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New biomass utilization technologies and concepts are needed to suffice future increasing energy
demand. This paper contributes to understanding of liquid phase pyrolysis (LPP) oil upgrading
which significantly differs from fast pyrolysis (FP) oil upgrading processes. A two-step HDO
process was established to convert the LPP oil into a biofuel with fuel-like properties. In the first
HDO step (250°C, 85bar) the bulk of water and most of the highly oxygenated water soluble
carbonaceous constituents were removed to lower hydrogen consumption in the second HDO
step. In addition the highly reactive compounds were stabilized. In the second HDO step (400°C,
150/170bar) the product specification was improved. This paper shows the proof-of-principle of
a two-step HDO process for converting LPP oil to a diesel-like biofuel.
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Abbreviations
ATR-IR é;teecrilrljstzgpl;’c.»tal Reflection Fourier Transform Infrared
BCO bioCRACK Oil
BtL Biomass to Liquid
EYphase Energy Yield
FP Fast Pyrolysis
GC-MS Gas Chromatography with Mass Spectrometry
GC-TCD nge(cltl(l)rromatography with Thermal Conductivity
GPC Gel Permeation Chromatography
H/C Hydrogen to Carbon
HDO Hydrodeoxygenation
Hi phase Heating Value
LCV Lower Calorific Value
LPP Liquid Phase Pyrolysis
MY phase Mass Yield
o/C Oxygen to Carbon
VGO Vacum Gas Oil
w Weight Percent
Introduction

This process addresses producers of LPP oil to help increase
efficiency of LPP oil upgrading technology. A two-step HDO
process was established to convert LPP oil into a biofuel with
fuel-like properties.

Expecting from renewable resources to close the rising gap in
the world's future energy demand biomass is a high potential
resource because it provides a nearly immeasurable quantity of
renewable biologically fixed carbon (1.24 x 10'? tons) .

However there are still obstacles to overcome to make biomass
to liquid (BtL)-processes economically and ecologically
feasible. Standard refinery processes are currently not prepared
for converting biomass to biofuels. The high transportation cost
and low energy density of biomass demand cheap pretreatment
to facilitate the conversion process. In this project LPP is used
to convert the biomass to liquid intermediates.

Liquid Phase Pyrolysis (LPP)

The LPP process applied in this project converts any type of
non-edible lignocellulosic biomass into bioCRACK oil (BCO),
LPP oil, pyrolysis char and pyrolysis gas. Technology and
process design of LPP and the upgrading of the pyrolysis char
have been reported *7. In 2012 a pilot scale LPP plant
(bioCRACK plant) with a capacity of 100 kg of biomass per
hour has started operation at OMV refinery in Vienna. This
pilot plant uses VGO as liquid heat carrier. VGO has a high
boiling range between 320°C and 580°C and an elemental
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composition of 86wt.% Carbon 12wt.% Hydrogen. As shown
in Figure 1, 20wt.% of the biogenous carbon of the biomass is
transferred into LPP oil.

Pol...
LPP Oil

bioCRACK
Liquid

Unpol...
LPP Oil
Phase

Pyrolysis Pyrolysis C...

Pyrolysis...

Figure 1: Biogenous carbon balance of LPP at T=350°C (mass balance inaccuracy
5%).

Due to the decomposition of holocellulose and lignin LPP oil is
a mixture of different degradation products ®. It contains a large
amount of oxygenated constituents like low molecular weight
acids, aldehydes and alcohols. It has a high water content and
limited stability, especially during storage which is a major
drawback. Therefore the improvement of product quality and
stability of LPP oils are a highly desirable.

The produced BCO is a mixture of VGO and biogenous
constituents (10wt.%). Table 1 shows selected properties of
LPP oil, BCO and conventional diesel. BCO has almost fuel-
like properties and can directly be refined in a conventional
refinery.

Table 1: Comparison of LPP oil, BCO and conventional diesel.

