MS) and a flame ionization detector (FID). The primary (1D)
and secondary (2D) columns were Restek® Rtx-1701 and SGE® BPX5, respectively. 0.3 mm?
sample, diluted 1:1 in THF, was injected in pulsed split mode (split ratio 1:100) into the PVT inlet
at 40 °C, and then raised to 300 °C (10 °C/s), with a total hold up time of 1.5 min. The main oven
with the 1D column was held at 35 °C for 1.5 min and then ramped to 275 °C at 3 °C/min; the
secondary oven and modulator were run with offsets to the main oven of +10 °C and +25 °C,
respectively; total run time was 101.5 min. Helium (He) was used as carrier gas at constant flow
rate of 1.5 cm®/min, and the modulation period was 7 sec. The transfer line and ion source of the
ToF/MS detector were operated at constant temperatures of 250 °C and 225 °C, respectively. The
ToF/MS was run in EI mode at 70 eV and an acquisition rate of 100 spectra/sec for m/z = 41 to
441. The NIST2008 mass spectral database was used as reference. For group quantification, the
FID was used. The detector was operated at 300 °C and with a sampling rate of 100 Hz. Based on
the GCxGC-ToF/MS analysis the compounds were classified into 13 groups: aliphatics
(paraffins/naphthenes), monoaromatics (alkylbenzenes/naphthenobenzenes), di/tri-aromatics,
carboxylic acids, pyrroles/nitriles, pentanones/hexanones, furanones/furfuryl alcohols, aliphatic
ketone/other aliphatic oxygenates, indanones/benzofurans/dibenzofuranes,
phenols/methoxybenzenes, methoxy-phenols, hydroxylated di/tri-aromatics, and dihydroxylated
benzenes. The relative amount (FID area-%) of each compound class was estimated as the sum of
areas of all detected peaks in that class divided by the total peak area of all compound classes.

ChromaTof® 4.72 GCxGC software was applied for data acquisition and exporting of raw data as

13
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CDF files. Successively, pixel-based analysis (proprietary software developed by Copenhagen
University) of CDF files was applied for setting up group integration templates and quantification
of relative amounts (area-%) of compound classes.

Selected bio-oils were further analyzed by 'H, '>*C NMR and 2D HSQC NMR analysis. Details
of the used instruments and experimental conditions have been reported earlier [13]. The
quantitative >C integration was performed following the procedure suggested by Ben and
Ragauskas [67], while taking into account the modifications suggested by Happs et al. [68]. For
"H NMR, the relative distribution of the different chemical groups was obtained by assigning the
functional groups to their chemical shift ranges. The water region (3.6—3.3 ppm) was excluded for

this comparison.

3 RESULTS AND DISCUSSION

3.1 Catalyst properties
The catalyst properties are shown in Table 2. The metal loading of the TiO2-supported Pt and

Mo catalysts was determined to be 0.61 wt.% Pt and 5.8 wt.% Mo (theoretical loading of 10 wt.%
MoOs = 6.7 wt.% Mo). The XRD pattern of the fresh prepared MoO3/TiO> catalyst closely
resembles the pattern of the bare TiO> support (see Fig. S3), indicating that the MoOs3 is well
dispersed on the support. Only few minor additional peaks are observed at 26 = 23.3°, 33.6°, and
49.2°, which are associated with crystalline MoOs clusters [47]. The isotherms and pore size
distribution obtained from nitrogen physisorption are shown in Fig. S4 for the Pt/TiO, and
MoOs3/TiO; catalyst. MoOs3/TiO> showed a reduced pore volume (0.23 cc/g) compared to Pt/TiO>
(0.43 cc/g), probably due to the higher loading of the Mo compared to Pt. The pore size distribution
by the BJH suggests that MoOs/TiO; has less pores with diameter >400 A compared to Pt/TiO2
(see Fig. S4b). Since the crystal size is about 21 nm (210 A), these larger pores were attributed to

voids in between adjacent crystals. The BET surface area of Pt/TiO> was 51 m?/g while that of
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MoO3/TiO> was 54 m?/g. A surface area of 54 m?/g was also determined by Shetty et al. [43] for
a 10 wt.% MoOs/TiOz catalyst . Amongst the tested catalysts, the industrial Mo/Al>0O3 catalyst had
the highest acidity with 0.5 mmol NHs/g, which is about double the acidity of the Pt/TiO; and ~2.5
times the acidity of the MoO3/TiO» catalyst.

The NH3-TPD in Fig. S5 shows that the reduced Pt/TiO: catalyst had both weak acid sites
desorbing NH3 at ~180 °C and medium-strength acid sites desorbing NH3 at ~300 °C. TiO»-
supported MoOs catalyst showed mostly weak acid sites centered at a desorption peak of ~200 °C
and to a lesser extent medium strength acid sites, resulting in a lower acidity compared to
Pt/TiO; (see Table 2).

The catalysts are Lewis acidic as seen by interaction with pyridine at 1612 and 1445 cm™ (see
Fig. S6) and the absence of absorbance at 1545 cm™! (pyridine adsorbed on Brensted acid). At
150 °C MoO3/TiO2 showed a higher absorbance of pyridinated Lewis acid sites compared to
Pt/Ti0.. Since pyridine is a weaker base than ammonia, it will preferably probe medium- to high-
strength acid sites. From NH3-TPD (Fig. S5) it can be seen that Pt/TiO2 contains a relative higher
fraction of medium-strength acid sites compared to MoOs/TiO2. For both samples, the
chemisorbed pyridine readily desorbed when heated from 150 °C to 250 °C.

