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Abstract 

Background:  Renewable feedstocks and bio-refinery concepts are the key to a successful transition to a sustainable 
chemical industry. One conceivable refinery concept is based on pyrolysis oils from biomass, though these oils are 
quite difficult to handle. A well investigated approach to upgrade pyrolysis oil and turn it into a valuable products is 
catalytic hydrodeoxygenation (HDO). However, this process has to be optimized and new ideas are needed to make 
the hydrodeoxygenation process attractive sustainable and economically competitive. With regard to the many suc-
cessful applications of gas-expanded liquids in heterogeneous catalysis, the expansion of pyrolysis oil with carbon 
dioxide was applied in the context of a hydrodeoxygenation reaction. The catalyst used for HDO was Ni/Al2O3 (nickel 
loading 20 %wt).

Results:  The influence of CO2 on the viscosity was found to be quite strong at low temperature. At 52 °C and a CO2 
pressure of 0.5 MPa the viscosity is reduced by 30 %. With 4.0 MPa of CO2 the viscosity decreases by 60 %. With super-
critical CO2 a volume expansion of 5 % was observed. The hydrodeoxygenation showed best results at 340 °C and 
autogenous pressure. The experiments were started at a total pressure of 8.0 MPa at room temperature (H2 + CO2), 
with a respective partial pressure of CO2 of 0 MPa, 2.0 MPa or 4.0 MPa. A deoxygenation degree of around 70 % could 
be reached (dry basis) under each atmosphere. The analysis of the upgraded products by different techniques indi-
cated a slight decrease of hydrogenation with increasing the pressure of CO2.

Conclusions:  Despite we observed a change in the physical properties when expanding the pyrolysis oil with CO2, 
no real improvement of the catalytic hydrodeoxygenation reaction (e.g. deoxygenation degree) could be found 
yet. Possible reasons for the absence of gas-expanded liquid effects could be the polar nature of the used pyrolysis 
oil and the high temperature. We assume that a viscous and more tar-like, but less polar pyrolysis oil will be more 
influenced. Gas-expansion with CO2 tends to be less effective with polar liquids due to the unpolar nature of CO2. The 
only observed effect in our actual system was a decrease of the hydrogenation with decreasing partial pressure of 
hydrogen.
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Background
Pyrolysis oils from biomass are considered to play a key 
role in future of biorefineries. Due to their higher-energy 
density (approx. 15–30 MJ/kg) and chemical composition 

they are an attractive platform feedstock in the bioec-
onomy [1]. The main problems in use and handling of 
pyrolysis oils are their high viscosity, high acidity, lower 
heating value than fossil fuels and low phase stability 
[2–8]. These negative properties are mainly caused by the 
high oxygen content present in the organic components. 
For this reason an upgrading step like catalytic hydrode-
oxygenation (HDO) is often necessary. First studies on 
catalytic HDO were contributed by Elliott et  al. in the 
eighties [7]. Nowadays the research in this field is very 
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intense and widespread, as it can be indicated by the 
numerous publications reporting different catalysts, reac-
tion conditions and reactor types [2–6].

Literature classifies the HDO process by the tempera-
ture into mild HDO and deep HDO [9]. A mild HDO runs 
up to 250 °C and aims to stabilize the oil, e.g. to improve 
storage properties or to lower acidity and reactivity. A 
deep HDO can reach up to 400 °C with the target gain a 
high deoxygenation degree.

Nickel-based catalysts are generally considered to be 
most attractive for the industrial application of the HDO 
process [10]. Several noble metal catalysts, like Pt, Pd 
and Ru, also seemed promising because they are often 
the first choice in hydrogenation reactions and are well 
investigated for the HDO reaction. Their HDO catalytic 
activity was characterized on model compounds [11] and 
raw pyrolysis oil as well [9, 12–15]. Ruthenium was found 
to have a higher HDO activity than nickel, but its applica-
tion is limited by the relative low abundance [16] and the 
high price [17].

A problematic issue with noble metal catalysts is also 
their high consumption of hydrogen, because they are 
very active for the hydrogenation of unsaturated bounds 
and aromatic rings. That makes an industrial-scaled pro-
cess unfeasible. Further noble metals tend to get easily 
poisoned by the low amount of sulphur in the bio-oil [18, 
19].