LPP oil BCO Diesel

Water Content (wt.%) 50 0.04 0.02
LCV (MJ/kg) 8.7 40.1 425
Density (kg/m’) 1070 890 835
Viscosity (mPa s) 4 8 4
Biogenous carbon (wt.%) 100 10 <7
Elemental analysis on wet basis

Carbon Content (wt.%) 25.6 83.6 85.9
Hydrogen Content (wt.%) 9.2 11.8 13.3
Oxygen Content (wt.%) 64.9 4.2 <1
Nitrogen Content (wt.%) <1 <1 <1

Hydrodeoxygenation (HDO)

Hydrodeoxygenation (HDO) of FP oil has been reported ™.
Only little information is available regarding HDO of LPP oil
4 LPP oils have (1) a higher water content (50wt.% to
30wt.%), (2) a lower carbon content (47.4wt.% to 51.1wt.%),
(3) a higher oxygen content (44.1wt.% to 41.6wt.%), (4) a
lower density (1070kg/m’ to 1200kg/m?) and (5) a lower load
with inorganics and char* than FP oils®.

J. Name., 2013, 00, 1-3 | 2
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1'2. To achieve

During HDO different reactions occur in paralle
an insight into the HDO process and to determine the influence
of the temperature and reaction time different studies were
conducted. The results were published elsewhere'* . Based on
these results a two-step HDO process, see Figure 2, was
established to convert LPP oil into a biofuel with fuel-like
properties. Investigations focused on the mass/energy yield, the
elemental composition, the density, the viscosity, the
distillation characteristics and the biogenous carbon content.

Bioga bioCRA._| BC.. Bioga
Plant Plant
Aqueous Ph... I Aqueous Ph...
Biomass
B..
LPP._ [" 0o | 1StepHDO.. HDO —
bioCRA. - s 28t.
2 Step HDO...
Gas Ph... Gas Ph...
Thermal Thermal
Utilizati... Utilizati...

Figure 2: Scheme of the two-step HDO process.

Material and Methods
Materials

Raney Nickel as pre-activated catalyst (CAS: 7440-02-0, Merck
8208760250) consisting of 90% Ni and 10% Al weight on dry
basis, obtained from Merck Millipore, was used for
hydrodeoxygenation as Figure 3 shows.

00.0um
Raney Nickel

VD HF Det | Mag
15.0 kV|13.3 mm|0.38 mm|GSED|400x

Figure 3: Raney Nickel as used for hydrodeoxygenation.

The LPP oil used for investigations was obtained from the pilot
scale LPP plant (bioCRACK plant) at the OMYV refinery in
Vienna. It was produced from spruce wood pellets *°.

This journal is © The Royal Society of Chemistry 2012
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The LPP oil was analyzed and then stored in a refrigerator
(6°C) to avoid aging. Selected properties of the LPP oil are
shown in Table 1.

Experimental Set-Up and Procedure

LPP oil was hydrotreated in a 450ml batch reactor, type limbo,
from Biichi Glas Uster AG. The reactor was equipped with a
magnetically driven, gas-inducing, Rushton type impeller. The
stirring speed was set to 500rpm during the experiment.

First HDO Step - Procedure

For each batch 100g of LPP oil and catalyst were fed to the
reactor. The catalyst to oil ratio on wet basis was 0.05. The
reactor was pressurized with 50bar of hydrogen at ambient
temperature. Afterwards the reactor was heated with a heating
rate of 10°C/min to the isothermal reaction temperature of
250°C. During the isothermal stage hydrogen was continuously
metered at 85bar.

Second HDO Step - Procedure

For each batch 100g of a mixture of LPP oil, BCO and catalyst
were fed to the reactor. Two different BCO to LPP oil ratios
were conducted (2.5-4). The catalyst to feed ratio on wet basis
was 0.10 in both experiments. The reactor was pressurized with
50 bar of hydrogen at ambient temperature. Afterwards the
reactor was heated with a heating rate of 10°C/min to the
isothermal reaction temperature of 400°C. During the
isothermal stage hydrogen was continuously metered at
150/170bar.