Table 2. Physicochemical properties of TiO2 supported Pt (0.5 wt.%) and MoOs (10 wt.%)

catalysts.
TiO» 0.5 wt.% Pt/TiO, 10 wt.% Mo/Al,O3
MOO3/Ti02
Metal loading n.d. 0.61 5.8 n.d.
Viota at p/po =0.99 (cc/g) 0.38 0.43 0.23 n.d.
Surface area [m?/g] 47 51 54 n.d.
Acidity? [mmol NH3/g] 0.16 0.25 0.19 0.50

9The acidity was determined for the reduced catalysts (reduction for 2 h in 10 vol.% H»); ® loading
of molybdenum

Representative TEM images of the prepared Pt/TiO; catalyst are provided in Fig. S7. The Pt

particles were well dispersed on the TiO> support with particle diameters between 0.4 and 3.3 nm
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and a mean particle diameter of 1.65 (determined for ~110 particles). A Pt particle size distribution
between 0-5 nm diameter has also been reported by others for a 2 wt.% Pt/TiO; catalyst [69], albeit

their work also showed larger particles >5 nm, which may be related to the higher Pt loading.

3.2 Product distribution
The product distribution obtained from atmospheric pressure catalytic HDO in comparison to

two non-catalytic reference cases obtained under inert atmosphere (N2) and 50 vol.% H; are shown
in Fig. 1. The numeric values are given in Table S1 and Table S2 for tests conducted in 50 and 90
vol.% Ha, respectively. For reference, the product distributions obtained with an empty catalytic
reactor and over 100 g TiO; at 450 °C under nitrogen atmosphere are given in Table S3, and the
properties of the respective bio-oils are given in Table S4. Mass balances between 90-98% were
obtained. Upgrading of the vapors over TiO> under nitrogen atmosphere at B:C ~4 increased the
formation of light gases, reaction water, and coke while decreasing the yield of condensed organics
recovered as oil and aqueous phase (see Table S3). Similarly, the yield of light gases and reaction
water increased when applying catalytic HDO, which can be attributed to cracking reactions (C;-
Cs hydrocarbons), and deoxygenation via decarbonylation, decarboxylation, and
hydrodeoxygenation. The yields of gas and coke were higher at low B:C ratios, at the expense of
liquid-range organics. With continued operation to higher B:C, the yields of gas and coke
decreased due to a reduced catalyst activity, and the yield of condensed organics increased. The
aqueous phase obtained without catalyst under N> atmosphere contained an appreciable amount of
organics (~11 wt.% of fed biomass), which decreased to 8 wt.% of fed biomass when the test was
performed in 50 vol.% H> while obtaining a slightly higher yield of oil phase. This observation is
tentatively attributed to a low degree of hydrodeoxygenation of the most reactive vapor compounds
via contact of the vapors with i) the metal surface of the pyrolysis reactor/cyclones/catalytic reactor

and ii) the vapor contact with biomass indigenous alkalines and metals both during the pyrolysis
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and upon vapor contact with the char. The slight deoxygenation can lower the polarity of the
oxygenates and thus decrease the loss of organics to the aqueous phase.

Atmospheric HDO using Pt/TiO; decreased the yield of liquid-range organics and increased the
yields of light gases, reaction water, and coke. Operation to higher B:C shifted the yields in the
direction of the non-catalytic reference and further increased the yield of condensed organics.
Remarkably low coke yields resulted for Pt/TiO; toward higher B:C, which will be discussed more
in section 3.4. Increased H> partial pressure led to an enhanced gas production for Pt/TiO> and
MoOs3/Ti0z, and increased the yield of reaction water for the latter while no marked increase in
hydrodeoxygenation was observed for Pt/Ti02. Mo/Al2O3 produced less liquid-range organics and
more coke compared to Pt/TiO; at B:C ~4. The yield of ethylene and propylene was the highest
for Mo/Al,03 (1.5 wt-%) compared to Pt/TiO2 (0.9 wt-%) and MoO3/Ti10; (1.0 wt-%). It is known
that for HDO of acetone over MoOs3, the oxygen is removed while making propene [42]. On the
other hand, the yield of C;-C3 alkanes was slightly higher for Pt/TiO2, which is attributed to the Pt
catalyzed hydrogenation of some of the alkenes and oxygenates [70]. The initial deactivation when
using Pt/TiO> also corresponded to a decrease in the concentration of C>—Cs alkanes and an
increase in the C>—Cs alkene concentration (see Fig. S8). The loss of hydrogenation activity may
be associated with the blocking of metallic Pt sites, and is in line with observations by Griffin et
al. [41]. Besides a lower hydrogenation activity of the Mo/Al>O3 catalyst compared to Pt/TiO», it
is expected that the Al,O3 supported catalyst has a higher surface area and in combination with its
significantly higher acidity (0.5 mmol NH3/g), catalytic cracking is favored. This can explain the
higher coke and lower oil yields observed for the vapor upgrading over Mo/Al2O3 compared to the
TiO»-based catalysts. Slightly more reaction water and less CO/CO> was formed with Mo/Al,03

compared to Pt/TiOz. In 50 vol.% Hz, MoO3/Ti0: produced the lowest gas yields and highest yield
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of liquid-range organics at B:C ~4. The yield of coke and reaction water for MoO3/TiO> was in
between the values for Pt/TiO2 and MoO3/Al2O3 (Fig. 1). An increase in H> concentration in the
gas (from 50 vol.% to 90 vol.%) increased the yield of light gases and reaction water due to
increased hydrodeoxygenation and slightly decreased the coke yield (from 1.7 wt.% to 1.6 wt.%
of biomass). The yield of organic oil phase was similar for 90 and 50% vol.% Ha, but less organics
were recovered in the aqueous stream when using 90 vol.% Hb». This is attributed to a reduced
polarity of oxygenates, as will be elaborated in more detail in section 3.3. For MoOs3/TiO2, the
operation to higher biomass-to-catalyst ratio (7.3 vs. 3.6) decreased the yields of gas, reaction
water, and coke while the yield of liquid range organics increased. However, this increase was
largely due to a higher fraction of organics recovered in the aqueous stream (from 2.2 wt.% to 3.7

wt.% of biomass).

