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This paper presents a beneficial combination of biomass gasification and pyrolysis oil hydrodeoxygenation
for advanced biofuel production. Hydrogen for hydrodeoxygenation (HDO) of liquid phase pyrolysis oil
(LPP oil) was generated by gasification of softwood. The process merges dual fluidized bed (DFB) steam
gasification, which produces a hydrogen rich product gas and the HDO of LPP oil. Synthesis gas was used
directly without further cleaning and upgrading, by making use of the water gas-shift (WGS) reaction. The
water needed for the water gas-shift reaction was provided by LPP oil. HDO was successfully performed
Received 21st January 2019, in a lab scale over 36 h time on stream (TOS). Competing reactions like the Boudouard reaction and Saba-
Accepted 7th February 2019 tier reaction were not observed. Product quality was close to Diesel fuel specification according to EN 590,
with a carbon content of 85.4 w% and a residual water content of 0.28 w%. The water-gas shift reaction
was confirmed by CO/CO,-balance, high water consumption and 28% less hydrogen consumption during
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Introduction been developed. It combines two major pathways for biomass
liquefaction: indirect liquefaction through gasification® with
In the mid-1990s, the first climate agreement was published  subsequent synthesis and direct liquefaction through pyroly-
in the Kyoto protocol," initiating several actions in climate pol-  sis® and hydrodeoxygenation.
icy. In 2015, the Paris agreement® from the United Nations
Framework Convention on Climate Change was a big step for-  Liquid phase pyrolysis
ward to support renewable energy intentions. The main target
of this agreement is to hold climate change significantly below
2 °C above the pre-industrial level; it was signed by 196 mem-
ber states worldwide. In parallel, the European Union devel-
oped different directives, the most important one being the re-
newable energy directive 2009/28/EC> (RED) in 2009, followed
by a recast, directive (EU) 2018/2001 called RES,* in December
2018. These are just the most important directives. All agree-
ments target a common objective: to mitigate climate change
by reducing greenhouse gas emissions. This ambitious goal
can only be achieved if all feasible sources for renewable en-
ergy production are exploited. From this point of view, the
concept of biofuel production via the bioCRACK process and
subsequent hydrodeoxygenation of liquid phase pyrolysis
(LPP) oil with synthesis gas (syngas) from renewable feed has

LPP is less common than flash or fast pyrolysis.®™'° As the
name implies, a liquid heat carrier is used for heat transfer
during the pyrolysis process. The process may be performed
with or without a catalyst, under inert gas or hydrogen atmo-
sphere and wunder atmospheric or elevated pressure,
depending on the boiling point of the heat carrier to assure
its liquid state. Klaigaew et al'' performed LPP of Giant
Leucaena in hexane with an initial nitrogen pressure of 10
bar in the presence of a metal oxide catalyst in the tempera-
ture range of 325 to 400 °C with different holding times.
Ratanathavorn et al.'” used decane as a heat carrier with an
initial hydrogen pressure of 5 to 30 bar, also in the presence
of different heterogeneous catalysts in the temperature range
of 250 to 400 °C. Szabé et al."® performed LPP of wheat straw
and poplar in n-hexadecane under inert atmosphere at about
350 °C and a maximum pressure of 20 bar. They observed a
negligible effect of different catalysts. Schwaiger et al'“'®
o k o X performed various experiments with spruce wood in a mixture
University of Technology, Austria. E-mail: nikolaus.schwaiger@tugraz.at . .. .
b BDLBioEnergy International GmbH, Austria. E-mail: klara.treusch@bdi-bioenergy.com of n-alkanes with a b0111ng range of 410 to 440 °C without a
¢ Institute of Chemical, Environmental and Bioscience Engineering, TU Wien, Cataly st under nitrogen atmosphere at ambient pressure. He
Austria observed a partial degradation of the heat carrier oil as an
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unwanted effect. This effect can be used when the cracking of
less valuable streams of crude refining is combined with LPP
of biomass.

Based on that, the bioCRACK process was developed by
BDI-BioEnergy International GmbH. In this process, biomass
is pyrolysed in a heavy oil fraction from crude oil refining.
Different to other pyrolysis technologies like fast pyrolysis,
non-polar biomass constituents, which are formed during the
cracking step, are then dissolved in this heavy oil fraction.
The extraction of nonpolar cracking products from biomass
into the cracked and residual heavy oil fractions produces a py-
rolysis oil of low organic load and high water content, which is
called liquid phase pyrolysis oil (LPP oil). A detailed discussion
of the bioCRACK process can be found in the publications of
Ritzberger et al.,'® Schwaiger et al.'” and Treusch et al.'®

Dual fluidized bed steam gasification

The dual fluidized bed (DFB) steam gasification is a thermo-
chemical conversion process for the production of a hydrogen-
rich gas from solid fuels like biomass. Based on the conven-
tional DFB steam gasification process,” > the Sorption
Enhanced Reforming (SER) process with reduced gasification
temperatures of 600-700 °C was developed. The SER
process aims to generate a product gas with high hydrogen
contents of up to 75 w% db (dry basis) and in situ carbon diox-
ide transfer from the product gas into the flue gas.>* The DFB
reactor system combines a gasification reactor (GR) and a
combustion reactor (CR), which are connected via a loop seal.
Through the loop seal, unconverted fuel from the GR, so
called char, is transported to the CR, which is fluidized with
air. In the CR, char is burnt and provides heat energy, which
is transferred to the GR with the bed material, so that the over-
all endothermic gasification reactions take place. Fig. 1 dis-
plays the fundamental principle of SER with sorption active
bed material for the transfer of CO, from the GR to the CR.
For the SER process, limestone (CaCO;) is used as bed ma-
terial. Due to the high temperatures in the CR (800-900 °C),
calcination of CaCO; to calcium oxide (CaO), shown in eqn
(1), takes place, and CO, is released. The release of CO, dur-

Bed material
cooling

Product gas Flue gas
H, - enriched CO, - enriched
Heat
cao
Reforming
|:> 600 - 700 °C ==
Fuel Carbonation Add. fuel
caco,
Char
Steam Air

Fig. 1 Fundamental principle of the sorption enhanced reforming
process.??
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ing calcination reaction in the CR results in a CO,-enriched
flue gas.