Cooling Procedure

After the experiment was finished the reactor was rapidly
cooled to ambient temperature. Then the reactor was
depressurized and the gas composition was determined. The
solid and liquid reaction products were recovered and separated
in a separating funnel.

Apparatus and Methods

The gas composition was analyzed for CH,, O,, CO, and CO
with a Mardur Photon II infrared gas analyzer.

The liquid products were characterized in CHN Mode with a
Vario Macro CHNO-analyzer from Elementar
Analysensysteme.

The water content of the liquid products was determined with a
Gas Chromatograph with Thermal Conductivity Detector (GC-
TCD) from Agilent Technologies and a HP-Innowax column.

The biogenous carbon content of the liquid samples was
determined by Beta Analytic according to the standard EN
15440.

J. Name., 2012, 00, 1-3 | 3
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Distillation characteristics of BCO and 2" step HDO oil were
determined with a Gas Chromatograph-SimDist MXT 2887
with a 10m column from Restek and Agilent 7890A GC.

The IR-ATR spectra of the liquid products were recorded using
a Tensor 37 spectrometer from Bruker. The samples were
measured in attenuated total reflection (ATR) with a MIRacle®
unit with diamond crystal. The spectra were accumulated with
spectral resolution of 4cm™.

GC-MS analytics were performed by a GCMS-QP 2010 Plus
from Shimadzu with a 60m DB-1701 column. Data comparison
is performed in peak area units.

GPC of the liquid product was carried out with a Shimadzu
RID-10A Refractive Index Detector and a Merck HITACHI L-
6000A Pump. A SDV 5um 8*50mm precolumn and two SDC
1000A Spm 8*300mm columns from PSS were used. GPC was
calibrated against polystyrene of 163g/mol and 1890g/mol
molar mass.

Table 2: Experimental matrix.

Results and Discussion

According to Figure 2 a two-step process was established to
convert the LPP oil into biofuel with fuel-like properties.

In a first HDO step the LPP oil was stabilized at 250°C and
85bar hydrogen pressure. The bulk of water and highly
oxygenated carbonaceous constitutes were removed

In the second HDO step the 1% step HDO oil was mixed with
the BCO from the bioCRACK plant and then treated at 400°C
to improve the product specification. The 2™ step HDO oil has
nearly similar properties to conventional diesel. The
experimental matrix is illustrated in Table 2. Reaction time of
preheating and isothermal operation is discussed separately.

The mass balance closure varied between 97% and 99%. The
most likely reasons for inaccuracy were the complicated
separations due to the high viscosity and stickiness of the 1%
step HDO oil.

Step BCO/1* step HDO oil Catalyst amount Temperatur Pressure Time

Ratio [wt.%] [°C] [bar] [min]

HDO 1 4 1 - 5 250 85 240

HDO 2 4 2 4 10 400 170 120

HDO_1_2.5 1 - 5 250 85 120

HDO_2 2.5 2 25 10 400 150 120
Key Figures First HDO Step

For a better understanding different key figures were defined.

The mass yield MYpp 450, Which is the fraction of product phase
(Mphase,ary) to the total of all product phases (3 Mppase,ary)
on dry basis, is calculated according to Eq. 1.

In order to calculate the energy yield (EYpp4se) of a single
phase, the lower calorific value (H; ppgse) Was calculated
according to Eq. 2 '°. The energy yield of each phase (EYppqse)
is calculated by dividing the energy content of each phase
(Mphase * Hi prase) through there sum (see Eq. 3).

