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High-throughput continuous hydrodeoxygenation
of liquid phase pyrolysis oil

K. Treusch, ab N. Schwaiger,*ab K. Schlackl,a R. Nagl,a A. Rollett,a M. Schadler,a

B. Hammerschlag,a J. Ausserleitner,a A. Huber,a P. Pucherb and M. Siebenhofera

Hydrodeoxygenation (HDO) of liquid phase pyrolysis oil with high water content was performed continu-

ously in a plug flow reactor on a sulfided CoMo/Al2O3 catalyst under a hydrogen pressure of 120 bar at

400 °C. The intention of this project was to achieve fuels of diesel, kerosene and gasoline quality from liq-

uid phase pyrolysis oil (LPP oil). The liquid hourly space velocity (LHSV) was altered between 0.5 h−1 and 3

h−1. The LHSV was higher than those reported for state-of-the-art HDO processes. The LPP oil was derived

from the bioCRACK pilot plant in the OMV refinery in Vienna/Schwechat, which was operated by BDI – Bio-

Energy International GmbH. After HDO, separation of the upgraded hydrocarbon fraction from the aque-

ous carrier was achieved. About 50% of the biogenous carbon was transferred into the liquid hydrocarbon

product phase, and the residual amount was transferred into the gas phase. Comparably slow catalyst ag-

ing by coke formation was attributed to the high water content of LPP oil. During HDO, a fuel of almost

gasoline and diesel quality was produced. The H/C ratio was between 1.7 and 2 with a residual oxygen

content of 0.0 wt% to 1.2 wt%. The boiling range of the hydrocarbon product phase was between those of

gasoline and diesel. In GC-MS analysis, mainly saturated alkanes were found.

Introduction

Transport and therefore fuel demands are continuously in-
creasing, along with increasing CO2 emissions. According to
the adoption of the Paris agreement in 2015,1 climate change
is targeted to be kept significantly below 2 °C. It is therefore
of high importance to find alternative ways for the production
of fuels out of biogenous feedstock. Lignocellulosic biomass
plays a key role in this process because of its availability and
sustainability.

Among others, such as indirect liquefaction via gasifica-
tion2 or hydrolysis,3 pyrolysis is a promising technology for
fuel production. During the pyrolysis of biomass, under am-
bient conditions liquid, solid and gaseous products are
formed.4 Liquid phase pyrolysis5 is a basic pyrolysis technol-
ogy. The liquid heat carrier provides good heat transfer, and
additionally to the formation of pyrolysis oil, biochar and
gas, a part of the biomass is directly dissolved in the heat car-
rier during pyrolysis.6 Liquid phase pyrolysis is applied in the
bioCRACK process,7,8 a refinery integrated process, developed
by BDI – Bioenergy International GmbH. The bioCRACK pro-
cess uses the heat carrier vacuum gas oil (VGO), combining
the cracking of VGO with the pyrolysis of biomass.

Due to its properties, pyrolysis oil is not suitable to be used
as a fuel. It has a low pH value, a high water and oxygen con-
tent and therefore a low calorific value.9 An upgrading step is
necessary. This may be done by hydrodeoxygenation. Hydro-
gen reacts with the oxygen of pyrolysis oil to form water. For
sustainable and cost-efficient application, hydrogen would be
produced via gasification of biomass.10–12 HDO is usually
performed in batch reactors13–18 or continuously at low liquid
hourly space velocities of 0.1–0.5 h−1 in two steps,19–22 a hydro-
treating step for stabilization purposes and a hydrocracking
step.23 In most cases, oxygen cannot be removed completely.24

A single step process at a LHSV of 0.35 h−1 was described by D.
Elliott,20 resulting in a bio-oil containing 3.6 wt% to 5.9 wt%
oxygen. Low LHSV for the pyrolysis oil upgrade is a great hin-
drance to industrial application. Standard hydrocracking is op-
erated at liquid hourly space velocities of up to 2.0 h−1,
whereas hydrotreating of gasoil can be performed at liquid
hourly space velocities of up to 3.0 h−1.25 This results in the in-
compatibility of pyrolysis oil HDO as a co-process of petrol re-
finery hydrocracking and hydrotreating. To overcome this
problem, single step hydrodeoxygenation of LPP oil was inves-
tigated in the liquid hourly space velocity range of 0.5 h−1 to 3
h−1. The temperature was held constant at 400 °C. A sulfided
metal oxide catalyst was used. Experiments were carried out at
a hydrogen pressure of 120 bar.