CaCO; — CaO + CO, (1)
CaO + CO, — CaCO; (2)

The temperature level in the GR allows carbonation and
CO, is adsorbed from the product gas to react with CaO,
according to eqn (2). Further information about sorption en-
hanced reforming can be found in literature.*>**

Hydrodeoxygenation of pyrolysis oil

Hydrodeoxygenation is a technology for pyrolysis oil
upgrading. The technology is not yet established on an indus-
trial scale. During hydrodeoxygenation, oxygen is removed
from pyrolysis oil with hydrogen by the formation of water
and hydrocarbons. HDO, especially of fast pyrolysis oil, is
well investigated und published.>*** Usually, a two-step pro-
cess is applied, whereas the first step is used to stabilize the
most reactive components in pyrolysis oil, especially alde-
hydes and ketones,* in order to prevent coking, whereas in
the second step it is fully hydrodeoxygenated.>**® The pro-
cess is reported either in batch®*”*****  or in
continuous®>3%3234738:42745 gheration mode. Not only hydro-
deoxygenation of pyrolysis oil is reported, but also of differ-
ently liquefied biomass, such as solvolysed biomass, as
reported by Rezzoug and Capart,*® Kunaver et al.*’ and Grilc
et al.**° The latter ones liquefied biomass through solvolysis
and acidolysis in glycerol, diethylene glycol and
p-toluenesulfonic acid. The resulting liquefied biomass has a
composition close to fast pyrolysis oils, with a comparably
high carbon content and therefore high gross calorific value
of over 20 MJ kg™". HDO of several bio oils with different bio-
mass origin has been established, the hydrogen source is usu-
ally not mentioned, suggesting that the hydrogen is not of
biogenous origin.

HDO of LPP oil may be performed at a high liquid hourly
space velocity (LHSV), making integration in oil refinery pro-
cesses feasible. The influence of the LHSV on HDO perfor-
mance between 0.5 to 3 h™" was investigated.”® The highest
HDO rate was achieved at LHSV 0.5 and 1 h™ with an oxygen
content of nearly 0 w% and a H/C ratio of nearly 2. The influ-
ence of the temperature was studied in the range of 350 to
400 °C.>* It was observed, that in this temperature range the
difference in product quality is minor. HDO fuel fractions
contained less than 0.15 w% water and showed similar prop-
erties for different operation temperature. At LHSV between
0.5 and 1 h™", the influence of the temperature between 350
and 400 °C on product quality can be neglected.

Hydrodeoxygenation with synthesis gas

The application of synthesis gas for hydrodeoxygenation of
pyrolysis oil is until now a poorly explored field of research.
The underlying basis is an in situ water-gas shift (WGS)

This journal is © The Royal Society of Chemistry 2019
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reaction® according to eqn (3), with water contained in pyrol-
ysis oil. LPP oil contains about 60 w% water. The reaction is
exothermic. Reaction starts above 200 °C. A pressure of 25 to
30 bar is typically applied.

CO + H,0 — CO, + H, 3)

In 2014, Steele et al.>* from the Mississippi State Univer-
sity registered a patent application describing the upgrading
of bio-oil with synthesis gas. A pressure range between 20
and 83 bar as well as a temperature range between 200 and
350 °C was suggested. Tanneru and Steele®” as well as Luo
et al.>® described the hydrodeoxygenation of oxidized flash
pyrolysis oil, following this patent. Both groups performed
the experiments discontinuously in two steps, whereas syn-
thesis gas was only used in the first step. Tanneru and Steele
used a mixture of H, and CO in different proportions at a
pressure of 68.9 bar in both steps. The temperature was 340
°C in the first step, 400 °C in the second step. Nickel on dif-
ferent support materials was used as catalyst. Residence time
was 90 min in the first and 150 min in the second step. Luo
et al. hydrodeoxygenated a fractionated oxidized flash pyroly-
sis oil with a syngas composed of 18 vol% H,, 22 vol% CO,
11 vol% CO,, 2 vol% CH, and 47 vol% N, in the first step.
The partially upgraded pyrolysis oil was then fully hydroge-
nated with pure hydrogen in a second step. They applied 55
bar and 360 °C in the first step and 96 bar and 425 °C in the
second step. Residence time was 120 min in each step.
Wijayapala et al.,”” also from Mississippi State University, in-
vestigated the HDO of two model compounds, guaiacol and
furfural, in a batch reactor with a residence time of 240 min.
Experiments were performed with two different synthesis gas
mixtures, 50/50 synthesis gas and bio synthesis gas consisting
of 18 vol% H,, 23 vol% CO and 46 vol% N,, at 40 bar and dif-
ferent temperatures.

So far, only batch experiments with oxidized flash pyroly-
sis oil or model compounds have been performed.>~” Until
now, only one research group has investigated this topic.
They concluded that HDO with synthesis gas could only be
successfully performed with oxidized bio-oil. In this paper,
the continuous hydrodeoxygenation of untreated liquid phase
pyrolysis oil with synthesis gas from biomass gasification is
investigated. The application of LPP oil is especially auspi-
cious due to the surpassingly high water content of about 60
w%. As water cannot simply be added to pyrolysis oil, this
makes the usage of LPP oil unique.

Combined biofuel production

The combined biofuel production route was composed of
three processes carried out by Graz University of Technology
in cooperation with BDI-Bioenergy International GmbH and
TU Wien. TU Graz and BDI-BioEnergy International GmbH
carried out the pyrolysis and the hydrodeoxygenation step, TU
Wien provided the H,-rich product gas for the hydro-
deoxygenation step from a SER experiment carried out in the

This journal is © The Royal Society of Chemistry 2019
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100 kW, DFB steam gasification pilot plant at TU Wien. In
Fig. 2, a flow sheet of the combined processes, the so-called
“biofuel production route”, is shown. Thus, a 100% bioge-
nous liquid fuel can be produced.