Mphase,dry Eq. 1
My, = c——— q.
Phase ) Mphase,dry
Hi,Phase = 34,0'WC + 101,6 *Wh + 6,3 RN E P
+19,1-ws — 9,8 wg — 2,5 q-
*WH,0
_ Mppase * Hjphase Eq.3

EYPhase -
Y Mphage * H; phase

4| J. Name., 2012, 00, 1-3

After the first HDO step formation of three product phases were
observed, a clear slightly brown water phase which could be
processed further in a biogas plant; a dark brown oil phase (1%
step HDO oil) and a gas phase. It is important to mention that
no solid phase was produced in the first HDO step. Densities
and viscosities of the 1% step HDO oils were higher than the
density and viscosity of the aqueous phase and the LPP oil
(feed). The gas yield was between 1 and 2wt.%. The main
gaseous components were unreacted hydrogen and carbon
dioxide. Carbon dioxide was formed through the
decarboxylation of organic acids, such as acetic and formic
acid, common constituents in pyrolysis oils (8-10wt.%) '¢~'%.
This gas could be potentially recycled or burned directly to
produce heat.

Second HDO Step

After the second HDO step also three product phases were
found: an almost transparent aqueous phase which can be
processed further in a biogas plant; a clear slightly brown oil
phase (2™ step HDO oil) and a gas phase. It has to be
mentioned that even at the high temperatures of the second

This journal is © The Royal Society of Chemistry 2012
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HDO step no solid phase was produced. This indicates that the
constituents of the LPP oil were stabilized in the first HDO
step. Dilution of 1% step HDO oil with BCO does retard
polymerization at high temperatures. Densities and viscosities
of the 2™ step HDO oils were lower than the density and
viscosity of the LPP oil and the BCO (feed). The gas yield was
between 5 and 10wt. %. The main gaseous components were
unreacted hydrogen, carbon dioxide and methane. This gas can
be recycled or incinerated.

Mass and Energy Yield

In Figure 4 the corresponding MY ppase and EYpp,s. 0f each
experiment and phase are shown. The elemental composition of
the 1%/2" step HDO oil on dry basis can be found in Figure 5.

In the first HDO step (experiment HDO 1 4 and HDO 1 2.5)
19 and 22wt.% of the LPP oil was converted into an oil phase
(1% step HDO oil), which accumulated 67 and 70% of the
energy content of the feed. On dry basis the 1% step HDO oil
contained 70wt.% carbon and 8.0 wt.% hydrogen. Compared to
the LPP oil on dry basis the amount of oxygen, was reduced to
21 wt.%.

In the second HDO step (experiments HDO_2 4 and
HDO 2 2) 87% of the feed (1* step HDO oil and BCO) was
transferred into an oil phase (2™ step HDO oil). This phase
contained 92 to 96% of the accumulated energy of the feed. The
2" step HDO oils contained less oxygen and more hydrogen
and carbon than BCO. It can be concluded that through second
HDO step the elemental composition is improved despite the
accumulation of the biogenous carbon content. 62 to 67% of the
energy content in terms of LCV was collected in the 2nd step
HDO oil.

Aqueous Phase I Gas Phase (O 1st/2nd Step HDO Oil

0,9
0.8
0,7

0,70

—0,6 0,86

[%

0,92 0,88

© 05

iel

> 04

0,3
0,2

0,1

HDO_1_2.5 HDO_2_25

Figure 4: Mass (MY phase) and energy (EY phase) yield
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Figure 5: Elemental composition of the 1°/2™ step HDO oil on dry basis.

Van Krevelen Plot

To quantify the effect of HDO on the quality of LPP oil the
molar ratios of oxygen to carbon (O/C) and hydrogen to carbon
(H/C) are plotted in Van Krevelen Plot (see Figure 6) '°.

In order obtain a biofuel with fuel-like properties, the molar
O/C ratio must be reduced and the molar H/C ratio must be
increased. By decreasing the oxygen content the chemical
stability, the lower heating value (LCV) and the energy density
of the fuel can be improved.