An overview of state-of-the-art continuous HDO processes
at various space velocities is shown in Table 1. A summary of

258 | React. Chem. Eng., 2018, 3, 258–266 This journal is © The Royal Society of Chemistry 2018

a Institute of Chemical Engineering and Environmental Technology, Graz

University of Technology, Austria. E-mail: nikolaus.schwaiger@tugraz.at
b BDI – BioEnergy International GmbH, Austria

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 2
:3

2:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c8re00016f&domain=pdf&date_stamp=2018-05-30
http://orcid.org/0000-0002-3706-4986
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8re00016f
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE003003


React. Chem. Eng., 2018, 3, 258–266 | 259This journal is © The Royal Society of Chemistry 2018

T
ab

le
1

St
at
e-
o
f-
th
e-
ar
t
co

n
ti
n
u
o
u
s
p
yr
o
ly
si
s
o
il
H
D
O

p
ro
ce

ss
es

Pu
bl
ic
at
io
n

In
st
it
u
ti
on

Py
ro
ly
si
s
oi
l

St
ag

e
LH

SV
[h

−1
]

C
at
al
ys
t

T
[°
C
]

P [b
ar
]

C
/H

/O
[w
t%

]
h
yd

ro
ca
rb
on

pr
od

uc
t
ph

as
e

E
ll
io
tt
et

al
.2
3

20
09

PN
N
L

Fa
st

py
ro
ly
si
s
oi
l

1
0.
18

–1
.1
2

(o
pt
im

u
m
:0

.2
8)

Pd
/C

31
0–
37

5
13

7.
9

75
.5
/9
.4
/1
2.
3

2
0.
2

C
on

ve
n
ti
on

al
su

lf
id
e

h
yd

ro
cr
ac
ki
n
g
ca
ta
ly
st

40
5

10
3.
4

86
.6
/1
2.
9/
0.
4

H
ow

e
et

al
.2
6

20
15

PN
N
L/
IN

L/
N
R
E
L

D
if
fe
re
n
t
fa
st

py
ro
ly
si
s
oi
ls

1
∼
0.
6a

R
u
/C

22
0

10
7

2
C
oM

o/
A
l 2
O
3

40
0

10
7

85
.3
–8
7.
52

/1
1.
99

–1
2.
94

/0
.6
6–
1.
08

Sc
h
w
ai
ge
r

et
al
.2
7
20

15
G
ra
z,

U
n
iv
er
si
ty

of
T
ec
h
n
ol
og

y/
PN

N
L/

B
D
I
–
B
io
E
n
er
gy

In
te
rn
at
io
n
al

G
m
bH

Li
qu

id
ph

as
e

py
ro
ly
si
s
oi
l

1
0.
2

C
oM

o/
A
l 2
O
3

40
0

12
1

83
.9
4–
84

.4
1/
14

.7
7–
15

.2
2/
0.
68

–0
.9
6

D
ew

at
er
ed

li
qu

id
ph

as
e
py

ro
ly
si
s
oi
l

1
0.
2

C
oM

o/
A
l 2
O
3

40
0

12
1

85
.0
4–
85

.4
1/
13

.2
4–
13

.8
6/
1.
08

–1
.2
1

M
ey
er

et
al
.2
2

20
16

d
PN

N
L/
IN

L
Fa

st
py

ro
ly
si
s
oi
l

1
0.
5

R
u
-b
as
ed

14
0–
18

0
83

n
.a
.

2
0.
15

R
u
-b
as
ed

18
0–
25

0
10

8
3

Su
lf
id
ed

M
o-
ba

se
d

35
0–
42

5
10

8
Le

ss
th
an

2
w
t%

ox
yg
en

Y
in

et
al
.2
8

20
16

U
n
iv
er
si
ty

of
G
ro
n
in
ge
n
/B
T
G

Fa
st

py
ro
ly
si
s
oi
l

1
0.
2–
0.
3b

N
i–
C
u/
Si
O
2–
Zr
O
2

60
–9
0

20
0

n
.a
.

2
15

0–
20

0
20

0
3

41
0

20
0

3.
1–
15

.9
w
t%

w
at
er

N
eu

m
an

n
et

al
.2
9
20

16
Fr
au

n
h
of
er

U
M
SI
C
H
T

C
at
al
yt
ic

py
ro
ly
si
s

oi
l

1
0.
6

N
iM

o/
A
l 2
O
3

23
0–
37

0
14

0
86

.2
/1
3.
0/
<
0.
8

C
ar
pe

n
te
r

et
al
.2
1
20

16
N
R
E
L/
IN

L/
PN

N
L

Fa
st

py
ro
ly
si
s
oi
l

an
d
bl
en

d
s

1
n
.a
.