40 i [_1PYTIO,, 50 vol% H,, B:C = 1.4
38 o [ PUTIO,, 50 vol% H,, B:C = 3.9
36 — [ Pt/TiO,, 90 vol% H,, B:C = 3.9
34 ] [ PU/TIO,, 90 voI% H,, B:C = 8.2
N I Mo/Al,O,, 50 vol% H,, B:C = 3.7
. 32 - organics in I Mo/Al,O;, 50 vol% H,, B:C = 7.2
<30 aqueous phase [_IMoO4/TiO,, 50 vol% H,, B:C = 4.1
8 NR [ MoO,4/TiO,, 90 vol% H,, B:C = 3.6
B 28 : 5 Co
A Il MoO,/TiO,, 90 vol% H,, B:C = 7.3
g 26 — = [T non-catalytic, N,
© 24 - [ non-catalytic, 50 vol% H,
= =
S 22
0 20 — lorganics in
N - N N
O 18 - = joil phase
° i
X 16 N
<
214 s
o 12 N
2 ;
8 NNcd
6
4 £P
27 7
2 7 %
0 [ 1]

4
Gas Reaction water Liquid-range organics Coke (Carbon)

Fig. 1. Product yields based on fed biomass (daf). The char yield was 19.2 £0.8 wt.%, with the uncertainty
being related to the manual collection process.
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3.3 Bio-oil properties
Table 3 presents an overview of the bio-oil properties along with the B:C ratio at which the oil

was obtained and the experimental conditions such as catalyst temperature and H> concentration.

Under N2 atmosphere, the vapor treatment with bare TiO2 reduced the oxygen content from
~27 wt.% O (d.b.) to ~20 wt.%, which increased the HHV from ~28 to 31 MJ/kg. The use of TiO:
under inert atmosphere reduced the total acid number (TAN) of the bio-oil from 71 to 43 mg
KOH/g (see Table S4), which is attributed to mild cracking and ketonization reactions [26—32].
The oil obtained without catalyst in 50 vol.% H> showed an oxygen content of 23 wt.% O (d.b.).
Catalytic HDO in 50 vol.% Haz to B:C ~4 achieved a clear reduction in the acidity of the bio-oils
since the TAN was decreased from 66 mg KOH/g to 12-13 mg KOH/g when using Pt/TiO, and
Mo/Al>O3 while it was decreased to 28 mg KOH/g when using MoOs3/Ti10;. The results indicate
that both a high hydrogenation/HDO activity (Pt/TiO2) and a high acidity (Mo/Al2O3) can
effectively convert acids, whereas the poorer performance of MoOs3/TiO; in TAN-reduction—
although still improved compared to the bare TiO>—likely results from its lower
hydrogenation/HDO activity and lower catalyst acidity.

It is known that not only carboxylic acids but also phenolic compounds contribute to TAN, e.g.
the acid number for phenol is ~10 mg of KOH/g [15]. The TAN could be further decreased by
increasing the H» partial pressure, as shown for MoO3/TiO2 and Pt/TiO, thereby reaching values
as low as 2 mg KOH/g at B:C ~4 in the case of Pt/TiO2, which is the same range as acidic crude
oils [71]. At 50 vol.% H> and B:C ~4, the MoO3/TiO> catalyst achieved similar deoxygenation
compared to Pt/TiO2 and Mo/Al2Os. The moisture content of the bio-oils was reduced from 19
wt.% to 2-7 wt.% after catalytic upgrading. The carbon content of the oils increased from 70 wt.%
(empty reactor) to ~77-83 wt.% upon use of catalyst, while the oxygen content was reduced from

23 wt.% to 7-12 wt.%. While complete deoxygenation was not obtained at low B:C ~4, the oxygen
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content remained fairly stable and did not significantly increase towards higher B:C, unlike acidic
catalysts such as HZSM-5 or y-Al,O3 where usually a rapid deactivation is observed [13,14,62]. A
slight deterioration in the oil-properties was observed when comparing the oils obtained at B:C ~4
and B:C ~7 or 8 at the same H> concentration, since the TAN and the oxygen content of the oils
increased while the revaporization efficiency decreased (Table 3). This slight decrease in activity
is attributed to the continuous coke build-up rather than a permanent deterioration in the
deoxygenation capacity. A stable deoxygenation performance for a TiO> supported Pt catalyst
during 13 reaction/regeneration cycles was reported by Griffin et al. [41].

The catalytic treatment increased the HHV of the bio-oils from ~28 MJ/kg to ~36-38 MJ/kg.
The effective hydrogen index (EHI) as defined by Chen et al. is a calculated indicator of the ‘net’
H/C ratio of a feed after debiting the feed's hydrogen content for complete conversion of

heteroatoms to NHs, H2S, and H:O, according to EHI = w [72]. Compounds or

mixtures with EHI's <1 led to rapid catalyst coking when upgraded over a ZSM-5 catalyst. Higher
EHI’s of bio-oils may therefore limit the coking when further processing the bio-oil by fluid
catalytic cracking (FCC) units. The atmospheric HDO treatment increased the effective hydrogen
index (EHI) from ~0.3 to ~1.0 (Table 3). The increase in H> concentration from 50 to 90 vol.%
increased the EHI of the oils obtained using MoO3/TiO2 from 0.95 to 1.09, while the EHI of the
oils obtained by vapor treatment with Pt/TiO> remained in the range of 1.05. The trend in EHI
correlates with the trends in molar H/C ratio, as both parameters are indicative of the hydrogen
incorporation, e.g., via hydrogenation of olefins and aromatic rings.

The basic nitrogen content of bio-oils is an important parameter for the processing of the
upgraded bio-oils in a FCC unit of a conventional refinery since basic nitrogen compounds

(reversibly) poison the FCC catalysts via rapid coking and the combustion of nitrogen containing
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coke species requires nitrous oxide abatement. The vapor treatment with the HDO catalyst did not
markedly affect the basic nitrogen content of the bio-oils compared to the non-catalytic reference
(0.4 mass%), and it is known that basic heterocyclic compounds, e.g. pyridines and quinolones are
among the most difficult to remove via hydrodenitrification [73]. While some denitrification may
have been achieved, the decrease in oil yield (especially at lower B:C) may have led to a
concentration of more recalcitrant basic nitrogen species.