In the first HDO step (experiments HDO 1 4 and HDO 1 2.5)
the molar O/C ratio was reduced by 63% to 0.23 and 0.22. At
the same time, the molar H/C ratio decreased significantly
(HDO_1_4 by 16% to 1.43 and HDO_1_2.5 by 21% to 1.35).
These results indicate that neither the reaction temperature
(250°C) nor the reaction pressure (85bar) were sufficient to
permit hydrogenation of LPP oil in the first HDO step.

The molar H/C ratio of 2" step HDO oil was very similar to
BCO. It was possible to reduce the molar O/C ratio of the 2™
step HDO oil by 75%.

ALPPOIl ABCO OHDO_1.4 ©HDO 2 4 OHDO_1.25 &HDO 2 25
0,70

o
ey
=}

o
w
=}

15t HDO Step

o
Y
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o
8

K=}
N
o

o
i
o

2" HDO Step

o
=}
S

1,20 1,30 1,40 1,50 1,60 1,70
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Figure 6: Van Krevelen Plot for the elemental composition of 1% step and 2™ step
HDO oil on dry basis.
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Density and Viscosity

Density and viscosity are key fuel properties. Especially in
diesel engines, viscosity plays a crucial role during injection. It
determines the size of the droplets and the quality of the
atomization of the fuel. Too high viscous oils result in higher
energy consumption with respect to the pump performance and
the wear of injector equipment.

The reference values of the standard EN 590 ?° diesel for
density at 15°C (0.82 to 0.845 g/cm?) and for dynamic viscosity
at 40°C (2.44 to 5.33 mPa s) are marked in Figure 7.

As shown, it is obvious that in the first HDO step the viscosity
of the LPP oil was increased significantly. In HDO_1 4 the
viscosity was increased by 1749% to 71.9mPa s and in
HDO 1 _2.5by 4079% to 162.6mPa s. The density of the 1%
step HDO oil however, was very similar to the LPP oil
(HDO_1 4 1.07 kg/m* and HDO 1 _2.5 1.10 kg/m®).

In the first HDO step viscosity was increased enormously
through water reduction of 80% and the low degree of
hydrodeoxygenation. Density however, was not significantly
altered by the first HDO step. In order to produce biofuels
according to the specification of the standards the 1% step HDO
oil had to be further processed.

As mentioned the 1% step HDO oil was processed together with
BCO in the second HDO step. From Figure 7, it can be clearly
seen that the 2" step HDO oils had much improved regarding
density and viscosity. Despite the increased biogenous carbon
content, both specifications were lower than the specifications
of BCO.

Compared to the 1 step HDO oil, the density was reduced in
both experiments by 21%. The viscosity was decreased
significantly by 96%.

It can be concluded that the two-step HDO process can convert
LPP oil into 2nd step HDO oil with almost diesel-like density
and viscosity. It was possible to improve the properties of the
used BCO, despite the increase of the biogenous carbon
content.

6 | J. Name., 2012, 00, 1-3
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Figure 7: Density and viscosity of LPP oil, BCO and the 1% and 2™ step HDO
oils.

GC-MS Analysis

Figure 8 shows the GC-MS chromatograms of LPP,
HDO_1 2.5, and HDO_2 2.5. All 3 chromatograms show a
gap at a retention time between 4.75min and 6min. This is the
solvent gap, were the detector was switched off. It is hard to
determine the chemical transformation of the liquids by the
huge number of constituents which show up in GC-MS.
Besides, GC-MS is limited by the boiling point of the
compounds. GC-MS analysis seemingly suggests that only
molecules with retention time below 35min or a molecule size
smaller than n-nonadecane are present in LPP oil or HDO
liquids. To reveal the whole range of compounds GPC analysis
was additionally performed. Figure 8 and Table 3 show the
influence of the BCO carrier, which is providing fossil based
long chain non branched alkanes into the fuel fraction.