R
u
/C

22
0

10
7

2
C
oM

o/
A
l 2
O
3

40
0

10
7

87
.7
/1
2.
6/
1.
08

O
la
rt
e
et

al
.1
9

20
16

PN
N
L

Fa
st

py
ro
ly
si
s
oi
l

1
0.
5c

Su
lf
id
ed

R
u
/C

14
0

84
55

.3
/6
.2
–6
.3
/3
8.
1–
38

.2
2

0.
1c

Su
lf
id
ed

R
u
/C

17
0

n
.a
.

n
.a
.

3
Su

lf
id
ed

co
m
m
er
ci
al

H
D
O
/H

C
40

2

G
.K

im
et

al
.3
0

20
17

K
or
ea

U
n
iv
er
si
ty
,e

tc
.

E
th
er

ex
tr
ac
te
d

py
ro
ly
si
s
oi
l

1
0.
4

Pd
/C

10
0–
19

0
10

0
2

R
u
/W

Zr
30

0–
39

0
10

0
67

.7
–8
5.
0/
11

.2
–1
4.
0/
0.
7–
18

.0
O
la
rt
e
et

al
.2
4

20
17

PN
N
L/
N
R
E
L

Fa
st

py
ro
ly
si
s
oi
l

1
0.
5c

R
u
/C

14
0

82
56

.9
/6
.7
/3
6.
3

2a
0.
27

c
R
u
/C

an
d
Pd

/C
17

0–
40

5
13

5
81

.9
/1
2.
3/
5.
9

2b
0.
22

c
Su

lf
id
ed

R
u
/C

an
d

co
m
m
er
ci
al

H
T
ca
ta
ly
st

17
0–
40

0
12

3
84

.9
/1
3.
3/
1.
8

I.
K
im

et
al
.3
1

20
17

K
or
ea

In
st
it
u
te

of
Sc
ie
n
ce

an
d

T
ec
h
n
ol
og

y/
K
IS
T
Sc
h
oo

l
K
or
ea
,e

tc
.

E
th
er

ex
tr
ac
te
d

py
ro
ly
si
s
oi
l

1
0.
2–
2.
3

V
ar
io
u
s
su

pp
or
te
d
n
ob

le
m
et
al

ca
ta
ly
st
s

30
0–
35

0
10

0
83

.3
/1
0.
2/
6.
1
af
te
r
10

.9
–1

3.
1
h

T
O
S
fo
r
R
u
/W

Zr
R
ou

tr
ay

et
al
.3
2
20

17
U
n
iv
er
si
ty

of
M
as
sa
ch

us
et
ts

n
.a
.

1
∼
0.
15

a
R
u
/C

13
0

13
7.
9

2
Pt
/Z
rP

30
0–
40

0

a
C
al
cu

la
te
d
ou

t
of

fl
ow

an
d
re
ac
to
r
vo
lu
m
e.

b
W
ei
gh

t
h
ou

rl
y
sp

ac
e
ve
lo
ci
ty

(W
H
SV

)
[g
(o
il
)
pe

r
g(
ca
t)
h
].

c
[m

l(
oi
l)
pe

r
m
lĲ
ca
ta
ly
st
)]
.d

T
ec
h
n
o-
ec
on

om
ic

an
al
ys
is
.

Reaction Chemistry & Engineering Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 2
:3

2:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8re00016f


260 | React. Chem. Eng., 2018, 3, 258–266 This journal is © The Royal Society of Chemistry 2018

historical HDO development of pyrolysis oils until 2007 was
provided by Douglas C. Elliott.20 In the literature, the usage
of the term liquid hourly space velocity varies and may be
based on the volume of the reactor or the volume of the cata-
lyst, where it is not clearly defined whether the bulk volume
or the actual volume of the catalyst is meant. Sometimes the
weight hourly space velocity (WHSV) is used. In many publi-
cations, there is no space velocity given at all, but it has to be
calculated out of the reactor volume and the liquid flow
rate.21,26,32 This makes a comparison based on the space ve-
locity difficult.

Often a two-step process is applied21,23,26,30,32 for pyrolysis
oil HDO; in many cases, a 2 zone catalyst bed is applied in
the second step.19,22,24,28 As Olarte et al.19 showed, single-
step hydroprocessing of fast pyrolysis oil is very troublesome.
They observed plugging with non-pre-treated fast pyrolysis oil
after 48 h TOS at a space velocity of 0.1 h−1. This was also ob-
served by Kim et al.31 who performed HDO experiments with
a preceding extraction step to remove particles and most
likely lignin components from pyrolysis oil. Although they
managed to produce a product with a low oxygen content of
1.5 wt% for a 3 wt% Ru/WZr catalyst with a high LHSV of 2.3
h−1 after about 3 h TOS, they observed coke formation which
led to rapidly decreasing product quality (6.1 wt% oxygen af-
ter 13.1 h TOS) and finally to plugging. Experiments at a
LHSV of 2.3 h−1 had to be stopped after 5.7 to 14.2 h TOS.