The volatility and stability of the oils obtained from atmospheric HDO improved significantly
upon catalytic treatment, as seen from the weight loss curves during heating of the oils in a TGA
(see Fig. S9-S11), The revaporization efficiency [65,66] stated in Table 3 indicates what fraction
of the (water-free) oil had volatized at 350 °C. The revaporization efficiency increased from ~70%
to 86-96% by applying atmospheric vapor HDO. Oils obtained using Pt/TiO: for vapor HDO
showed the highest revaporization efficiency (~95%). At B:C ~4 and 50 vol.% H2, amongst the
three HDO catalysts the revaporization efficiency of bio-oil obtained using the MoOs3/T10; catalyst
was the lowest (86%). However, the revaporization efficiency of bio-oils obtained from vapor
upgrading with MoO3/TiO> catalysts improved when increasing the hydrogen concentration to
90 vol.% Haz. As such, the reduced reactivity and charring tendency of the oils correlates with
increased EHI and H/C ratios, which is reasonable since alkanes have a higher volatility and are

less reactive compared to (unsaturated) oxygenated compounds.
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Table 3. Properties of phase-separated bio-oil fraction for catalysts (100 g) and reaction conditions as
indicated

Catalyst - Pt/TiO, Mo/Al,O3 MoOs/TiO,
Reactor >00 400 °C 450 °C 450 °C
temperature C

H> vol.% 50 50 50 90 90 50 50 50 90 90
B:C - 14 39 39 82 3.7 72 4.1 3.6 73
Yield ofoil phase |5\ 150 | 170 | 194 | 206 | 127 17.3 18.3 182 186

[wt-% (daf)]
Energy recovery oil

£ Cur 372 315 361 416 423 289 32.4 36.6 39.1  38.1
H,O content [%] 187 7.0 27 26 50 1.8 2.8 4.6 2.8 43
wt-% N (d.b.) 11 17 23 29 20 2.8 2.8 2.9 2.7 2.4
wt-% C (d.b.) 703 830 78.0 786 782 785 77.2 78.2 80.4  78.8
wt-% H (d.b.) 50 g7 88 87 88 8.7 8.5 8.2 8.9 8.5
wt-% O (d.b.) 234 70 109 98 110 99 115 10.7 8.0 10.3
Higher heating

value (HHV) 282 379 364 367 365 366 35.8 35.8 377 365
[MJ/kg]

iﬁggm hydrogen o34 100 105 104 107 104 = 1.00 095 109  1.02
H/C 088 1.18 134 132 134 132 1.31 1.25 132 129
o/C 025 0.06 0.11 009 0.11  0.09 0.11 0.10 0.07  0.10
TAN [mg KOH/g] 66 13 12 2 12 13 19 28 13 20
RS g 040 052 039 049 038 037 0.34 0.37 036 038
(mass-%)

revaporization

efficiency @350°C 70 95 9% 96 95 94 91 86 92 90
(% d.b.)

The relative abundance of the main compound groups detected by GC-MS/FID in the phase
separated aqueous fractions is shown in Fig. 2a. After atmospheric HDO, the aqueous phase
organics that could be detected by GC-FID were mainly comprised of phenolics, acids, ketones,
and alcohols (see Fig. 2a). The aqueous phase from the non-catalytic reference contained less
phenolics and more ester, methoxy-phenol, and (anhydro-)sugar-type compounds. Fig. 2¢ shows
the semi-quantitative yields by multiplying the yield of total organics (d.b.) in the aqueous phase
with the selectivity of identified compounds. The atmospheric HDO clearly reduced the yield of

acids recovered in the aqueous phase. The yield of acids contained in the aqueous phase increased

22



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

towards higher B:C, and at similar B:C it decreased when increasing the H> concentration. These
trends correlate with the TAN of the phase-separated bio-oil fraction (see Table 3), and the same
observations have been reported for the upgrading of wheat straw FP vapors with solid acid
catalysts in N atmosphere [14]. Since acids are difficult to hydrogenate they are likely
decarbonylated or converted via ketonization, which can explain a high yield of 2-butanone
(ketonization product of acetic acid and propionic acid) and 2-pentanone (ketonization of two
propionic acid molecules) observed in the oil phase (see Fig. 3).

The selectivity and yields of compounds in the oil phase as detected by GC-MS/FID is shown
in Fig. 2c+d. Compared with the non-catalytic reference, the oils obtained from atmospheric HDO
contained higher concentrations of hydrocarbons such as aliphatics and monoaromatics, and higher
concentrations of phenolics while methoxy-phenols and acids were effectively reduced or even
converted completely. Note that the ketonization of acetic acid over TiO2 would yield acetone
[74], which was used as solvent and therefore excluded in the analysis of the oil-phase. The acetone
formed from ketonization of acetic acid was likely to some extent converted to propane/propene,
in agreement with increased yields of propane/propene compared to the non-catalytic reference.
The increase in H» partial pressure from 50 to 90 vol.% increased the yield of hydrocarbons, and
Pt/Ti02 was more selective to aliphatics while MoO3/Ti1O> did not favor ring hydrogenation and
favored monoaromatics. The chromatograms of the non-catalytic reference oil (50 vol.% Hz) and
two oils obtained after HDO with Pt/TiO; and MoO3/TiO; catalysts at B:C ~4 (90 vol.% H>) are
shown in Fig. 3. Interestingly, the alkanes obtained with Pt/TiO2 at 90 vol.% comprised long chain
alkanes such pentadecane, heptadecane, and eicosane, which indicates the occurrence of C—C
coupling reactions, possibly via ketonization and subsequent alkylation or aldol condensation with