HDO_2 2.5

Area

HDO 1 2.5

Retention time [min]
Figure 8: GC Chromatograms of LPP, HDO 1 2,5 and HDO 2 2,5

The effect of hydrodeoxygenation is well demonstrated by the
vanishing highly oxygenated compounds as like levoglucosane
(Retention time 32.8min.) and 2-hydroxy-3-methyl-2-
cyclopenten-1-one (Retention time 15.8min.) during the first
HDO step. 2-methylcyclopentanone which shows the highest
peak in the HDO 1 2.5 chromatogram at 9,2min is a major
product of hydrodeoxygenation. This compound partly resists
the second HDO step, so this is one of the sources of the

This journal is © The Royal Society of Chemistry 2012
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oxygen content of the final HDO fuel.

Table 3: Major constituents of LPP, HDO 1 2.5 and HDO 2 2.5

LPP retention time concentration
Compound Name [min] [area.%]
hydroxypropanone 6.3 153
levoglucosane 32.8 7.6
cyclopenen tone
2-methoxy-4-methylphenol 20.1 5.2
methoxyphenol 17.1 2.9
HDO 1 1.25

Compound Name [min] [area.%]
2-methylcyclopentanone 9.2 10.3
2-methoxy-4-methylphenol 20.0 8.3
2-methoxyphenol 17.1 6.1
2-methoxy-4-propylphenol 24.6 4.9
4-ethyl-2-methoxyphenol 22.3 4.7
HDO_2_1.25

Compound Name [min] [area.%]
heneicosane 37.2 23
nonadecane 334 2.2
eicosane 353 2.1
hexadecane 26.8 2.1
docosane 39.0 2.0
GPC Analysis

GPC analysis in Figure 9 shows the different molecule size
ranges of LPP and the HDO products. Compared to FP oil LPP
oil contains few compounds with an average molar mass of
2000g/mol.

This journal is © The Royal Society of Chemistry 2012
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Figure 9: GPC Chromatograms of LPP, HDO 1 2,5 and HDO_2 2,5 (calibrated
against polystyrene)

During the first HDO step, LPP oil is hydrophobized by loss of
small highly oxygenated compounds and the water into the
aqueous fraction, suggesting polymerization in the GPC. This
effect is also the reason of viscosity density, as presented in
Figure 7. Actually phase separation during the first HDO step
by separating water from the nonaqueous phase increases the
amount of polymers in the nonaqueous phase. Hydrogenation
and cracking govern the second HDO step to produce final fuel,
whereas the first step is mainly needed for deoxygenation and
chemical dehydration.

Simulated Distillation

To quantify the volatility of BCO and 2nd step HDO oil
simulated distillation experiments were performed. Figure 10
shows that the biogenous carbon content, obtained in the 2nd
step HDO, does not have “negative” effect on the distillation
characteristics.

Quality of the 2nd step HDO oils was closer to and partly above
the reference curve of diesel fuel.

ABCO SHDO_2 4 @HDO_2 2.5 ®Diesel
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Figure 10: Distillation characteritics of BCO, Diesel and 2™ step HDO oils.
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Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-IR)

As shown in Figure 11 the C-H peak at 3000cm-1 is almost
completely superimposed by the O-H peak at 3000 - 3500cm-1.
The C=0 peak at about 1700cm-1 represents the carbohydrate
degradation products such as formaldehyde, hydroxy
propanone, acetone, furancarboxaldehyde, in general
substances with carbonyl groups. The stretching vibrations
below 1000cm-1 deplete, because only few hemiacetals and
alcohols, as expected in carbohydrates, are present in the LPP
oil.

OH
A\ Streching Vibrations

| Carbohydrates and
| Water

OH def,
Aromatics, Carboxylates
0
Streching Vibrations

Absorbance Units

co
Streching Vibrations
(Cellulose) &

\ Carbonyl TV e A
{ /" (Acid, Ketone, | o ooy
o Aldehydes) ARG &
_/ Streching vibrations ™~
T T T T

3 T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm-1]

-

00 01 02 03 04 05 06
L

Figure 11 ATR-IR spectrum of LPP oil.