For these reasons a lot of literature is dealing with 
nickel-based catalysts and is trying to find an appropriate 
catalyst. A majority of these studies tested the catalysts 
on model compounds [20–25].

For example Bykova et  al. [22] investigated the HDO 
reaction of guaiacol over Ni/ZrO2 and Ni/SiO2. Here 
the deep deoxygenation was carried out at 320  °C and 
17.0 MPa of hydrogen pressure. The obtained main prod-
ucts were cyclohexane, 1-methyl-cyclohexane-1,2-diol 
and cyclohexanone.

Bykova et al. [22] also investigated the effect of temper-
ature in the deoxygenation of guaiacol over nickel cata-
lysts. The studied temperature range was 280–360 °C. It 
was found with increasing temperature, a higher deoxy-
genation degree was achieved. This suggests an enhanced 
cleavage of the C–O bond at a higher temperature. How-
ever, also more coking occurs with increasing reaction 
temperature.

Mortensen et al. [24] performed a wide screening with 
a total of 23 different catalysts on phenol at 10.0  MPa 
hydrogen pressure and 275  °C. Nickel was tested on a 
variety of supports and among them zirconia showed the 
highest activity as a carrier material.

Further Mortensen et  al. [24] focused on the HDO 
mechanism of supported nickel catalysts. Due to the fact 
that metallic nickel on activated carbon is nearly inactive, 

but on metal oxide supports such as ZrO2, SiO2, TiO2 
or Al2O3 show a very high activity, a mechanism is pro-
posed, in which the carrier is involved in the activation of 
the molecules for the hydrogenation and deoxygenation. 
Yakovlev et  al. [26] already came to similar results and 
also pointed out the crucial role of the carrier in the reac-
tion mechanism. The essential step may be the activation 
of phenol by a heterolytic cleavage of H–O bond induced 
by a lewis-acid site on the oxidic carrier.

However, only few groups tested their catalysts with 
raw pyrolysis oil [23, 26, 27]. For this reason the sys-
tematic testing of nickel-based catalysts on raw pyroly-
sis oil was the objective of a previous work conduced in 
our institute [28]. In this work the mild HDO at 250  °C 
was deeply investigated and it was shown that nickel-
based catalysts could be promising for the hydrotreat-
ment process of raw pyrolysis oils. Ru/C is still superior 
but too expensive and rare. A phase separation into polar 
and apolar molecules took place which favors a densifi-
cation of energy and an isolation of platform molecules. 
The obtained oil phase was mildly deoxygenated in com-
parison to the raw pyrolysis oil (deoxygenation degree of 
35–50 %, dry basis). The used metal-oxide carrier had a 
minor influence. The nickel-based catalysts showed all a 
similar HDO activity, only NiCu/Al2O3 had a slightly bet-
ter performance.

Besides, the approach of expansion of the liquid phase 
with carbon dioxide near the critical point is already 
known in heterogeneous catalysis [29]. Under near 
critical conditions the solubility of a gas in a liquid can 
increase by several orders of magnitude. The liquid phase 
can be expanded and changes its physical properties 
significantly. This physical state is called gas- expanded 
liquid (GXL). GXLs often have significantly improved 
properties such as a higher diffusion rate or a reduced 
viscosity. These two variables are crucial for an effec-
tive mass transfer. The solubility of other gases, such 
as hydrogen can be increased massively in a GXL. This 
means the gas used to expand the liquid phase (here 
CO2) does not take part to the reaction, but modifies 
the physical properties of the reaction system. The use 
of GXLs has scored in recent years special attention in 
terms of sustainable process intensification. The focus of 
a review by Subramaniam et al. [30] is hydroformylation 
and selective oxidations. Often, the conversion of reac-
tions can be increased by overcoming mass transfer limi-
tation, without diminishing the selectivity.

Also hydrogenation can be optimized by the use of 
GXLs. Bogel-Łukasik et  al. [31] investigated the hydro-
genation of β-myrcene with ruthenium and rhodium cat-
alyst using CO2 as expansion gas. The hydrogen pressures 
varied between 2.0 MPa and 4.5 MPa and the total pres-
sure was set to 12.5 MPa. Numerous outcomes like yield 
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and selectivity of the reaction could be tuned as desired 
by varying the expansion parameters.