other light oxygenates [25]. The highest yield of aliphatics was 1.7 wt.% of fed biomass. Griffin
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et al. [41] found that the concentration of unreacted oxygenates such as acetic acid and
methoxyphenols from upgrading pine pyrolysis vapors over 2 wt.% Pt/TiO; increased steadily
during the course of the reaction to B:C ~3. The analysis of their condensed oil by GC-MS showed
a high concentration of phenols and ketones, which agrees with this work; however, a higher
concentration of methoxyphenols was reported in Griffin et al.’s work [41]. This is likely related
to the higher lignin content of pine compared to wheat straw and the higher oxygen content of the
upgraded bio-oil (~16 wt.%, d.b.) reported by Griffin et al. [41] compared to this work (7-11 wt.%
O, d.b). In agreement with our observations (Fig. 3), Wan et al. [25] reported significant decrease
in acetic acid, hydroxyacetone, methoxy-phenols and dihydrobenzofuran when upgrading fast
pyrolysis vapors from oak and switchgrass with 5 wt.% Ru/Ti0; at 400 °C (0.6 bar Hz), while an
increase in acetone, 2-butanone, 2-cyclopenten-1-one, and phenol was observed. The effective
conversion of methoxyphenols from wheat straw fast pyrolysis vapors by HDO using the industrial
Mo/Al>O3 agrees with Wang et al.’s [48] results for upgrading pine fast pyrolysis vapors (in-situ
reactor configuration). Based on the high selectivity to phenols (Fig. 2c¢) after atmospheric HDO,
phenols are likely an important contributor to the TAN of the upgraded bio-oils [15]. Since the
breakage of phenolic C—O bonds requires a high bond dissociation energy of 468 kJ/mol [75], we
hypothesize that only the increased hydrodeoxygenation activity at increased H» partial pressure
allowed to further decrease the yield of phenolics and therefore reduced the TAN of the bio-oils

(see Table 3).
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Fig. 3. GC-FID chromatograms of non-catalytic reference (50 vol.% H>) and two oils obtained after HDO
with Pt/TiO, and MoOs/TiO; catalyst at B:C ~4 (90 vol.% H»).

Two-dimensional GCxGC analysis allows characterizing the bio-oil comprehensively based on
the spatial separation of polar and nonpolar compounds, thereby expanding the range of volatile
compounds that can be analyzed. The 2D GCxGC plots for the non-catalytic oil and oils obtained
at B:C ~4 and 50 vol.% H: using the three different catalysts are shown in Fig. S12-S16. In
addition, the oil obtained from vapor upgrading with MoQO3/Ti0: at B:C ~4 and 90 vol.% H> was
analyzed to demonstrate the effect of H> partial pressure on the oil composition. The integration
results of the different regions in the two-dimensional plots are summarized in Fig. 4. Note that
the contribution of acids (Ac), nitrogen containing groups (Nit), and furanones/furfuryl alcohols
(Fur) was multiplied by 10 for better visibility. Most noticeably, the GCxGC analysis shows a
severe reduction in the yield of Ac, Nit, pentanones/hexanones, Fur, dihydroxylated benzenes, and
methoxy-phenols after vapor HDO compared to the non-catalytic reference, in general agreement

with the decrease in oxygen content and TAN. On the other the hand, the yield of oxygen-free
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hydrocarbons, especially aromatics increased after HDO. The contribution of acids, ketones (Ket),
furans, phenols (Ph), and methoxy-phenols (MeO-Ph) was lowest for the industrial Mo catalyst,
while this catalyst showed the highest aromatics content. This observation agrees with both the
GC-MS/FID results (Fig. 2) and the NMR characterization of the bio-oils (Table 4 and Table 5).
The Pt/TiO; catalyst was most selective to phenolics, in agreement with the trends suggested by
GC-MS/FID (Fig. 2). An increase in the H> concentration from 50 to 90 vol.% led to a clear
improvement in the bio-oil properties as shown for MoO3/TiO;. The selectivity to oxygen-free
hydrocarbons (Ali + Ar) increased at the expense of oxygen-containing compound groups. This
observation agrees with the findings by GC-MS/FID (Fig. 2) and a reduction in oxygen content

and TAN (see Table 3).

55
50 - 22 non-catalytic, 50 vol% H, c ,
. . ydroxylated aromatics,
k [ PUTIO,, 50 vol% H,, B:C = 3.9 wo-ring/three-rin
45 — [ Mo/Al,O;, 50 vol% H,, B:C = 3.7
4 7 [ 1Mo/TiO,, 50 vol% H,, B:C = 4.1
0 [ Mo/TiO,, 90 vol% H,, B:C = 3.6 Dihydroxylated
35 benzene
§ Phenols/
E 30 - di-Ar-+] danones] Methoxybenzenes|
o Benzofurans/
8 25 — Dibenzofuranes
< 5 aliphatic
20 loxygenates|
15 < mono-A Pentanones
hexanones
10 —
5
0
Ali Ar Ac (x10) Nit (x10) Ket Fur (x10) Ph MeO-Ph

Fig. 4. GCxGC-FID analysis of the bio-oils. The components in the condensed organics are divided into
aliphatics (Ali), aromatics (mono and dit+ Ar), acids (Ac), pyrroles/nitriles (Nit), ketones (Ket),
furanones/furfuryl alcohols (fur), phenols (Ph), and methoxy-phenols. The relative FID area contribution
of Ac, Nit and Fur was multiplied by 10 for better visibility.

While gas chromatography methods provide single-compound information, only the fraction
volatilizing during injection (~280 °C) is analyzed. Compounds with higher boiling point, light

compounds overlapping with the solvent (acetone), or reactive compounds that oligomerize or
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form char during the injection are not analyzed. The heating of the oils in the TGA (Fig. S9-S11)
indicates that only 56 wt.% of the organics (water-free) volatilized at the injection temperature for
the non-catalytic reference oil, while ~83—-86 wt.%, 82—85 wt.%, and ~74—-83 wt.% of the upgraded
oils volatilized when using Pt/TiO> , Mo/Al,0O3, and MoO3/TiO», respectively.