In Figure 12 to Figure 14 ATR-IR spectra of selected samples
are shown. The interpretation of the different spectra is
explained in Figure 11.

It is evident that in 1* step HDO oil (HDO_1_4) the water and
oxygen content decreased and the fraction of aromatic carbon
constituents increased.

1* step HDO (HDO_1_4) oil is converted into a biofuel through
second step HDO. In 2™ step HDO oil (HDO 2 4 and
HDO 2 2.5) CH absorption (3000cm™) and the characteristic
absorption for aromatics (1500-1700cm™) is clearly confirmed
through ATR-IR.

0.4 0.5 0.6

Absorbance Units
03

0.2

0.1

o

S T
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm-1]

Figure 12: ATR-IR spectrum of BCO and 1°/2" HDO oil.
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Figure 13: ATR-IR spectrum of BCO, LPP oil and 2" step HDO oil.
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Figure 14: ATR-IR spectrum of 2" step HDO oils.
Biogenous Carbon Content

In comparison to BCO the biogenous carbon content in the 2™
step HDO was increased as shown Table 4. These results show
that with the two-step HDO process the LPP oil can be
converted into a 2™ step HDO oil with diesel-like properties
and high biogenous carbon content.

Table 4: Radiocarbon monitoring of 2™ step HDO oil and the BCO.

Biogenous Carbon Content Difference
[wt.%)] [%]
BCO 10 -
HDO_ 2 4 22.0 125
HDO 2 2.5 28.0 186

Balance of biogenous Carbon

In Figure 15 the balance of the biogenous carbon is shown for
the two-step HDO process. It is apparent that 52wt.% of
biogenous carbon of the LPP oil can be converted into biofuel
with diesel fuel-like properties.

Most of the biogenous carbon was “lost” during the first HDO
step in the aqueous phase since most of the unwanted highly
oxygenated water soluble carbonaceous constituents like

This journal is © The Royal Society of Chemistry 2012
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Journal Name ARTICLE
hydroxypropanone, glycolaldehyde, acetic acid and formic acid Carbon Content (wt.%) 25.6 62.5 85.5 85.9
were removed, to enable less hydrogen consumption in the Hydrogen Content (wt.%) 9.2 83 121 13.3
HDO step. As sh in Fi 15 th h
second HDO step. As s own in Figure ese aqueous phases Oxygen Content (wt.%) 4.9 287 1o “
can be further processed in a biogas plant.
Nitrogen Content (wt.%) <1 <1 <1 <1
In the second HDO step 87% of the biogenous carbon (1st step
HDO oil) from feed was be recovered. BCO was not converted
into gaseous or aqueous products.
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Figure 15: Balance of biogenous carbon of the two-step HDO process.

Conclusion

In this paper a two-step HDO process which is able to convert
LPP oil in a biofuel with fuel-like properties is discussed. In
Table 5 the key properties are summarized and compared.

It is apparent that:

=  the water content was lowered by 99.6%

= the LCV was increased by 470% to 41.2MJ/kg

®  the density and viscosity were lowered

® the carbon content of the product phase was increased
by 330%

" the hydrogen content was increased by 30% and

=  the oxygen content was lowered by 97%

The proof-of-principle of the two-step HDO process to convert
LPP oil into a diesel-like biofuel was successfully investigated.
The 2™ step HDO oil contained 52wt.% of biogenous carbon
and 67% of the chemically fixed combustion energy .

Table 5: Comparison of LPP oil, 1%/2™ step HDO oil and conventional diesel.

LPP HDO HDO

ol 125 225 Diesd
Water Content (wt.%) 50 11 0.2 0.02
LCV (MJ/kg) 8.7 26.4 41.2 425
Density (kg/m’) 1070 1100 870 835
Viscosity (mPa s) 4 163 4.5 4
Biogenous carbon (wt.%) 100 100 28 <7

Elemental analysis on wet basis

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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