Dual fluidized bed steam gasification

The H,-rich product gas was produced through the sorption
enhanced reforming process. The SER test run was carried
out in the 100 kWy, pilot plant at TU Wien with softwood as
fuel and limestone as bed material. A scheme is shown in
Fig. 3. In the lower gasification reactor (bubbling bed), tem-
peratures of about 630 °C were applied, in the upper gasifica-
tion reactor (counter-current column), temperature was about
670 °C. The steam to fuel ratio was set to 0.8 kg per kggar.
More information about the test run can be found

elsewhere.?*

Validation of process data

Based on the process data, which were recorded during the
test campaign, mass and energy balances were calculated
with the process simulation tool IPSEpro. For the validation
of measured data with IPSEpro, a model library, which was
developed at TU Wien, was used.’®*® For the evaluation of
the presented test campaign, the following key figures were
selected. The steam to fuel ratio @sp expresses the mass of
steam used as fluidization agent and the mass of water in
the fuel, it is related to the mass of dry and ash-free fuel
(see eqn (4)). In eqn (5), the steam-related water conversion
Xp,0 is given. Xy o describes the amount of water consumed
for e.g. CO and H, formation, it is related to the sum of
water, which is fed to the gasification reactor. The product
gas yield PGY (see eqn (6)) is defined as the ratio of dry prod-
uct gas to dry and ash-free fuel fed to the gasification reactor.
The cold gas efficiency ¢ displayed in eqn (7) presents the
chemical energy content of gaseous components in the tar-

COy-rich flue gas

100% biogenous

H,-rich
product gas
100% biogenous

Dual fluidized bed
gasification

Biomass

Liquid Phase
Pyrolysis oil

100% biogenous

BtL Fuel

100% biogenous

Liquid Phase
Pyrolysis

Hydro-
deoxygenation

" Gas
*  Water fraction
100%

Gas
Biochar

BioCRACK oil

Heavy oil fraction
Products with biogenous content

biogenous

Fig. 2 Combined biofuel production route of TU Wien and TU Graz;
dual fluidized bed gasification, liquid phase pyrolysis and
hydrodeoxygenation.
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and char-free product gas to the chemical energy in the fuel
fed to the gasification reactor. All values are based on the
lower heating value. eqn (8) displays the overall cold gas effi-
ciency 7cg,0- It describes the amount of chemical energy in
the product gas related to the fuel fed to the gasification and
additional fuel fed to the combustion reactor minus apparent
heat losses.

msteam + xHZO,fuel.mfuel

Psr= 4
( (4)

1= X440 et ™ ashfuet )'mfuel

Tgteam = Mass flow of steam fed to GR in kg s,
Tigeel = Mass flow of fuel introduced into GR in kg s™*.
Xu,0,iucl = weight percent of water in the fuel in w%.
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Xash,fuel = Weight percent of ash in the fuel in w%.

Y. = Mam xHZO,fuel'mfuel - xHZO,PG'mPG
H,0 ™ . + . (5)
Mteam ™ X1,0 fuel el
tipg = mass flow product gas kg s
Xm,0,pc = weight percent of water in the product gas in w%.
V.
PGY=—2FG (6)

MGR fuel daf

Veg = dry volumetric product gas flow in m* s, .
TMGR fuel,daf = Mass flow dry an ash-free fuel fed to GR in kg st

_ VogLHV,g

- %100 (7)
titg LHV

CG

LHVpg = Lower heating value of product gas in MJ kggp, .
LHVg,e = Lower heating value of fuel in MJ kgdb_l.

_ VPG'LHVPG
NeGo ™

16 uer LH V6 e T ek suer LHV g et = Qioss

x100  (8)

MGR fuel = Mass flow fuel fed to GR in kg s™.
MR fuet = Mass flow fuel fed to CR in kg s
Qioss = heat loss in kw.

Materials

For the DFB steam gasification experiment, softwood pellets
with an ash content of 0.2 w% and a diameter of 6 mm
according to the Austrian standard ONORM M 7135 were used
as fuel. The proximate and ultimate analysis of softwood pellets
can be seen in Table 1. Limestone was used as bed material in
the DFB steam gasification experiment. The composition and
further properties of limestone can be found in Table 2.

Analytical methods

During gasification experiments, the pilot plant operation
control was ensured with a programmable logic controller

Table 1 Proximate and ultimate analysis of softwood pellets used for
gasification via the SER process

Parameter Unit Softwood pellets
Ash content [W%ab) 0.2
Carbon (C) [W%gqp] 50.7
Hydrogen (H) [W%ab) 5.9
Nitrogen (N) [W%gqp] 0.2
Sulphur (S) [W%ab) 0.005
Chloride (Cl) [W%an) 0.005
Oxygen (O) [W%gqp] 43.0
Volatiles [W%ab) 85.4
Fixed C [W%gqp] 14.6
Water content [W9%] 7.2
LHV (dry) [M] kgap ] 18.9
LHV (moist) [M] kg™ 17.4

This journal is © The Royal Society of Chemistry 2019
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Table 2 Composition of limestone used for gasification via the SER
process

Parameter Unit Limestone
AL, Oy [w%] _

CaCo; [wo%] 95-97
Fe,0; [w%] —

K,O [w%] —

MgCO, [w9%] 1.5-4.0
Na,O [w%] —

Sio, [w9%] 0.4-0.6
Trace elements (<0.4 per element) [w%) <31
Hardness [Mohs] 3

Sauter mean diameter [mm] 0.382
Particle density [kg m™] 2650, 1500°

“ Particle density after full calcination.