Jenab and Temelli [32] expanded various vegetable oils 
with CO2 at 70  °C and pressures up to 25.0 MPa, while 
volume changes of up to +43  % were observed. Their 
research also aimed to intensify and optimize the cata-
lytic hydrogenation of vegetable oils.

For the first reaction steps in hydrodeoxygenation 
(stabilization followed by deoxygenation) the hydrogen 
transfer rate can be limiting [9]. Since the hydrodeoxy-
genation competes with the polymerization, an accelera-
tion of the mass transfer or an increase in the hydrogen 
concentration in the pyrolysis oil for the deoxygenation 
would be beneficial. Our work matched the approach of 
GXL-enhanced catalysis with the hydrodeoxygenation of 
pyrolysis oils. Therefore we first tested the pyrolysis oil/
CO2 system by measuring its rheological and volumetric 
behavior. Afterwards we accomplished a hydrodeoxy-
genation over Ni/Al2O3, monitoring the effect of the CO2 
partial pressure on the reaction at 250 and 340 °C.

Results and discussion
Effect of CO2 on the physical properties of the pyrolysis oil
An essential characteristic of pyrolysis oil is the strong 
temperature dependence of the viscosity. Between 55 and 
90 °C, the viscosity decreased without the use of carbon 
dioxide to 20 % of the original value at lower temperature 
(Fig. 1). The influence of carbon dioxide on the viscosity 
is also very strong. At 52 °C, a CO2 pressure of 0.5 MPa 
permitted to reduce the viscosity by 30 % in comparison 
to the experiment where no CO2 was employed. With 
4.0 MPa of CO2 the viscosity fell by 60 %. So the prop-
erties of pyrolysis by the expansion of carbon dioxide 

are mutable, which is why an influence on the catalytic 
deoxygenation is conceivable. The reduction in viscosity 
became marginal above 70 °C because here the tempera-
ture dependency has the strongest effect. Anyway, this 
does not argue against an influence of carbon dioxide 
above 70  °C on properties such as diffusion rate or sur-
face tension.

The observed volume expansion with CO2 was very 
low. Only with supercritical carbon (measurement at 
8.0 MPa, 60 °C) a significant expansion of approximately 
+5  % could be achieved. When liquid or gaseous car-
bon dioxide was used, the volume change was negligible. 
However, a quite high amount of CO2 seemed to be dis-
solved in the oil. After gas release we observed always 
a quick foam-like expansion through fine gas bubbles 
released from the oil (Fig. 2).

Hydrogen consumption
The activity of Ni/Al2O3 in different conditions is 
reported as normal liters of hydrogen consumed dur-
ing the reaction per kilogram of pyrolysis oil (Table  1). 
The values were all quite similar and have an average of 
54 NLH2/kgPO at 250 °C and 72 NLH2/kgPO at 340 °C. No 
trend could be observed when using CO2, but 1H-NMR 
and elemental analysis indicate a slightly lower activity 
for hydrogenation. In the blank test (no catalyst used, 
40 bar H2 and 40 bar CO2) at 340 °C we observed blind 
activity with a hydrogen consumption of 50 NLH2/kgPO. 
At 250 °C the blind activity was negligible (2 NLH2/kgPO).

Mass balance and elemental analysis of the products
The main products at 250 °C were an aqueous phase (80–
82 %) and an oil phase (7–9 %). The oil phase had a higher 
density than the aqueous one at 250 °C, while at 340 °C it 
was the opposite. At 340 °C more oil phase (12–13 %) was 
produced and less aqueous phase (73–77 %).

The losses during the recovery were in the range 3–8 %. 
The production of gases and solids was limited to small 
percentages (1–2  %), mainly coke, CO2 and negligible 
amounts of lower hydrocarbons (e.g. CH4).