Meyer et al.22 performed a techno-economic analysis of
the hydrodeoxygenation of pyrolysis oil. They mentioned the
high potential of the LHSV to significantly reduce the size of
HDO reactors. Doubling the LHSV of the stabilizer from 0.5
to 1 h−1 would reduce the minimum fuel selling price by 2%,
and increasing the LHSV in the first hydrotreater from 0.15
h−1 to 0.5 h−1 would decrease the minimum fuel selling price
by 4%. This shows the necessity of high liquid hourly space
velocities for industrial application.

Liquid phase pyrolysis oil has been examined before at a
low liquid hourly space velocity of 0.2 h−1. This is the first time

that LPP oil was hydrotreated at high space velocities of up to
3 h−1. Higher space velocities have not been reported yet.

Experimental

The following materials, analytical methods and experimental
setup were used.

Experimental setup

The experiments were performed in a plug flow reactor with
an inner diameter of 3/8 inches and a heated zone of 12
inches, specified for 200 bar at 550 °C, with a maximum
working pressure of 180 bar from Parr Instrument Company.
The reactor was heated using a single zone external electric
heater. The temperature was detected using an internal
thermowell with a thermocouple with three probe points.
The temperature could be controlled at four points: the three
probe points of the inner thermowell and the heater. The re-
actor was fed from the top with gaseous and liquid reactants.
The gas flow was controlled using a mass flow controller
(Bronkhorst High-Tech B.V.) with a bypass valve for flushing
the reactor in the start-up phase of experiments. The liquid
feed was pumped through the reactor with a HPLC pump
(Fink Chem + Tec GmbH). The pressure was regulated with a
pressure regulating valve (Swagelok). A scheme of the whole
setup is shown in Fig. 1.

Analytical methods

The ultimate analysis of all streams was performed using a
vario MACRO CHN-analyzer from “Elementar
Analysensysteme GmbH”. The water content of the aqueous
product phase was determined using a gas-phase chromato-
graph, Agilent 7890A, with a TCD-detector and a HP-
INNOWAX column, 30 m × 0.530 mm × 1 μm. To determine
the water content, the GC was calibrated with high-purity wa-
ter (type I) in THF in the range of 1 wt% to 8 wt% water. The

Fig. 1 Scheme of the reactor setup: liquid and gaseous input, reactor, condenser and product vessels.
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boiling range of the hydrocarbon product phase was deter-
mined using a gas-phase chromatograph, Agilent 7890A, with
a FID and a Restek-column MXT-2887, 10 m × 0.530 mm ×
2.65 μm, according to ASTM Method D2887. The water con-
tent of the hydrocarbon product phase was determined by
Karl-Fischer titration with a Schott TitroLine KF titrator and
a Hydranal titration reagent. The carbon content of the aque-
ous phase was determined using a total organic carbon
analyser, Shimadzu TOC-L. Density and viscosity were mea-
sured with a digital viscosimeter, SVM 3000, Anton Paar
GmbH. The composition of the hydrocarbon product phase
was determined by gas chromatography-MS with a quadru-
pole mass spectrometer (GC-MS), Shimadzu GCMS QP 2010
Plus, with a VF-1701 MS column, 60 m × 0.25 mm × 0.25 μm.
The GC-MS was calibrated with a multi-component standard,
consisting of pentane, 2-methylpentane, hexane, methyl-
cyclohexane, ethylcyclopentane, octane, toluene, ethyl-
cyclohexane, propylcyclohexane and decane, in the range of
100 ppmw to 3000 ppmw each.

The composition of the gas phase was analysed using a
micro gas-phase chromatograph, Agilent 3000A, with a TCD,
a molecular sieve column and a plot u column. Additionally,
a gas sample was analysed by ASG Analytik-Service Gesell-
schaft mbH according to DIN 5166.

Materials

HDO was performed with a sulfided CoMo/Al2O3 catalyst, de-
tails are shown in Table 2. This catalyst was chosen, as it is
cheaper than noble metal catalysts, which are mostly used
(Table 1), and not susceptible for catalyst poisoning by sul-
phur. For sulfidation, 35 wt% di-tert-butyldisulfide (DTBDS)
in decane was used. Hydrogen 5.0 was provided in a 300 bar
gas bomb from Air Liquide Austria GmbH.

LPP oil from spruce wood pyrolysis at 375 °C was provided
by the BDI – bioCRACK pilot plant. The LPP oil specification
is shown in Table 3. The high water content of LPP oil is a
huge advantage, as it lowers the reaction enthalpy and pro-
hibits polymerization and coking reactions. It also allows the
operation under refinery exercisable conditions.