In order to obtain information on the whole composition of the bio-oils, the non-catalytic bio-
oil and the bio-oils obtained from atmospheric HDO with the three different catalysts at B:C ~4 in
50 vol.% were analyzed by °C and 'H NMR. The spectra are provided in Fig. S17-S18 while
Table 4 and Table 5 summarize the contribution of different product groups according to their
chemical shift range. The atmospheric HDO reduced the contribution of carbonyls from ~15% to
~8-10% and the contribution of aromatic C—O was reduced from ~13 to 7-9% (Table 4). The HDO
resulted in a clear decrease of aliphatic C—O groups from ~10 to ~2%, and methoxyl groups were
practically removed completely (detection level). While the aromatic C-C and C-H regions overlap
to some extent, the sum of aromatic C—C and C—H contributions clearly increased by the catalytic
treatment from ~26% to ~32-33% using Pt/TiO2 or MoO3/TiOz while it increased to 38% using
Mo/Al>03.The aliphatic C—H contribution on the other hand was most enhanced for Pt/TiO> (48%),
followed by MoO3/TiO2 (45%) and Mo/AlOs (42%). While oxygen containing groups were
clearly reduced with all three catalysts, under 50 vol.% H: the reduction in oxygen containing
groups was least pronounced using MoOs3/TiO», in agreement with higher TAN and charring
propensity of this oil (Table 3). It is worth mentioning that a similar oil quality could be obtained
when operating to higher B:C (7.3) at increased H> concentration of 90 vol.% (see Table S5). The
operating at increased H> concentration can thus reduce the frequency of catalyst regeneration in

a scenario of parallel fixed bed reactors while maintaining a certain oil quality.
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The results from '"H NMR analysis (Table 5) show a slightly higher content of aromatic and

conjugated alkene hydrogen (8.2—6.0 ppm) after HDO for all catalysts. Aliphatic H connected to

oxygen in sugars and related groups (chemical shifts from 3.0- 6 ppm) show a strong decrease

from ~14% to ~1-3% after HDO. The oil obtained by HDO with the Mo/Al>O3 catalyst showed

the highest contribution of aromatics and conjugated alkene H, followed by MoO3/TiO; and

Pt/TiO2, while the aliphatic H was favored in reverse order, in agreement with the 13C NMR results.

The increased aliphatic H of the Pt/TiO2 oil agrees with the increased hydrogen incorporation

indicated by the higher EHI and H/C ratios of the Pt/TiO2-derived oils (see Table 3).

The lack of ring hydrogenation was checked for monoaromatics and phenol in excess H»

(99 vol.%) by thermodynamic calculations for temperatures 400475 °C and hydrogen pressure

1-50 bar (see Fig. S24-25). The equilibrium calculations show that higher pressures and/or lower

temperatures are needed to hydrogenate the rings.

Table 4. Carbon percentage based on the *C NMR analysis of bio-oils obtained in 50 vol.% H, atmosphere
(atm. pressure) and B:C ~4 for the three different HDO catalysts.

No catalyst PY/TiO; MoO3/ALO;  [MoOs/TiO;

Carbonyl (215-166.5 ppm) 15.4% 9.8% 8.3% 9.3%
Aromatic C—O (166.5-142 ppm) 12.5% 6.7% 8.6% 10.3%
Aromatic C—C (142-132/125 ppm)? 9.2% 4.7% 6.4% 5.4%
Aromatic C—H (132/125-95.8 ppm)* 16.5% 28.0 31.8% 26.4%
Aliphatic C—0 (95.8-60.8 ppm) 9.9% 2.1% 2.0% 2.4%
Methoxyl (60.8-55.2) 4.2% 0.3% 0.4% 1.3%
Aliphatic C-H (55.2-0 ppm, with

exclusion of solvent) 32.4% 48.4% 42.5% 44.8%

*For catalytically treated pyrolysis bio-oils, the border between aromatic C—C and aromatic C—H was

moved downfield from 125 ppm to 132 ppm following the recommendation of Happs et al. [68].
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Table 5. Hydrogen percentage based on the "H NMR analysis of bio-oils, obtained in 50 vol.% H,
atmosphere (atm. pressure) and B:C ~4 for the three different HDO catalysts.

assignment No catalyst | Pt/TiO, | Mo0Os3/Al,03 | MoO3/TiO»
-COOH (12.5-11.0 ppm) 0.1% 0.1% 0.1% 0.0%
-CHO, ArOH (11.0-8.2 ppm) 0.8% 0.5% 1.1% 0.7%
aromatics and

conjugated alkene H (8.2-6.0 ppm) 18.5% 20.6% 23.2% 21.5%
aliphatic OH, -CH=CH-, Ar—CH,-O—R

(6.0-4.2 ppm) 5.6% 1.4% 1.7% 2.7%
R—CH,—0O-R, CH3;-O—R (4.2 3.0 ppm) 13.9% 0.8% 1.3% 3.6%
-CH,CH=O0, aliphatic H (3.0-2.0 ppm) 24.6% 44.2% 42.8% 40.7%
aliphatic proton (2.0-0 ppm) 36.5% 32.5% 29.7% 30.8%

Compared to 1D NMR spectra required for quantification, 2D NMR spectra lower the likelihood
of overlapping signals because the signals are spread out into two dimensions. The heteronuclear
single-quantum correlation spectroscopy (HSQC) correlates chemical shifts of carbons and
protons in a phase sensitive way. The 2D HSQC spectra of oils analyzed by 1D NMR are provided
in Fig. S19-S23. Oils obtained from the catalytic vapor treatment with HDO catalysts showed a
clear decrease in the contribution of -CH-O- and -O-CH-O- groups, which are mainly present in
sugars. Aldehydes were converted almost completely using Pt/T10; while a higher concentration

of aldehydes remained for the oil obtained from HDO with Mo/Al;Os.