Fig. 1  Dynamic viscosity of pyrolysis oil as a function of the tempera-
ture

Fig. 2  Volumetric expansion measurements of pyrolysis oil under 
CO2 atmosphere. Comparison of the oil level: a 8.0 MPa CO2 at 60 °C 
right after oil charging, b 8.0 MPa CO2 at 60 °C for 72 h, c after gas 
release
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The aqueous phases of all the reactions at 250 °C had a 
similar content in water (70.3–72.1 %) while the oil prod-
ucts contained 9.2–14.5  % water. The pyrolysis oil ini-
tially contained 58.3 % water. At 340 °C the water content 
increases in the aqueous phase (80.3–82.3 %) with regard 
to 250  °C. This can be interpreted as a more effective 
deoxygenation/hydrogenation and also a more intensive 
phase separation. The dry mass captured from the pyrol-
ysis oil into the oil phase is significantly higher at 340 °C 
than at 250 °C (45 vs. 25 % in average).

The expansion with CO2 showed no effect on yield or 
water content at both temperatures. Further, we detected 
no relevant amounts of methane. We conclude that Ni/
Al2O3 did not hydrogenate CO2 to methane although the 
used catalyst can favor the methanation [33].

The results from elemental analysis and Karl Fischer 
titration were elaborated and the calculated molar ratios 
H:C and O:C (dry basis) are shown in the Van Krev-
elen plot which is used to judge and interpret the qual-
ity of fossil fuels like crude oil (Fig. 3). With higher HDO 

temperature the values shift to higher H:C ratios and 
lower O:C ratios. Taking the separation in two phases 
into account, we observed a combination of hydrodeoxy-
genation reactions and of the repartition of more apolar 
compounds in the upgraded oil. The blank test shows 
lower content of hydrogen, but the oxygen content is 
similar to the experiments with Ni/Al2O3.

The only observed effect when using CO2 was a 
decrease of the hydrogenation with decreasing partial 
pressure of hydrogen in the mixture, both at 250 and 
340 °C.

The deoxygenation with Ni/Al2O3 was successful, but 
the expansion with CO2 was not improving the HDO 
process in comparison to earlier works [28]. The oxy-
gen content was reduced from 43.5 % (dry basis) in the 
raw pyrolysis oil to 20–22 % (dry basis) in the oil phase 
obtained at 250  °C and to 14–15  % in the oil phase 
obtained at 340  °C. In terms of deoxygenation degree 
this corresponds to 51–54 % of oxygen removed from the 
organic components at 250  °C. The deep deoxygenation 
at 340 °C reached 66–69 % in the oil phase.

Chemical composition of the products
The chemical composition of the oil phase changes signif-
icantly in comparison to the raw pyrolysis oil. At 250 °C 
the concentration of protons assigned to water and free 
hydroxyl groups is reduced from 70 to 20 mol/kg (Fig. 4), 
and at 340 °C even further to 10 mol/kg. The concentra-
tion of protons assigned to alkyl groups and α-H atoms of 
carbonyl groups and unsaturated groups form the major-
ity of the hydrogen species. Also protons bound to aro-
matics are present in the organic phases with 5–10 mol/
kg. With increasing temperature the concentration of 

Table 1  Hydrogen consumption of all HDO experiments

T (°C) pCO2 (MPa) Type ΔVH2 (NLH2/kgPO)

250 0.0 Ni/Al2O3 44

250 2.0 Ni/Al2O3 67

250 4.0 Ni/Al2O3 50

250 4.0 Blank 2

340 0.0 Ni/Al2O3 76

340 2.0 Ni/Al2O3 58

340 4.0 Ni/Al2O3 82

340 4.0 Blank 50

Fig. 3  Van-Krevelen-plot of raw pyrolysis oil (feed) and the HDO 
reaction products from different temperatures and CO2 atmospheres 
(catalyst: Ni/Al2O3)

Fig. 4  Integration of the 1H-NMR signal of the oil phase obtained 
at 250 °C under various CO2 pressures (reported as mols of protons 
per kilogram of sample and integrated in typical regions of specific 
functional groups)
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protons assigned to polar groups is reduced and the 
concentration of protons assigned to aliphatic and polar 
groups increases.

There is only a weak trend in chemical nature with 
increasing partial pressure of CO2. The concentration 
of protons assigned aliphatics decreases at 340 °C in the 
oil phase due to the lower partial pressure of hydrogen 
(Fig. 5). Similarly, the concentration of protons assigned 
to oxygen-containing groups increases (water, free OH-
groups, alcohols, ethers, α-H atoms of carbonyl groups).