Experimental procedure

For each experiment, the reactor was filled with the catalyst
in an upside down position. The particle size in the heated
zone was 200–600 μm. After installing the reactor, the whole
reactor system was inerted with nitrogen and afterwards
flushed with hydrogen, until reaching 120 bar. Then the reac-
tor was filled with DTBDS in decane (35 wt%) at a flow rate

of 3 ml min−1, and finally the flow rate was adjusted to 0.18
ml min−1. The temperature was increased with a heat ramp
from 150 °C to 350 °C in 3 hours. When 400 °C was reached,
the sulfidation of the catalyst started. After sulfidation, LPP
oil was pumped into the reactor. HDO balance period began
after 5 hours of lead time and experiments did then last 36 hours.

The LHSV was varied between 0.5 h−1 and 3 h−1 with the
following operating points: LHSV 0.5 h−1, 1 h−1, 2 h−1 and 3
h−1. HDO experiments at LHSVs between 0.5 h−1 to 2 h−1 were
performed without irregularities, while at the LHSV of 3 h−1

an unstable operation mode was observed, indicated by pres-
sure irregularities. Nevertheless, the HDO process could still
be performed at the LHSV of 3 h−1.

Balancing

The experiment duration and mass balance period were 36
hours in steady state operation mode for LHSVs of 1 h−1, 2
h−1 and 3 h−1 and 60 hours for the LHSV of 0.5 h−1. Samples
were taken every 12 hours. During the HDO of LPP oil, two
liquid phases, a hydrocarbon and an aqueous phase, and a
gas phase were formed.

The lower heating value was determined using the Boie
equation:33

LHV(MJ kg−1) = 35·c + 94.3·h− 10.8·o + 10.4·s + 6.3·n − 2.44·w

In this equation c, h, o, s, n and w represent carbon, hy-
drogen, oxygen, sulphur, nitrogen and water in wt%.

The oxygen content was assumed to be the difference to
100%:

O[wt%] = 1 − C[wt%] − H[wt%] − N[wt%]

Results

The impact of the LHSV on the experimental operation, prod-
uct formation and product quality is discussed. In general, at
higher LHSV the residence time is lowered.

Temperature profile in the reactor

The LHSV had a major impact on the temperature profile in
the reactor, as shown in Fig. 2. At LHSVs of 0.5 h−1 and 1 h−1,
the temperature was adjusted to 400 °C at the middle probe

Table 2 CoMo/Al2O3 catalyst details

Supplier Alfa Aesar

Cobalt oxide [wt%] 4.4
Molybdenum oxide [wt%] 11.9
Surface area [m2 g−1] 279
Stock number 45 579

Table 3 Properties of the used LPP oil

Property Unit LPP oil

Water content [wt%] 57.0
Lower heating value [MJ kg−1] 7.4
Density [kg m−3] 1092
Viscosity [mPa s] 3.5
Carbon content [wt%] 22.3
Hydrogen content [wt%] 9.4
Oxygen content (balance) [wt%] 67.8
Nitrogen content [wt%] <1
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point of the thermowell after 15 cm of the heated zone of the
reactor. At LHSVs of 2 h−1 and 3 h−1, it wasn't possible to ad-
just the temperature to 400 °C at the middle probe point
without exceeding 400 °C at the end of the reactor. Therefore
the controlled probe point was the third one for those cases
after 27 cm of the heated zone of the reactor.

Overall mass balance

The overall mass balance is shown in Table 4. Generally,
there are no major differences in the mass balances between
experiments with different throughputs. The yields of the hy-
drocarbon product phase and gaseous phase increased
slightly with the throughput, whereas the amount of the
aqueous phase fluctuated randomly in a small range. The

balance inaccuracy was between 2.5 wt% and 5 wt%. 2.5 wt%
was achieved at LHSVs of 2 h−1 and 3 h−1.

Product characterization

The properties of the HDO product phase are very different
compared with those of LPP oil. As shown in Table 5, they
correlate well with those of diesel and gasoline. With increas-
ing LHSV, the residence time decreases. This influences the
chemical reaction. A lower residence time may result in an
incomplete hydrodeoxygenation reaction and less cracking re-
actions. This is reflected in the H/C ratio and oxygen content
of the product phase and the chain length of the cracked
molecules. Products with a low H/C ratio and high oxygen
content are less stable and have a lower heating value.