(PLC). Data of all flow rates, temperatures, pressures and gas
compositions were measured and recorded continuously. The
main gas components H,, CO, CO, and CH, were recorded
online with a Rosemount NGA2000 measuring device. C,H,
was determined with a Perkin Elmer ARNEL - Clarus 500 gas
chromatograph every 12 to 15 min. Before analysis, the prod-
uct gas had to be cleaned to protect the measurement equip-
ment from contaminants. For this purpose, it was filtered
with a glass wool filter and washed with rapeseed methyl es-
ter (RME) to eliminate condensable components like water
and tar. A more detailed explanation of the measurement,
equipment and procedure is given by Kolbitsch et al.®

Dual fluidized bed gasification results

The product gas composition as well as relevant process indi-
cating key figures of the SER test run at TU Wien are displayed
in Table 3. During the test run, the steam to fuel ratio was set
to 0.8 kg kggas . It was possible to generate a product gas with
70 w% hydrogen. The water conversion rate Xy o as well as the
product gas yield PGY lie in a good range compared to other
SER test runs (see literature*®). Cold gas efficiencies of about
70-73% could be reached, which are typical values for this DFB
gasification system.®" Based on these results, a test gas bomb
from Air Liquide was transferred to TU Graz with the gas com-
position given in Table 4.

Table 3 Product gas composition of the SER process

Product gas composition SER test run

View Article Online

Paper

Hydrodeoxygenation of LPP oil

For HDO, a plug flow reactor of Parr instrument GmbH with
an inner diameter of 3/8 inch, a heated zone of 12 inch, spec-
ified for operation at 200 bar and 550 °C, with a maximum
working pressure of 180 bar was used. The reactor was
heated by a single zone external electric heater. Temperature
was detected by an internal thermowell with a thermocouple
with 3 measurement points. The reactor was fed from the top
with both gaseous and liquid reactants. Gas flow was con-
trolled by a mass flow controller, type Bronkhorst high - tech
B.V,, with a bypass valve for flushing the reactor in the
startup phase of experiments. The liquid feed, sulfidation
agent and LPP oil, was pumped through the reactor with two
high pressure pumps. The reaction products were cooled
down to 3 °C directly after leaving the reactor with a
cooling thermostat. Afterwards, they were collected in two
product vessels of Parr Instrument GmbH. The pressure was
regulated by a Swagelok pressure regulating valve. Outlet gas
flow was measured by a drum-type gas meter of Dr.-Ing.
Ritter Apparatebau GmbH & Co. KG. A scheme of the whole
setup is shown in Fig. 4.

Experiments were performed at 120 bar. HDO with syngas
was performed at 350 °C and LHSV 0.5 h™', a reference experi-
ment with pure hydrogen was performed at 400 °C and LHSV 1
h™. Gas flow rate was 1 L miny, ' for hydrogen HDO. The
HDO experiment with synthesis gas will be referred to as syn-
gas HDO in this work. To increase the water to synthesis gas ra-
tio and therefore enhance WGS reaction, the gas flow for syn-
gas HDO was set to 0.265 L minstp’l, which results in a
hydrogen flow of 0.187 L min,;, '. The catalyst was sulfided in
situ with a flow rate of 0.18 ml min™", whereas a temperature
program was started to slowly heat up the reactor to 400 °C. In
the temperature range of 150 to 350 °C, the temperature was
increased with a rate of 100 °C h™". Then the temperature was
increased to 400 °C and sulfidation was carried out for 3 h at
this temperature. Afterwards, the pump with the sulfidation
agent was stopped, the HDO temperature was adjusted and
LPP oil pumping was started. In order to provide enough sul-
phur during HDO, di-tert-butyl-disulfide (DTBDS) equivalent to
1000 ppm of sulphur was added to LPP oil. After 5 hours of
lead time, 36 hours of steady state operation mode started.
Samples were taken after 12, 28 and 36 hours during syngas
feed and every 12 hours in the reference experiment with hy-
drogen. Therefore, the experiments were divided into three pe-
riods. Gas sampling was performed every 4 hours.

H, [VOlO/Odb] 70.3

Cco [vol%gp) 8.2

CO, [VOlO/Odb] 5.3

CH,4 [vol%ap] 14.0 Table 4 Synthesis gas composition of the test gas bomb

C,H, [VOlO/Odb] 1.14

C,He¢ [vol%ap] 1.14 Product gas composition Test gas bomb

Performance indicating key parameters SER testrun |2 [vol%ap) 70.5
CcO [VOI"/odb] 8

Xu,0 [kg,o/kgn,o0] 0.29 CO, [vol%qp] 5.5

PGY [msstpydb kgfuel,da.f-l] 0.91 CH, [VOIO/Odb] 14

o [%] 73.1 C,H, [vol%gp) 1

NcG,o [0/0] 70.5 C2H6 [VOIO/Odb] 1

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Schematic overview of the reactor set-up for HDO of LPP oil with H, bottle.5?

Materials

For HDO, LPP oil from the bioCRACK'**® pilot plant was
used. It was produced by liquid phase pyrolysis of spruce
wood at 375 °C. A cobalt molybdenum on aluminium oxide
catalyst from Alfa Aesar with a particle size of 200-600 pm

was used in sulfided form.

1200 | React Chem. Eng., 2019, 4, 1195-1207
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Inline sulfidation was performed with 35 w% DTBDS in
an iso-paraffine mixture of Cy5 to C,, alkanes.

During sulfidation, hydrogen 5.0 was used, during HDO
synthesis gas was used as hydrogen supply. The high pres-
sure synthesis test gas bomb was provided by Airliquide Aus-
tria GmbH, based on the TU Wien gasification results, the

composition is shown in Table 4. Detailed information of the
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catalyst can be found in Table 5. The composition and impor-
tant parameters of LPP oil are listed in Table 6.