The chemical nature in the aqueous phases is not sig-
nificantly changed by the HDO reaction at both tem-
peratures. Only the concentration of protons assigned to 
water and free hydroxyl groups increases sharply. They 
increased at 250 °C in all experiments on about 90 mol/kg 
and at 340 °C even further, to about 95 mol/kg. At 250 °C 
the concentrations of all kind of protons remained almost 
unchanged in their concentration (Fig.  6). At 340  °C a 
slight decrease in the concentration of protons assigned 
to oxygen-containing groups (alcohols, ethers, ketones 
and carboxylic acids) can be seen (Fig. 7).

By GC–MS we found mainly acetic acid, propionic 
acid, hydroxypropanone and levoglucosan in the raw 
pyrolysis oil and in the aqueous phases. All these sub-
stances are typical pyrolysis products from cellulose and 
hemicellulose. Some furans and furfurals were also pre-
sent in the investigated oil. Typical lignin fragments could 
be found, like phenol, guaiacol and syringol. Also numer-
ous other phenol derivatives were present. Many uniden-
tifiable compounds had molecular weights between 200 
and 300 g/mol.

In the organic phase we additionally found many 
phenol derivatives having two to three methyl or ethyl 
groups. The organic phases, which were obtained at 

340  °C on Ni/Al2O3, also contained some cyclic and 
saturated hydrocarbons resulting from the hydrogena-
tion of aromatic compounds. Partially the side chains 
on the ring are completely hydrogenated or deoxygen-
ated, but still some ketones or hydroxyl groups remain. 
The following substances are clearly identified: 2-methyl-
cyclopentanone, cyclohexanone, 3-methyl-cyclopentene, 
methylene-cyclohexane and cyclopentanol.

Further reaction products come from ring-opening 
reactions of heterocyclic compounds (such as furfurals). 
They can be described as linear or sparsely branched, 
saturated chains with 5–6 carbon atoms and 1–3 hydrox-
ylic or caboxylic groups (e.g. hexan-2-one). From the 
analysis of the chemical compositions of the prod-
ucts we concluded that CO2 has no direct influence on 
product distribution. The reasons are speculative. For 
instance it is conceivable that the solubility of hydrogen 

Fig. 5  Integration of the 1H-NMR signal of the oil phase obtained 
at 340 °C under various CO2 pressures (reported as mols of protons 
per kilogram of sample and integrated in typical regions of specific 
functional groups)

Fig. 6  Integration of the 1H-NMR signal of the aqueous phase 
obtained at 250 °C under various CO2 pressures (reported as mols of 
protons per kilogram of sample and integrated in typical regions of 
specific functional groups)

Fig. 7  Integration of the 1H-NMR signal of the aqueous phase 
obtained at 340 °C under various CO2 pressures (reported as mols of 
protons per kilogram of sample and integrated in typical regions of 
specific functional groups)
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in the pyrolysis oil stays low due to the high tempera-
ture. The rheological measurements already showed that 
with higher temperature the GXL-effect on viscosity is 
decreased. We suspect the same trend in hydrogen solu-
bility. However, the mass-transfer limitation could not be 
overcome, neither diminished, by adding carbon dioxide 
to the mixture.

Experimental
Two different pyrolysis oils were used in our work. Their 
physical–chemical properties are reported in Table  2. 
For the measurement of rheological properties and vol-
ume expansion, we used a high viscous, tar-like pyroly-
sis oil because GXL effects with CO2 can be detected 
with higher certainty if the oil is more viscous. The HDO 
experiments were accomplished with a low viscous, polar 
pyrolysis oil which was already used before in HDO 
experiments in our institute. That makes the results eas-
ier to compare to results with earlier works [28]. Both 
pyrolysis oils were produced in the bioliq® pilot plant at 
KIT, Germany.

Rheological measurements
The apparatus used in this work to measure viscosity and 
rheological behavior was a rotational rheometer (Rheom-
eter R/S+, BROOKFIELD) controlled by computer soft-
ware (RHEO 3000). Measurements were performed 
inside a high pressure cell (500 mL total volume) and the 
temperature was controlled by a thermostatic oil bath 
(HAAKE). A double gap cylinder measure system (PN-
80 RT, inner cylinder radius 0.01925  m, outer cylinder 
radius 0.01972  m) inside the pressure cell was coupled 
with the rheometer magnetically.