The water content of LPP oil was reduced from 57 wt% to
below 0.2 wt% for all liquid hourly space velocities.
According to the diesel standard, it has to be below 0.02
wt%. This was achieved by one-step HDO for the LHSV of 1
h−1 and almost for the LHSV of 0.5 h−1. The lower heating
value of all products was increased from 7.4 MJ kg−1 (LPP oil)
to beyond 40 MJ kg−1. The density of all products was be-
tween the standards for gasoline and diesel. It increased with
the LHSV. This might be explained by the less cracking reac-
tion occurring due to a lower residence time, resulting in a
higher density. The viscosity was even below that of the diesel
standard.

The carbon yield indicates the transfer of carbon from
LPP oil into the hydrocarbon liquid phase. It was up to 50%.
The carbon yield increased with the LHSV. This goes along
with more impurities by oxygen-containing compounds, as
the residence time was lower and HDO was not complete. In
the hydrocarbon liquid phase, no oxygen could be found for
LHSVs of 0.5 h−1 and 1 h−1.

Simulated distillation

Over a wide range, the boiling ranges of the hydrocarbon
product phase were between those of diesel and gasoline, as
shown in Fig. 3. Generally, the difference between products
at different LHSVs was small. Except at the LHSV of 0.5 h−1,
boiling ranges were shifted towards higher boiling points

Fig. 2 Temperature profile over the length of the heated zone of the
reactor (from top to bottom) dependent on the LHSV [h−1].

Table 5 Composition and properties of the hydrocarbon product phases dependent on LHSV compared to diesel and gasoline

LPP
oil

HDO LHSV
0.5 [h−1]

HDO LHSV
1 [h−1]

HDO LHSV
2 [h−1]

HDO LHSV
3 [h−1] Diesel Gasoline

Water content [wt%] 57.0 0.03 0.01 0.11 0.16 <0.02 (ref. 34) n.a.
Lower heating value (Boie33) [MJ kg−1] 7.4 43.2 43.0 41.9 41.3 43.2 41.8
Density [kg m−3] 1092 798 784 819 839 820–845 (ref. 34) 720–775 (ref. 35)
Viscosity [mPa s] 3.5 1.0 0.9 1.3 1.6 2.0–4.5 (ref. 34) n.a.
Carbon yield [%] — 43.6 44.2 47.1 49.2 — —
H/C ratio [—] — 1.89 1.92 1.80 1.72 1.89 1.53
Carbon content [wt%] 22.3 86.5 85.6 85.5 85.1 86.3a 88.7a

Hydrogen content [wt%] 9.4 13.7 13.8 12.9 12.3 13.7a 11.4a

Balance (oxygen content) [wt%] 67.8 0.0 0.0 1.2 0.9 0.0a 0.0a

Nitrogen content [wt%] <1 <1 <1 <1 <1 <1a <1a

a Diesel with HVO additives and gasoline without biogenous content.

Table 4 Mass balance of HDO dependent on LHSV based on LPP oil and
H2

LHSV 0.5 [h−1] 1 [h−1] 2 [h−1] 3 [h−1]

LPP oil [wt%] 79.6 78.3 78.8 78.3
H2 [wt%] 20.4 21.7 21.2 21.7
Hydrocarbons [wt%] 9.6 9.4 9.7 10.0
Aqueous [wt%] 57.6 56.5 58.5 57.9
Gaseous [wt%] 28.3 29.2 29.4 29.6
Balance inaccuracy [wt%] 4.5 5.0 2.5 2.5
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with increasing LHSV, and less cracking reactions seemed to
occur.

Rate of hydrodeoxygenation

The H/C ratio is used to characterize the rate of hydrogena-
tion and the quality of fuel, provided that the O/C ratio is
zero. As Table 5 shows, the H/C ratios of all HDO products
were between 1.7 and 2 and therefore in the range of those of
gasoline and diesel. Altogether, the H/C ratio was quite com-
parable to those at LHSVs of 0.5 h−1 to 2 h−1 for the first 36
hours; at LHSV 3 h−1 it was a bit lower with about 1.75. The
highest H/C ratio was achieved at the LHSV of 1 h−1.

The properties of the aqueous phase are used to character-
ize the effectiveness of hydrodeoxygenation. A low carbon
content and therefore low loss of carbon are desirable. The
carbon content of the aqueous phase increased with the
LHSV and fluctuated over the experiment duration. For the
LHSV of 3 h−1, the carbon content was about 1 wt% to 2 wt%,
and at lower LHSVs the carbon content was below 1 wt%. In
the experiment at the LHSV of 0.5 h−1, no carbon was

detected at all. Different to the carbon content of the aque-
ous phase, the oxygen content of the hydrocarbon product
phase shows the effectiveness of the deoxygenation step.
Again, the oxygen content increased with the LHSV and fluc-
tuated over the experiment duration. It correlated with the
carbon content of the aqueous phase. For LHSVs of 0.5 h−1

and 1 h−1, no oxygen was detected. At LHSVs of 2 h−1 and 3
h−1, it fluctuated between 0.5 wt% and 1.5 wt%. The compo-
nents in the HDO products were determined by GC-MS analy-
sis. From GC-MS chromatograms, a shift towards lower boil-
ing saturated molecules was observed. According to Fig. 4,
the 10 most frequent components were mainly alkanes and
cycloalkanes, amounting to about 10 wt% of the product
phase. About 2.5 to 5 g kg−1 were allotted to toluene.