3.4 Coke on catalyst
The regeneration of coke species on the three HDO catalysts occurred at lower combustion

temperatures compared to regeneration of coked AloO3z or HZSM-5 (see Fig. 5a). The TiO»-
supported catalysts showed the lowest combustion temperature. The observation might be a
combined effect of a combustion-catalytic effect by Pt and MoOs, as well as differences in the
coke properties. While not further investigated in this work, the coke species from HDO may
contain higher H/C ratios compared to the more graphitic coke inside zeolitic micropores. For
HDO of a lignin model compound (m-cresol), Shetty et al. [43] reported that an Al>O3-supported
MoOs showed a higher tendency to form refractory graphitic coke compared to TiO; and ZrO»-
supported MoQOs catalysts, thereby requiring higher temperatures for oxidative regeneration, which

agrees with our observations. The onset of coke-combustion for the coke deposited on TiO> from
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upgrading under N> atmosphere occurred at higher temperatures (~275 °C) compared to the Pt and
MoOs-promoted TiO; catalysts (not shown). Fig. 5b shows a comparison of the deposited mass of
coke (carbon) per mass of coke-free catalyst towards higher B:C ratios for the different HDO
catalysts and acidic catalysts such as y-Al203 and HZSM-5 zeolite [14]. The coking propensity of
v-Al2O3 is rather high, while the microporosity of HZSM-5 limits the coke formation [14]. The
coking propensity of bare TiO> under nitrogen atmosphere was in the same range as HZSM-5. The
Pt/TiO; catalyst formed less coke per mass of catalyst compared to HZSM-5 zeolite and the bare
TiO2 support, which could indicate that hydrogenation of coke precursors and coke scavenging
occurred near the active Pt sites. Coke scavenging was observed in micropyrolyzer tests where Hz
continued to flow over the catalyst in between pyrolysis vapor pulses [47]. Remarkably, the HDO
using Pt/TiO; resulted in only a slight additional buildup of coke compared to the coke that had
initially deposited at B:C ~1.2, even though the catalyst was still active and improved the fuel
properties of the condensed bio-oil up to high B:C of ~8 (see Table 3). This is attractive as it limits
carbon losses to coke and eventually CO> during the catalyst regeneration. The coking propensity
of MoO3/TiO2 was slightly higher compared to Pt/TiO., yet below the coking propensity of
HZSM-5. We further note that an increase in H> concentration from 50 to 90 vol.% led to a slight
decrease in coke deposition for the MoO3/TiO2 and Pt/TiO> catalysts (Fig. 5). Compared per
surface area of catalyst, 0.96 and 1.29 mg C/m? deposited using Pt/TiO, and MoQ3/TiO> catalyst
at 50 vol.% Ha, which decreased to 0.86 and 1.07 mg/m? at increased H» concentration of 90 vol.%.
Amongst the three tested HDO catalysts, the coking propensity of the industrial MoO3/Al,03 was
the highest, which we tentatively attribute to a higher surface area and acidity of the Al>O3 support

compared to TiOx.
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Fig. 5. (a) CO; evolution during coke combustion (B:C ~4) of the full catalyst bed in ~2 vol.% O,/N; during
heating at 1 °C/min. HDO tests were conducted in 50 vol.% Ho. (b) Deposited mass of carbon in coke per
coke-free catalyst for different catalysts and towards higher B:C ratios. Data points for y-Al,O3; and HZSM-
5 have been reported earlier [14,62].

3.5 Catalyst stability
In order to investigate potential sintering of small Pt particles, the Pt/TiO> catalyst was re-

analyzed by TEM after four cycles of reaction and regeneration. Representative TEM images and
the particle size distributions obtained from ~200 particles of ~10 different sample locations are
shown in Fig. S26. The Pt particles remain well dispersed on the support. While the peak of the
particle size distribution remains centered at ~1.5 nm similar to the pre-reaction characterization
(Fig. S7c¢), the post-reaction particle size distribution extended to larger particles up to ~5 nm (Fig.
S26f). The post-reaction characterization of the regenerated TiO2-supported catalysts showed only
minimal changes in surface area, as the surface area slightly increased from 51 to 54 m%/g for
Pt/TiO> and slightly decreased from 54 to 49 m?/g for MoO3/TiO». Griffin et al. [41] reported

minimal changes to the TiO: support after 13 reaction/regeneration cycles, albeit a more
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pronounced increase in Pt particle size was observed in their work—yet without any apparent
impact on performance.

A sample of spent MoO3/TiO; catalyst that was obtained after three reaction-regeneration cycles
using straw as feedstock and after three additional cycles using lignin as feedstock (not reported
in this work) was subjected to XRD analysis. Noticeably, the MoOs-related peaks had decreased
in intensity for the spent catalyst (see Fig. S3). From molybdenum-containing catalysts used for
the oxidation of methanol in the temperature range of 300-400 °C, it is known that Mo can form
volatile species with methanol and also with water [76—81]. Despite the presence of small
oxygenates including MeOH and ~15 vol.% steam during reaction conditions, the analysis of the
Mo content of the spent catalyst amounted to 6.7 wt%. As such, no loss of Mo could be concluded
within this work, indicating a strong interaction with the support. The smaller and broader MoO3-
related peaks observed for the spent sample may indicate that MoOs on the fresh MoO3/TiO>

dispersed into smaller and better-distributed domains under the reaction conditions.

