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SELECTIVE HYDROXYL GROUP REMOVAL FROM ALKYLPHENOLS

FIELD OF THE INVENTION

The present invention relates to the processing of hydroxyaromatic compounds, In
particular to removing oxygen from phenolic oxygen-containing hydrocarbon

feedstocks.
BACKGROUND

Biofuels and biomass-derived chemicals are used as sustainable alternatives for
fossil products. For example lignocellulosic biomass can be used as a source of
hydrocarbons. However, due to the high oxygen content lignocellulosic biomass
derived liquids, such as bio oils and biocrudes, have low heating value, poor

thermal stability, low volatility and corrosiveness.

When oxygen removal from lignocellulosic biomass derived liquids was studied it
was observed that high degree of oxygen removal was only achieved at severe
reactions conditions (high temperature and high Hz pressure) due to the presence
of highly refractory phenolic compounds. Alkylphenols were identified as the last
type of oxygenates remaining In hydrotreated products with very low oxygen

content.

Thus, it would be desirable to be able to convert alkylphenols selectively to
alkylbenzene, to remove oxygen. For example it would be desirable to convert

propylphenol to propylbenzene with little production of propylcyclohexane.

Hydrodeoxygenation catalyst containing niobium oxide Is disclosed for example in
EP2631224B1 (SK INNOVATION, 2011), which discloses a method for producing
hydrocarbons from biomass or organic waste. Catalyst includes a material
selected from the group consisting of CeZrOyx, CuZrOy, hydrotalcite, niobium oxide,
alumina, silica, silica-alumina, zirconia, titania, oxide mixtures thereof, molecular
sieves including zeolite, Pd, Pt, Rh, Ru, Ni, NiMo, CoMo, NiW, and CoW.

Hydrodeoxygenation of lignocellulosic feed (lignin oll) is disclosed for example In
WO 2017/078582 (SCA) where hydrodeoxygenation catalyst Is selected from
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Ni/NiO, Cu/Cr, Pd/Cu, or Pt on a support material, such as chromite and/or alumina

and/or zirconia and/or graphite and/or carbon and/or silica.

HDO of phenols I1s described for example In  US9758731
(STUDIENGESELLSCHAFT KOHLE MBH), which discloses a process for the
selective hydrodeoxygenation of phenolic feeds into aromatic hydrocarbons by
subjecting the phenolic feeds to a one-pot hydrotreatment in absence of external
supply of molecular hydrogen. Catalyst metal is selected from nickel, iron, cobalt,
copper, ruthenium, palladium, rhodium, osmium iridium, rhenium or mixtures

thereof.
SUMMARY

The inventors have found that it is possible to use a specific metal catalyst system
{o selectively remove oxygen from hydroxyaromatic hydrocarbon compounds while
preserving a significant portion of their aromaticity. Because saturating aromatic
rings requires hydrogen, and because aromaticity Is preserved in the present
process, the present process reduces significantly the consumption of hydrogen
and improves the total GHG (greenhouse gas) savings e.g. when producing
hydrocarbons from lignocellulosic biomass derived feedstocks. In gasoline and jet

fuel applications it is beneficial to at least partly preserve the aromaticity of the fuel.

According to the first aspect Is provided a process for removing hydroxyl groups

from phenolic compounds, comprising:

Providing in a first reactor at least one hydrodeoxygenation catalyst

comprising sulphided NiMo, CoMo or NI,
Providing a feedstock comprising phenolic compounds;

Carrying out hydrodeoxygenation by contacting the feedstock with the

hydrodeoxygenation catalyst to obtain a phenolic hydrocarbon feedstock;

Providing In a second reactor at least one direct deoxygenation catalyst

comprising Pt/Nb2Os;

Forming a mixture by feeding into the second reactor the phenolic

hydrocarbon feedstock and hydrogen gas;
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Carrying out direct deoxygenation to the phenolic hydrocarbon feedstock to
obtain hydrocarbons, wherein at least 50mol-% of the hydroxyl groups
originally bonded to phenolic compounds are removed while the aromaticity

of the hydrocarbon Is preserved.

An advantage of the present process is high selectivity and low consumption of
hydrogen. Further, selectivity and yield of the catalytic conversion of phenolics can
be controlled In the present invention by adjusting the process parameters,
because the catalysts allow a certain degree of freedom In the reaction conditions.
Advantageously, with the present process side reactions such as dealkylation,
benzene formation, oligomerization, or condensation to compounds outside fuel

range, are avoided.

According to the second aspect is provided a use of Pt/Nb2Os catalyst in selective
conversion of hydroxyaromatic compounds Iin hydrocarbon feedstock to aromatic
compounds. In an embodiment said aromatic compounds do not contain oxygen.
For example alkylphenols can be converted into alkylbenzenes by the present

method.