GC-MS analysis also gives an insight into the reactions oc-
curring during cracking and hydrogenation. Due to their
structure, the reference molecules can be assigned to the 3
principal constituents lignin, cellulose and hemicellulose. In
pyrolysis oil, the main components were: levoglucosan,
1-(4-hydroxy-3-methoxyphenyl)-2-propanone, 2-hydroxy-3-
methyl-2-cyclopentenone, 1-hydroxy-2-butanone, 1-hydroxy-
propanone, acetic acid and methyl acetate. Cyclohexanes,
such as methylcyclohexane, ethylcyclohexane and propyl-
cyclohexane, are most likely to be derived from lignin deriva-
tives, fractionated from the phenols–alcohols of lignin. Hex-
ane can either be a hydrogenated lignin (phenols) or
cellulose (glucose) derivative. pentane is a characteristic
hemicellulose fragment, referring to the high amount of pen-
toses present in hemicellulose. 1-(4-Hydroxy-3-methoxy-
phenyl)-2-propanone might be the precursor for propyl cyclo-
hexane, and guaiacol for cyclohexane. 2-Hydroxy-3-methyl-2-
cyclopentenone and levoglucosan may seemingly convert to
hexane. Alkanes of molar mass less than that of pentane were
transferred into the gas phase (Fig. 5 and 6). Methane, eth-
ane and carbon dioxide from decarboxylation reactions were

Fig. 4 10 most frequent components in the hydrocarbon product phases dependent on LHSV [h−1] after 36 hours of experiment according to GC-
MS analysis.

Fig. 3 Boiling range of hydrocarbon product phases compared to
diesel with HVO additives and gasoline without biogenous content.

Reaction Chemistry & Engineering Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 2
:3

2:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8re00016f


264 | React. Chem. Eng., 2018, 3, 258–266 This journal is © The Royal Society of Chemistry 2018

partly generated by HDO of methyl acetate and acetic acid.
1-Hydroxypropanone and 1-hydroxy-2-butanone are likely to
be converted into propane and butane, respectively.36–38

Despite these transfer routes, the fragments can be de-
rived from higher molecular structures in wood, fractionated
by cracking reactions during liquid phase pyrolysis. This also
leads to the formation of C–C bonds during pyrolysis and
molecules larger than the basic molecules present in wood.

Gas phase analysis

The gaseous products mainly contained the alkanes methane
ethane, and higher alkanes. A small amount of acetylene was
detected, and after 36 hours of experiment, the acetylene
amount was close to zero. Up to 20% of the gas phase
consisted of carbon dioxide, caused by decarboxylation reac-
tions. Between LHSVs of 0.5 h−1 and 2 h−1, there is evidence
of a trend towards less alkanes and more carbon dioxide,
and at the LHSV of 3 h−1 less low-molecular mass alkanes
(methane and ethane) and more alkanes, higher than ethane,
were present. This indicates less cracking reactions.

Due to the high excess of hydrogen, the gaseous phase
was composed of about 95% hydrogen and 5% product gas.
Through external analysis by ASG Analytik-Service GmbH, al-
kanes higher than ethane could be detected. These were
mainly propane and n-butane, but the amount of each was
much less than that of the smaller alkanes, as shown in

Fig. 6. It was therefore assumed that the undefined residues
of the gas phase are from the alkane fraction of propane and
higher alkanes. The results of the two measurement modes
didn't differ. The produced gas can be fed into cracking fur-
naces in petroleum refineries for the production of ethylene,
e.g. with the PyroCrack®39 technology by Selas-Linde AG.

Product properties depending on
catalyst stability over time

As already mentioned, the experiments were subdivided into
3 periods of 12 h for LHSVs of 1 h−1, 2 h−1 and 3 h−1 and 5
periods of 12 h for the LHSV of 0.5 h−1, as the sampling inter-
val was 12 hours. Hence, trends over the experiment duration
could be observed.

In Fig. 7, the carbon yield over the experiment duration is
shown. At the LHSV of 0.5 h−1, the carbon yield fluctuated
slightly, whereas it increased at the LHSV of 1 h−1 and
seemed to reach a plateau at LHSVs of 2 h−1 and 3 h−1 after
24 hours of experiment. This indicates a stable operation
state.