3.6 Energy recovery
It is of interest to benchmark the performance of the HDO catalysts against each other and

against other acidic catalysts such as HZSM-5 zeolite, AloO3, and HZSM-5/A1>03 extrudates
[14,62]. Fig. 6 shows the degree of deoxygenation (DOD) obtained in the collected bio-oil and
their energy recovery with respect to bio-oil obtained without catalyst in N> atmosphere. When
using acidic catalysts for vapor upgrading under N> atmosphere, the deoxygenation rapidly
decreased towards higher B:C ratio while the energy recovery of the oil increased (Fig. 6).
Interestingly, a ~5% higher energy recovery of the condensed oil phase was obtained when
switching to 50 vol.% H» without using a catalyst. This is attributed to a slight hydrodeoxygenation
achieved by the metal surfaces inside the pyrolysis system or metals in the char/ash with catalytic

activity, which is consistent with a slight increase in reaction water due to HDO and a reduction
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in the oil’s oxygen content by 20%. While the overall yield of liquid-range organics was
comparable (Fig. 1), this led to a more favorable phase separation between organic and aqueous
phase with a decreased yield of (polar) organic compounds in the aqueous phase. The application
of atmospheric HDO achieved higher energy recoveries for a given level of deoxygenation
compared to the acidic catalysts (Fig. 6). While obtaining the same energy recovery as the non-
catalytic oil (N2), almost 60% deoxygenation was achieved with Pt/TiO at B:C ~4 and 50 vol.%
H>. Note that at lower B:C (1.4) a lower oxygen content can be obtained albeit at lower energy
recovery due to increased losses to gas and coke (Fig. 1). Amongst the three HDO catalysts tested
at 50 vol.% Ha, the industrial Mo based catalyst achieved the lowest energy recoveries compared
at similar vapor deoxygenation, which correlated with higher gas and coke yields. At 50 vol.% Ha,
MoOs3/Ti0; performed identical to Pt/TiOz in terms of deoxygenation and energy recovery of
condensed bio-oil: ~60% deoxygenation of oil was obtained at a similar energy recovery (101%)
of bio-oil fraction compared to the non-catalytic reference case without hydrogen addition. The
lower hydrogenation activity of Mo compared to Pt was seemingly compensated by the
significantly higher loading of Mo on TiO> (11 times higher than Pt) leading to roughly similar
activity of the two catalysts. An increase in H» partial pressure from 50 to 90 vol.% H» further
increased the deoxygenation and energy recovery of the bio-oils. At 90 vol.% H», energy recoveries
of bio-oil with respect to the fed biomass of 42 and 39% were obtained with bio-oil oxygen
contents of 10 and 8 wt.% (d.b.) using the Pt/TiO2 and MoOs/TiO> catalyst, respectively. With
operation to B:C of 7-8, the extent of deoxygenation decreased for both Pt/TiO2 and MoOs3/TiO2
catalyst while the oil yield increased (see Fig. 1). For Pt/TiOz this led to a slight increase in energy

recovery, while for MoO3/TiO: the energy recovery decreased due to the lower heating value of
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the oil (36.5 vs. 37.7 MJ/kg), thereby approaching the results obtained at lower H concentration

and B:C ~4.
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Fig. 6. Deoxygenation and energy recovery of bio-oil obtained with HDO catalysts at 400-450 °C (half-
filled symbols) and acidic catalysts at 500 °C (filled symbols) relative to a non-catalytic bio-oil obtained
under inert conditions (N2) with 26 wt.% O (d.b.) and 36% energy recovery.

3.7 Catalyst cost estimation
In order to obtain a rough cost comparison of the two in-house prepared TiO2-supported

catalysts, the estimation tool CatCost [82], provided by the DOE/NREL/ALLIANCE, was used.
The material cost of 10 wt.% MoO3/TiO: catalyst was estimated to be ~4300 $/ton of catalyst, with
zero value of the spent catalyst. The material cost of 0.5 wt.% Pt/Ti0: catalyst was significantly
higher (~118000 $/ton of catalyst), but the spent catalyst value was estimated to be ~92700 $/ton
of catalyst. The Pt catalyst therefore has much higher investment costs, and even when taking the
value of the spent catalyst into account, the Pt/TiO2 catalyst would be almost 6 times more
expensive compared to the 10 wt.% MoO3/TiO: catalyst. This speaks for the latter catalyst, since

it achieved similar performance to Pt/TiO2, especially at higher H» partial pressure; however,
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further optimization of the Pt loading of the Pt/TiO., and possibly Pt particle size [83,84], should

be carried out before a firm conclusion can be drawn.

4 CONCLUSION

Atmospheric hydro-deoxygenation (HDO) of wheat straw fast pyrolysis vapors was investigated
in a continuous flow setup using 100 g of 0.5 wt.% Pt/TiO2, 10 wt.% MoO3/TiOz, or an industrial
MoO3/Alx03 catalyst. The HDO provided higher energy recoveries of bio-oils compared to acidic
catalysts such as y-AloO3z or HZSM-5 zeolite, which is attributed to carbon preserving HDO
reactions, H> incorporation, and a reduction in polarity of the compounds, thereby reducing losses
to the aqueous phase. At 50 vol.% Ha, the performance of the industrial Mo based catalyst was the
poorest, with the highest gas and coke yields. 10 wt.% MoO3/TiO, performed identical to 0.5 wt.%
Pt/TiOz at 50 vol.% H:> and obtained oil with ~11 wt.% O, 31 C% and 36% energy recovery. The
carbon and energy recovery could be further improved by increasing the hydrogen concentration
in the gas to ~90 vol.%, yielding oils with 8-10 wt.% O (dry basis) and 39-42 % energy recovery.
This further decreased the acidity (TAN) of the bio-oil to as low as 2 mg KOH/g when using
Pt/TiO; (non-catalytic = 66 mg KOH/g). Oils obtained from HDO using Pt/TiO; catalyst showed
a higher aliphatic content compared to the Mo based catalysts, which reduced the charring
tendency during heating of the bio-oil. Methoxyphenols that are present in non-treated bio-oil were
not detected in the upgraded bio-oils and thus were likely converted to aromatic hydrocarbons or
partially deoxygenated into phenols.

For the deoxygenation of biomass fast pyrolysis vapors, it is critical to balance the
deoxygenation severity with the carbon losses during deoxygenation. The application of
atmospheric pressure catalytic HDO reduced the losses of carbon to the aqueous phase and coke

and increased the carbon recovery of bio-oil with improved fuel properties, which may be further
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processed in conventional refineries or directly applied as a renewable fuel, e.g. for ship engines.
The presented data may facilitate future techno-economic assessment for the production of
transportation fuels from agricultural residues.
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