During previous experiments, an intensive aging prob-
lem of the pyrolysis oil has been observed. At 148 °C, the 

viscosity of the pyrolysis oil increased by 40  % within 
45  min. Holding this temperature for 3  h, increases the 
viscosity by 30 times and turns the pyrolysis oil into a 
crispy solid. Fast aging at altered temperature is also 
known in literature. Ortega et  al. reported that such an 
agening also takes place within 1–7 days at temperatures 
between 60 and 90 °C [34].

However, at a temperature below 90  °C, this phenom-
enon was insignificant. In order to avoid deviation caused 
by oil aging, measurements were conducted under 90  °C 
and for relative short time. For each experiment, fresh 
pyrolysis oil was used. The shear rate was always set to 
100 s−1. The temperature was varied between 50 and 90 °C.

For measuring the GXL-effect, the oil samples were 
first heated to 52  °C. When their viscosity stabilized, 
CO2 of certain pressure (0.5, 1.0 and 2.0 MPa) was filled 
into the cell and the gas diffusion began. In the following 
180–240 min, the viscosity changes of these samples were 
recorded. Depending from the temperature and CO2 
pressure the diffusion of CO2 into the oil was complete 
after 80–160 min.

Volumetric expansion measurements
Volumetric expansion measurements were carried out 
using a high pressure view cell. The cell had a capacity 
of 15  mL and was equipped with sapphire windows on 
both sides. A light source and a digital camera (Supereyes 
B008, Shenzhen D&F Co.) were placed on the two oppo-
site windows. The cell was surrounded by a heating jacket 
connected to a thermostatic circulating oil bath (HAAKE 
C35P). Pressured CO2 was driven into the cell through an 
automatic pump (Teledyne ISCO D-series).

In order to lower the viscosity of the pyrolysis oil for 
an easier sample charging, the oil sample was first heated 
to 50  °C and then injected into the cell through a liquid 
inlet. The cell was loaded with oil to about one-quarter of 
the volume.

The volume expansion experiments were accomplished 
with three states of CO2: gas, liquid and supercritical. To 
keep CO2 in gas phase, the temperature in the cell was set 
above 40 °C. The pressure was set to 4.0 or 6.0 MPa. The 
liquid state was measured at 15 and 8.0 MPa. To ensure 
supercritical state 8.0  MPa of CO2 pressure and 40  °C 
were used. For all three states the cell was kept under 
pressure and observed for 72 h in case long-time effects 
occurs or the equilibrium is reached very slow.

Catalyst preparation
An industrial nickel catalyst (METH® 134, 25  ±  1  % 
nickel oxide on alumina, C&CS) which is actually a com-
mercial methanation catalyst was used. The reduction 
was accomplished in a heated reaction tube at 500 °C for 
4  h by a gas mixture of 50  % hydrogen in nitrogen at a 

Table 2  Properties of the used pyrolysis oils

Oil used for the  
measurement of  
physical properties

Oil used for  
HDO experiments

wt% H2O 16.8 58.3

Wet basis

wt% C 57.5 20.4

wt% O 35.6 70

wt% H 6.9 9.7

Dry basis

wt% C 69.1 48.9

wt% O 24.8 43.5

wt% H 6.0 7.6

Density 1.13 kg/l 1.11 kg/l

pH value Organic phase, not measureable 4
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flow rate of 2.6 NL/min. The catalysts raw material were 
crushed and sieved to obtain a uniform particle size frac-
tion in the range of 0.25–0.50 mm.

HDO reaction
For the HDO experiments, two 200  ml batch reactors 
were used. Both were built in the KIT-IKFT workshop. 
For each run we used 50 mL pyrolysis oil and 2.5 g cata-
lyst powder. The reactor was always flushed with nitrogen 
for 10  min (Air Liquid Alphagaz™ 6.0) to remove oxy-
gen and avoid explosive mixtures with hydrogen. After 
flushing, the reactor was pressurized. The reactor was 
charged with CO2 (Air Liquid Alphagaz™ 6.0) first. The 
set pressure corresponds to the partial pressure of car-
bon dioxide in the mixture (0.0 MPa, 2.0 MPa, 4.0 MPa). 
Next, hydrogen (Air Liquid Alphagaz™ 6.0) was added. 
The absolute total pressure was always 8.0 MPa at room 
temperature.