Analytical methods

The ultimate analysis of all streams was carried out by a vario
MACRO CHN-analyzer, “Elementar Analysensysteme GmbH”.
The water content of the aqueous product phase was deter-
mined by a gas-phase chromatograph, type Agilent 7890A,
with a TCD-detector and a HP-INNOWAX column, 30 m x
0.530 mm x 1 um. The boiling range of the hydrocarbon
product phase was determined by a gas-phase chromato-
graph, type Agilent 7890A, with a FID-detector and a Restek-
column MXT-2887, 10 m X 0.53 mm X 2.65 um. The total acid
number (TAN) was quantified by titration. The water content
of the oil fraction was determined by Karl-Fischer-titration
with a Schott Titro Line KF-Titrator and Hydranal titration re-
agent. Density was measured by a digital viscometer, SVM
3000, Anton Paar GmbH. The composition of the hydrocar-
bon product phase was determined by a gas-phase chromato-
graph with a quadrupole mass spectrometer (GC-MS), type
Schimadzu GCMS QP 2010 Plus, with a VF-1701 MS column,
60 m x 0.25 mm X 0.25 pm.

The composition of the gas phase was analysed by a micro
gas-phase chromatograph, type Agilent 30004, with a TCD-de-
tector, a molecular sieve column and a plot u column. Sulfur
content, micro carbon residue, H-NMR, metal screening and
surface area of catalysts were determined externally by the
“Centralni ispitni laboratorij” of INA industrija nafte d.d. Sul-
fur content was determined according to ASTM D 2622:2016,
micro carbon residue according to HRN EN ISO 10370:2014,
catalyst surface area according to ASTM D 3663 modified: 2015
and metal screening was performed by wave dispersive X-ray.

The viscometer has a density reproducibility of 0.0005 g
cm? in the observed density range. GC-MS analysis was used
for semi-quantitative determination only. Simulated distilla-
tion was performed once. All other internal analyses were
performed with 3-fold determination with a maximum devia-
tion of 0.5%, from which the average was built and displayed.

Hydrodeoxygenation of LPP oil

results and discussion

For HDO of LPP oil with synthesis gas, a gas to LPP oil
weight-ratio of 1 to 1.6 was applied. In the high carbon ratio

of synthesis gas to LPP oil in the balance given in Table 7,
one can see the high portion of carbon that was fed with the

Table 5 Catalyst details for HDO

Catalyst

Supplier Alfa Aesar
Cobalt oxide [w%] 4.4
Molybdenum oxide [w%] 11.9
Surface area [m* g '] 279

Batch number 45579

This journal is © The Royal Society of Chemistry 2019
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Table 6 Composition and physical properties of LPP oil
LPP oil
Properties Unit Value
Water content [Ww%] 57.0
Lower heating value [M] kg™ 7.4
Density [kg m™] 1092
Viscosity [mPa s] 3.5
Carbon content [w%] 22.3
Hydrogen content [W%] 9.4
Oxygen content (balance) [w%] 67.8
Nitrogen content [w%] <1

synthesis gas. Assuming, that no carbon is transferred from
gas to liquid phase, the carbon yield of the hydrocarbon
product phase with respect to LPP oil amounts 44 w%, which
is in the range of LPP oil HDO with hydrogen.”"**

Properties of the HDO fuel fraction

The impact of syngas on the HDO of LPP oil was the main
challenge. The results of the syngas HDO experiments are
compared to an experiment with pure hydrogen, referred to
as hydrogen HDO in this work, at 400 °C and LHSV 1 h™",
since it had been observed in former experiments, that the
temperature in the range of 350 to 400 °C and the LHSV in
the range of 0.5 to 1 h™ has a minor impact on the product
quality and technical feasibility. The lower amount of hydro-
gen applied for HDO might be reflected in the product com-
position; on the other hand, the in situ generated hydrogen
could improve HDO. Competing reactions, as discussed later,
might also influence the product quality. Through HDO with
synthesis gas, organic components in LPP oil were hydro-
phobized to a degree that led to phase separation. An over-
view of the product quality can be found in Table 8. Beside
the elemental composition, typical fuel parameters such as
density, micro carbon residue and metal content are listed.
Results of the H-NMR analysis can be found in Table 10.
Through water separation and HDO, the water content from
LPP oil was decreased drastically to below 0.5 w%. On the
other hand, the water fraction contained about 95 w% of wa-
ter. Carbon content as well as the organic hydrogen content
was significantly increased from 22.3 w% to 85.4 w%. LPP
oil itself contained about 35 ppm sulphur. Through addition
of a sulfidation agent for a more effective HDO, the sulphur
content was increased. Compared to the product of hydrogen

Table 7 Overall mass balance and carbon balance of syngas HDO

Unit Mass balance Carbon balance
LPP oil [Ww%] 61.27 43.63
Synthesis gas [w%] 38.73 56.37
Hydrocarbon product phase [w%)]  6.56 19.13
Aqueous phase [w%] 42.64 3.80
Gaseous phase [w%] 44.44 61.53
Coking [wo%]  0.93 1.14
Balance inaccuracy [w%]  5.44 14.39
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Table 8 Composition and properties of LPP oil and syngas HDO product compared to hydrogen HDO product and Diesel

Parameter Unit LPP oil HDO syngas HDO hydrogen Diesel

C [w%] 22.3 85.4 86.6 86.3“

H [w9%] 9.4 11.9 12.8 13.7°

N [w%] <1 <1 <1 <1“

S [mg kg™ 34.6 132.3 42.4 10 (ref. 63)

O (by difference) [w%] 67.8 2.3 0.0 0.0“

Water content [w%] 56.96 0.28 0.02 <0.02 (ref. 63)
TAN [mgg™] 80.8 0.0 0.0 n.a.

Density [kg m™] 1092 877.2 831.1 820-845 (ref. 63)
Lower heating value (equation of Boie®*) [M] kg™ 7.4 40.7 42.2 43.2¢

Micro carbon residue [w%] n.a. 0.04 <0.01 <0.30 (ref. 63)
Metal content [w%] Ni: 0.006 No metals found No metals found n.a.