The same trend was observed concerning density (Fig. 8).
While it increased at LHSVs of 0.5 h−1 and 1 h−1, a kind of
plateau state was reached at higher LHSVs after 24 hours of
experiment. Overall, the density was between the density of
the gasoline and diesel standards.

Fig. 5 Composition of gaseous products dependent on LHSV [h−1]
after 36 h of experiment.

Fig. 6 Gas analysis according to DIN 5166, for the experiment at the
LHSV of 0.5 h−1.

Fig. 8 Distribution of the density of the hydrocarbon product phase
dependent on the LHSV [h−1] compared to the minimum of gasoline
and the maximum of diesel, according to EN228 (ref. 35) and EN590.34

Fig. 7 Carbon yield in the hydrocarbon product phase over the
experiment duration dependent on the LHSV [h−1].
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In Fig. 9, the components of the product phase over the
experiment duration at the LHSV of 1 h−1 are shown. It can
be seen that the experiment duration had no influence on
product distribution. A similar product distribution over time
led to the conclusion that catalyst deactivation was negligible
in the observed time span. A very stable operation mode was
achieved.

The slow catalyst aging, only detectable as start-up effects
at low liquid hourly space velocities, may be described by the
LPP oil itself. In comparison with fast pyrolysis oils, usually
used for hydrodeoxygenation processes,19–24,28,40 LPP oil has
a very high water content, as many non-polar components
were already extracted by VGO during the LPP step. As HDO
is highly exothermic, the water may buffer the heat of reac-
tion and inhibit catalyst overheating. Oh et al. investigated
mild HDO of fast pyrolysis oil from Miscanthus sinensis with
ethanol as a solvent in a stirred tank reactor at 250 °C to 350
°C. In experiments without ethanol, they observed a one
phase product with a tar-like deposit on the catalyst. In exper-
iments with ethanol, it served as a co-reactant, converting the
acid in bio-oil into esters and enhancing acidity and stabil-
ity.41 Feng et al. investigated the influence of different sol-
vents such as water, alcohols, acetone, ethyl acetate, and tet-
rahydrofuran and hexane as a hydrocarbon representative on
the hydrodeoxygenation of phenol. One interesting result was
the high conversion of phenol into cyclohexanol of even
100% at 250 °C in water or hexane. They assumed a few posi-
tive effects of water on the HDO. Water may affect the ab-
sorption of phenol on the catalyst surface. Phenol itself is sol-
uble in water, but the intermediate product cyclohexanone is
not, so it cannot be easily dissolved in the solvent but is fur-
ther hydrogenated to cyclohexanol, which is finally soluble in
water. They also suggest that the binding energy between
phenol and the metal surface is decreased due to the forma-

tion of hydrogen bonds between phenol and water.42 After
the reaction to cyclohexanol, dissorption may occur. From
these results, one can assume that coke formation is
supressed in high water diluted HDO reaction systems, which
leads to the fact that higher liquid hourly space velocities are
feasible process parameters for LPP oil HDO.

Summary

HDO of LPP oil was operated continuously on a lab scale with
liquid hourly space velocities of up to 3 h−1. The carbon yield
was up to 50%. The rate of HDO was the highest at LHSVs of
0.5 h−1 and 1 h−1, resulting in an oxygen content of 0.0 wt%
and a high H/C ratio close to 2. Diesel and gasoline qualities
were achieved. All products correspond in terms of quality to
a mixture of gasoline and diesel, concerning the density,
which is between 720 kg m−3 (lower limit of gasoline) and
845 kg m−3 (upper limit of diesel), and boiling ranges. The
hydrocarbon liquid products have high lower heating values
of 41 MJ kg−1 to 43 MJ kg−1. At LHSVs of 2 h−1 and 3 h−1, a
plateau of the H/C ratio was reached after 24 h of experiment.
A steady state operation mode was achieved specifically at
higher liquid hourly space velocities than reported in state-of-
the-art HDO processes quoted in Table 1. At the LHSV of 3
h−1, unstable operation was observed, indicated by pressure
irregularities. The higher the LHSV, the less cracking reac-
tions occur, resulting in “long-chain” alkanes in the gas
phase and higher boiling ranges. The GC-MS analysis showed
a stable product yield which is dependent on the LHSV.
Catalyst deactivation was very low, visible in almost con-
stant product properties and composition. Thus, a positive
influence of water in LPP oil on the coke deposition was
stated.

Fig. 9 10 most frequent components in the HDO products depending on the experiment duration at the LHSV of 1 h−1, according to GC-MS
analysis.
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