The reaction time was 2  h, including the ramp (5  °C/
min for 250  °C, 15  °C/min for 340 °C). The agitator was 
running during the reaction time at 1000 rpm. The exper-
iments were run all isochorically and under autogenous 
pressure. The pressures reached 15.0–20.5 MPa at 250 °C 
and 25.0–32.5 MPa at 340 °C. After the reaction time the 
reactor was rapidly quenched.

Conclusions
In summary, a successful hydrodeoxygenation was 
achieved, in terms of yield of deoxygenated oil phase and 
deoxygenation degree. However, the expansion with CO2 
did not improve the deoxygenation degree. Despite the 
rheological and volumetric properties changed at lower 
temperatures, no significant GXL effect on the HDO 
reaction could be observed. Classical GXL catalysis is 
usually performed under milder conditions. We suspect 
that the chosen temperature was too high to reach a sig-
nificant physical enhancement. Therefore these pioneer 
experiments were a useful contribution to find the lim-
its in the process conditions for an effective gas expan-
sion. We suspect the GXL effect to more intense at lower 
temperatures. Further studies will check this theory. 
However, no negative effect could be observed, except an 
indirect decrease of the hydrogenation reactions due to 
the lower partial pressure of hydrogen.

In future bio-refineries a recycle of hydrogen gas will 
be inevitable. Our work shows that mixtures of hydrogen 
and carbon dioxide can be used for catalytic hydrodeoxy-
genation as well as pure hydrogen. The carbon dioxide in 
the mixture does not interfere with the HDO reaction or 
the nickel-based catalyst. Due to the high reaction tem-
peratures in HDO processes, decarboxylation reactions 
take place releasing CO2. For a direct recycle it would be 

favorable if this mixture of CO2 and excess hydrogen can 
be used without impair the HDO reaction. Other sources 
of such mixtures are e.g. water–gas shift reaction or the 
decomposition of formic acid. Another positive discov-
ery favoring the use of such mixtures is that Ni/Al2O3 is 
not active for the methanation of CO2 when its is used 
together with pyrolysis oil under the conditions of this 
work.

Methods
Gas phase analysis
Gas chromatography (GC) was used to determine the 
mol fraction of the process gases (H2, CO2) and side 
products (e.g. CH4) in the gas phase after the reaction. 
The GC we used was a 6890 Agilent with two switchable 
columns (Restek 57096 Hayesep Q and Resteck Molsieve 
5A). Two detectors were built in: a FID (flame ionisation 
detector) and a TCD (thermal conductivity detector).

Water content
The water content of the liquid products is expressed 
as mass fraction and was determined by the Karl Fis-
cher titration. The titrator used is an 841 Titrando from 
Metrohm.

Elemental analysis
For this purpose, an elemental analyzer (CHN628, Leco) 
was used which measures the content of carbon, hydro-
gen and nitrogen. The mass fraction of oxygen is calcu-
lated as the difference between 100 % and the percentage 
of the other elements.

Quantitative 1H‑NMR spectroscopy
For a more detailed analysis of the chemical structures in 
the liquid samples a quantitative hydrogen-nuclear mag-
netic resonance spectroscopy (1H-NMR) was applied. For 
pyrolysis and deoxygenated oils the method is appropri-
ate and is proposed as a method of analysis of pyrolysis 
oils in the literature [35]. The parameters and method are 
the same as in our previous work [28].

GC–MS
In order to identify components and reaction products, 
a gas chromatography with coupled mass spectrometry 
(GC–MS) was applied. For this purpose, the solutions 
of the samples from the 1H-NMR) measurements were 
used. The samples were filtered before the measure-
ment (Teflon® pore size 0.2  μm). We used a HP 1800A 
Gas Chromatograph with a Stabilwax® column. The mass 
spectrometer used was an HP 5971. The mass spectra 
were analyzed with a computer and were compared to a 
database to identify individual chemical compounds.
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