“ Determined by elemental analysis: Diesel with HVO additives.

Table 9 GC-MS analysis of HDO products-semi quantitative analysis

HDO gas Syngas Hydrogen

Molecule Period 1 Period 2 Period 3 Period 1 Period 2 Period 3
Pentane 22.2 20.2 n.d. 49.1 43.7 30.7
2-Methylpentane 12.5 9.2 5.1 31.2 24.7 14.8
Cyclopentane 16.8 17.6 n.d. 48.1 41.4 30.5
Hexane 14.2 9.0 4.3 42.3 35.1 22.2
Methylcyclohexane 52.7 27.2 19.8 67.0 46.9 32.9
Ethylcyclopentane 27.3 20.6 14.4 40.4 36.7 29.0
1-Butanol n.d. 6.7 12.9 n.d. n.d. n.d.
1-Ethyl-3-methylcyclopentane 14.1 10.5 9.1 18.5 18.2 14.4
Toluoene 8.3 5.0 5.0 37.2 18.2 13.6
Propylcyclopentane 18.6 17.3 16.1 27.8 26.0 20.7
Ethylcyclohexane 46.8 30.7 25.7 55.0 40.8 35.4
1-Ethylcyclohexene n.d. 9.7 12.9 n.d. n.d. 6.8
1-Methyl-2-propylcyclopentane 16.3 11.6 10.5 22.3 20.2 15.0
1-Ethyl-4-methylcyclohexane 15.6 n.d. n.d. 20.5 15.8 9.2
2-Methyl-1-pentanol n.d. n.d. 12.1 n.d. n.d. n.d.
Propylcyclohexane 47.7 25.1 18.2 60.2 431 29.8
1-Hexanol n.d. n.d. 12.8 n.d. n.d. n.d.
2-Butyl-1-octanol 18.1 10.6 7.1 n.d. 30.0 19.1
Tetrahydro-2-furanmethanol 95.0 114.7 128.9 26.2 25.4 26.5
3-Methylphenol n.d. 8.8 9.2 n.d. n.d. 6.9
3-Ethylphenol n.d. 6.3 7.7 n.d. n.d. 15.9
4-Propylphenol n.d. 16.1 16.9 n.d. n.d. 16.7

n.d. = not detected.

HDO, slightly inferior product quality was achieved. In both
cases a very low micro carbon residue was found in the prod-
uct compared to EN 590 (ref. 63) standard Diesel. Native LPP
oil has a high acid number of 80.8 mg KOH g*. In the prod-
ucts, no acid was found.

Despite the high corrosivity, catalyst leaching can be ex-
cluded as metals were neither found in the organic nor aque-
ous product phase, controlled by wave dispersive X-ray analysis.

Table 10 H-NMR results of syngas HDO compared to hydrogen HDO

H aromatic  H phenolic or olefinic ~ H aliphatic
Unit [mol%] [mol%] [mol%]
HDO syngas 4.62 0.83 94.55
HDO hydrogen  4.90 0.02 95.06

1202 | React Chem. Eng., 2019, 4, 1195-1207

Concerning density and heating value, the quality of diesel
was not fully met with syngas HDO. Semi-quantitative GC-MS
analysis of the products is shown in Table 9. The most signif-
icant molecules found in LPP oil are listed. For comparison,
the total ion content peak areas were normalized with the
internal standard flouranthene.

LPP oil mainly contains oxygenated components, such as
guaiacols, levoglucosan, organic acids, hydroxyacetone and
phenolics."”” The hydrodeoxygenated products are to a big
part composed of acyclic and cyclic alkanes, alkenes as well
as some acyclic alcohols and phenols. Generally, the amount
of alkanes is higher in products of HDO with pure hydrogen,
whereas experiments performed with syngas consisted of
more alkenes and phenols. With ongoing experiment, more
alcohols and phenols were found, such as 1-butanol,
2-methyl-1-pentanol, 1-hexanol and 2-butyl-1-octanol. Several

This journal is © The Royal Society of Chemistry 2019
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substituted phenols were found in products of syngas HDO
already after the 2nd period, whereas in hydrogen HDO they
were not present until the 3rd period of the experiment. Big
amounts of tetrahydro-2-furanmethanol were found in the hy-
drocarbon and aqueous product phases of syngas HDO, as it
is soluble in both, polar and non-polar, liquids.

H-NMR results in Table 10 show nearly the same aliphatic
hydrogen content, but an interesting difference in the
aromatic- and olefinic hydrogen content. Whereas HDO with
syngas seems to be more effective concerning cyclic alkene sat-
uration, olefins are more likely to be saturated when pure hy-
drogen is applied. All in all the differences are minor, but with
about 0.02% of phenolic or olefinic hydrogen in the product of
pure hydrogen HDO these structures can assumed to be fully
hydrogenated in contrast to when syngas is applied.

The boiling range (Fig. 5) shows more high boiling com-
ponents in the product of syngas HDO, than for pure hydro-
gen based HDO. For sure, the higher content of alcohols and
other oxygen containing high boiling components is remark-
able. Less cracking reactions occurred, because of more com-
peting reactions and the lower reaction temperature.

Water-gas shift reaction

During the WGS reaction shown in eqn (3), CO is converted
into CO, with a stoichiometric ratio of 1. Competing reac-
tions to be considered might be the Boudouard reaction or
the Sabatier reaction shown in eqn (9) and (10). According to
the Boudouard reaction,”® two molecules of CO form one
molecule of CO, and solid carbon. The stoichiometric ratio is
therefore 2:1 for gaseous components in this reaction. The
chemical equilibrium is shifted towards CO, with decreasing
temperature (below 400 °C) and increasing pressure, as it is
an exothermic and volume increasing reaction. At room tem-
perature, CO is fully resistant as a metastable molecule due
to the low reaction rate.

2CO «— C + CO, (9)

In the Sabatier reaction, the stoichiometric ratio of CO to
CH, is 1. This reaction takes place at pressures below 50 bar

0.9 o8 st
0.8 b
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0.3 ° ]

0.2 ° o

0.1 [ ) o

Boiling [V/V]
[ ]

0 100 200 300 400 500
T[°C]

HDO Syngas m Diesel @ HDO Hydrogen

Fig. 5 Boiling range of syngas HDO product phase compared to
hydrogen HDO product phase and Diesel.
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and at 250 to 300 °C over Nickel catalysts.”® As formation of
methane from CO and H, goes along with the formation of
water, a high excess of water should shift the chemical equi-
librium composition to the left side of the reaction and there-
fore prevent methanation of CO. In the opposite direction,
the reaction might also produce hydrogen from methane and
water. This reaction though takes place at higher tempera-
tures (700-830 °C in the presence of a catalyst).

CO + 3H, — CH, + H,0 (10)

The WGS reaction is exothermic with 41.2 kJ mol™*,*
which amounts 1.47 MJ kg™ (CO) compared to 0.84 MJ kg™
(LPP 0il)*® for the exothermic HDO of LPP oil. For the ad-
justed gas and LPP oil flow for HDO with synthesis gas,
the energy output of HDO amounts about 8.4 kJ h™, the
additional energy output of the WGS amounts 2.4 kJ h™".
During the switch from hydrogen for sulfidation to synthe-
sis gas for HDO, a temperature increase of about 20 °C
was observed.

WGS reaction is evaluated by the stoichiometry of the re-
actants. By a high access of water, which is achieved by the
usage of LPP oil and a lower gas to liquid ratio, the reaction
equilibrium could be forced to the CO, and H, domain, mak-
ing more hydrogen available for HDO reactions.

The key figures confirming WGS reaction are listed in
Table 11. These are the hydrogen consumption, CO/CO, ra-
tio and CH, production. The hydrogen consumption was
decreased by the usage of synthesis gas by about 28 w%.
According to stoichiometry, the CO/CO, ratio during
Boudouard reaction is 2:1, whereas during the HDO experi-
ment with synthesis gas a ratio of 1:1.08 was observed,
which comes close to the ratio of 1:1 for WGS reaction.
Therefore, Boudouard reaction can be excluded, although at
low temperatures and at high pressure the chemical equi-
librium is on the right hand side of solid carbon and CO,.
The molar ratio of CO consumed for methane production
was 44.9, which is far off the stoichiometric ratio of 1 dur-
ing Sabatier reaction. The increase in methane was about
1.22 w%. It was shown, that during HDO of LPP oil meth-
ane and CO,, as well as CO and ethylene, ethane, propane
and butane, are produced.’® The additional methane and
CO, production, which was observed, is attributed to HDO
side reactions. This means, that no methane was produced
by hydrogenation of CO, thus the Sabatier reaction can be
excluded.

In Fig. 6, the outlet gas composition of HDO of the
main components is compared to the inlet gas composition

Table 11 Gas phase changes during HDO of LPP oil with synthesis gas:
hydrogen consumption, CO/CO;, ratio, increase in CH, amount

H, consumption/LPP oil [mgg™"] HDO hydrogen  16.91

HDO syngas 12.25
CO(consumed)/CO,(produced) [mol/mol] HDO syngas 1.08
CO(consumed)/CH,(produced) [mol/mol] HDO syngas 44.92

React. Chem. Eng., 2019, 4, 1195-1207 | 1203
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(synthesis gas). TOS is defined as time on stream. In the
first 8 hours, the gas phase composition is not stable yet,
as the hydrogen used for sulfidation was not fully replaced
due to the low gas feed. Therefore, the balance period was
made for the experimental time span of 12-36 hours. CO
was nearly fully converted, merely about 0.5 vol% were
detected in the outlet gas stream of HDO, whereas the por-
tion of CO, increased from 5.5 to about 14 vol%. The net
hydrogen content increased slightly, whereas the net meth-
ane content was nearly untampered with about 14 to 16
vol%.

Subsequently, the water balance was observed, as water is
on the one hand produced during HDO and on the other
hand consumed during WGS reaction. Following the reaction
stoichiometry, the amount of consumed water was calculated
for the case that all CO is transferred into CO, by WGS reac-
tion according to eqn (11).

m(Theroetical WGS consumed H,0) = n(CO;,)-M(H,0) (11)

m(Theoretical WGS consumed H,0) = mass of water con-

sumed by WGS reaction if 100% of the introduced CO is con-
sumed in g.

n(CO;,) = molar amount of fed CO in mol.

M(H,0) = molar mass of consumed water in g mol .

With respect to LPP oil, 3 to 7 w% of water was produced
when syngas was applied, whereas it was 14 to 19 w% when
hydrogen was applied, as shown in Fig. 7. In comparison to
HDO with pure hydrogen, 68.6 w% less water was produced.
Considering that water was consumed by WGS reaction when
syngas was applied, a higher amount of water must have
been originally produced by HDO. This would amount about
65.8 w% more water, assuming that all CO was converted
into hydrogen and CO, by WGS reaction. With respect to LPP
oil, this would mean that between 9.6 to 10.3 w% of water
are consumed. This sums up to 13 and 17 w% of water,
which must have been produced, before consumed for WGS
reaction, which is comparable with the results of hydrogen
HDO and again confirms the conversion of water and CO
through the WGS reaction.

1204 | React Chem. Eng., 2019, 4, 1195-1207
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Catalyst deactivation

A major obstacle in HDO of pyrolysis oil is catalyst deactiva-
tion through coke deposition. Table 12 shows the surface
area of fresh catalyst compared to that of the used catalysts
from syngas and hydrogen HDO. A clear decrease in surface
area after HDO can be observed. According to Olarte et al.,*
plugs usually consist of inorganic constituents and polymer-
ized bio-oil condensation products. As LPP oil doesn't con-
tain appreciable amounts of inorganic matter in contrast to
fast pyrolysis oils’ (see metal content in Table 8), the main
factor for coke formation is unstable organic matter. Addi-
tionally, due to the usage of synthesis gas, a high load of or-
ganic matter is introduced to the reactor. While it is highly
unlikely that alkanes and alkenes with a small chain length
(methane, ethane and ethylene) condense in the reactor and
form coke, a main factor could be the Boudouard reaction. If
this reaction takes place even in small amounts, the coke
formed could still lead to plugging and force the system to
break down due to a high pressure drop. It was therefore con-
cluded, that a high excess of water is necessary to force the
reaction equilibrium to the side of hydrogen and CO, and to
suppress Boudouard reaction. This was achieved by the high
water content of LPP oil and a nearly triple fold LPP oil to hy-
drogen ratio compared to previous experiments.

The surface area of the catalyst was reduced by 45% in the
experiment with synthesis gas, compared to 41% in an exper-
iment with hydrogen. The difference is negligible considering
measurement uncertainty. For more information, the amount
of organic matter and carbon on the catalyst were deter-
mined. For the determination of combustibles, catalysts were
incinerated in a muffle type furnace at 550 °C for 48 h. Thus,
the catalyst in the main reaction zone in the middle of the

Table 12 Catalyst surface fresh catalyst as well as used catalyst from
syngas and hydrogen HDO

ASTM D3663 [m?g™]
Fresh 239
HDO syngas 131
HDO hydrogen 141

This journal is © The Royal Society of Chemistry 2019
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reactor was analysed. The results were quite surprising. The
amount of combustibles is the same on both catalysts, but
less carbon seemed to be deposited on the catalyst in HDO
with syngas, as shown in Table 13. The net carbon content of
the coke was about 54 w% in hydrogen HDO but only 38 w%
in syngas HDO. A big part of the combustibles is most proba-
bly sulphur from sulfidation. About 7 w% is contributed by
hydrogen. The difference is assumed to be oxygen. Origin of
coke deposition cannot be allocated to Boudouard reaction
or standard coking from HDO side reactions only by catalyst
analyses.

Coke deposition has a huge impact on product quality, as
less catalyst surface is available if plugs are formed. A de-
creasing product quality was observed for all experiments
with LPP oil,>*> whereas the rate is different. In Fig. 8, the
oxygen content as well as the water content of products from
syngas HDO is compared to that of hydrogen HDO. In the
first period of both experiments, the oxygen content was zero
and water content below 0.1 w%. This indicates the same de-
gree of HDO at the start of the experiment. On the one hand,
this can be described by switch from hydrogen to syngas. Af-
ter 5 hours of lead-time, there was still a higher amount of
hydrogen in the system, as can be observed in the product
gas composition from HDO experiments in Fig. 6. On the
other hand, this might also indicate, that on a freshly
sulfided catalyst, syngas and pure hydrogen are more or less
equally effective. According to Sheu et al.,*® deoxygenation is
a function of the oxygen content and partial hydrogen pres-
sure. This would explain the lower oxygen removal due to the
lower hydrogen to LPP oil ratio during Syngas HDO. Grilc
et al."®*>° observed comparable oxygen removal when using
nitrogen as process gas, conducted with higher
decarbonylation and decarboxylation reactions resulting in
lower liquid product yield. They also observed high HDO
rates for molybdenum sulphide catalysts. In order to enhance
the water gas shift reaction, the water to CO ratio was in-
creased, compared to hydrogen based HDO experiments, and
therefore only about 35 w% of pure hydrogen was available
per g LPP oil for HDO compared to the reference experiment
with hydrogen.

According to Wijayapala et al., HDO with synthesis gas
seems to be slower, but delivers competitive conversions
compared to H, (ref. 57). Therefore, an even lower LHSV
might be necessary for the same product quality than with
hydrogen.

After 36 h TOS, the oxygen content of the product from
syngas HDO, determined by difference, amounts 3.7 w%,
whereas the oxygen content of the product from hydrogen ex-

Table 13 Organic matter and carbon content of the used catalyst from
syngas and hydrogen HDO

Unit Syngas HDO Hydrogen HDO
Combustibles [Ww%] 24.4 24.8
Carbon content [w%] 9.3 13.4
Carbon content/combustibles [w%] 38.2 54.2

This journal is © The Royal Society of Chemistry 2019
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periment amounts 0.4 w%. The increasing oxygen content
originates mainly in alcohols, as shown in Table 9, which
also facilitates water absorption.

Summary and conclusions

By dual fluidized bed steam gasification of softwood, a bioge-
nous synthesis gas with a high hydrogen content of about 70
vol% was produced. A gas with the composition of the syn-
thesis gas was directly used for HDO of LPP oil, produced by
LPP of spruce wood. HDO of LPP oil was then performed suc-
cessfully for 36 h in a first experiment. Pre-treatment of LPP
oil was not necessary due to the high water content and neg-
ligible particle content. The quality of LPP oil concerning fuel
standards was increased significantly. Although high coke de-
position can be excluded, product quality still decreased over
time. Compared to HDO with pure hydrogen, a slightly lower
degree of hydrodeoxygenation was achieved. The reason for
this might be the lower hydrogen to LPP oil ratio, which was
37 w% compared to hydrogen HDO, in order to enhance
WGS reaction. The consumption of hydrogen for HDO was re-
duced by 28 w%, while nearly all the CO was consumed for
hydrogen production according to stoichiometry. Competing
reactions like the Boudouard reaction or Sabatier reaction
were not observed. Reasons for that are on the one hand the
reaction conditions, especially the temperature when
discussing the Sabatier reaction, and on the other hand the
surpassingly high water content of LPP oil, which supresses
the Boudouard reaction. A synthesis gas with a higher CO
content and lower CO, content might lead to lower or even
zero hydrogen consumption for advanced biofuel production
from liquid phase pyrolysis oil.
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