An advantage of the invention is that only hydroxyl in phenolic compounds of the
hydrocarbon feedstock is removed and only the phenolic compounds are

converted to corresponding aromatic hydrocarbons.

According to the third aspect is provided a catalytic conversion system comprising

a first reactor and a second reactor wherein:
The first reactor Is In fluid communication with the second reactor;
The first reactor comprises:

At least one hydrodeoxygenation catalyst bed comprising sulphided NiMo,

CoMo, NIW or a combination thereof;

Temperature control means for monitoring and adjusting temperature

iINnside the first reactor;
At least one first inlet for feeding phenolic compounds into the first reactor;

At least one second inlet for feeding hydrogen into the first reactor;
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At least one first outlet for transferring the resulting phenolic hydrocarbon

feedstock outside the first reactor; and
The second reactor comprises:
at least one direct deoxygenation catalyst bed comprising Pt/Nb2Os;

temperature control means for monitoring and adjusting temperature

INside the second reactor

At least one third inlet for feeding phenolic hydrocarbons into the second

reactor;
At least one fourth inlet for feeding hydrogen into the second reactor;

At least one second outlet for transferring the resulting feedstock

comprising aromatic compounds outside the second reactor; and

Wherein the second reactor optionally comprises at least one recycle

feed line from the second outlet to the third inlet.

An advantage of the present catalytic conversion system IS synergistic
deoxygenation of the feedstock. Because the deoxygenation is carried out In two
steps and with different reaction routes, it is possible to effectively remove oxygen
from the hydrocarbons of the feedstock while simultaneously keeping the aromatic
compounds unsaturated. This results into a system with which it is possible to
achieve a high deoxygenation rate with a low hydrogen consumption. Further
alkylphenols are not saturated during the process. Preferably the process of the

first aspect Is carried out in the catalytic conversion system of the third aspect.

In an embodiment the process of the first aspect is carried out in the catalytic

conversion system of the third aspect.
FIGURES

FIGURE 1. Comparison of platinum catalysts with different supports (niobia, titania
and zirconia) for HDO of 4-propylphenol. The three catalysts were reduced at
20bar H2 and 353°C for 60min. Figure 1A) Comparison at low residence time.
Conditions: 20bar, 350°C, 71

Comparison at full conversion. Conditions: 20bar, 350°C, 1 = 4

025 min'mgcatalyst'mgreactant_1. F|gure 1 B)

min- MYJcatalyst” rngreactant-1 :
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FIGURE 2. Selectivity for propylbenzene formation in HDO of 4-propylphenol with
three platinum catalysts supported on different oxide materials (niobia, titania,

ZIFCOI‘]Ia) COﬂdItIOﬂS 20bar, 3530(:, T = 02'41 min'mgcatalyst'mgreactant-1.

FIGURE 3. Selectivities for propylbenzene and propylcyclohexane formation In

HDO of 4-propylphenol at various reaction pressures (350°C, residence time of 4

min- MYJcatalyst” rngreact:_:zmt_1 )

FIGURE 4. UNIQUAC calculations (Aspen) of VLE of the Initial amounts of
reactants in a typical experiment. Amounts: S5omg H2, 580mg alkylphenol, 27mL
tetradecane (solvent). Figure 4A) temperature dependence of percentage of mass
of alkylphenol In the liquid phase at 20-80bar. Figure 4B) Temperature

dependence of percentage of mass of Ho.

FIGURE 5. Selectivities for propylbenzene and propylcyclohexane formation In
HDO of 4-propylphenol at 350°C/20bar and 375°C /30bar (residence time of 4

MIN-MJcatalyst’ l'ngreactant'1 )-

FIGURE 6. UNIQUAC calculations (Aspen) of VLE at the end (before cooling In
the autoclave experiment) of selected experiments at various residence times.
Conditions: 20bar, 350°C, 100mL batch. Percentage of mass of components in the

liquid phase.

FIGURE 7. Selectivity for propylbenzene formation in HDO of para-, meta- and
ortho iIsomers of propylphenol over Pt/Nb20Os catalyst (350°C, 20bar and various

residence times).

DETAILED DESCRIPTION OF THE INVENTION

As used herein, the term “comprising” Iincludes the broader meanings of
‘Including”, “containing”, and ‘comprehending”, as well as the narrower

expressions “consisting of” and “consisting only of”.
In an embodiment the process Is carried out in an industrial scale.

In an embodiment the steps of the present process are carried out in the sequence
specified in the embodiment. In another embodiment any process step specified
to be carried out to a product or intermediate obtained in a preceding process step,

IS carried out directly to said product or intermediate, I.e. without additional or
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auxiliary processing steps that may chemically or physically alter the product or

iIntermediate between said two consecutive steps.

Biocrudes and bio olls are produced from biomass, in particular from lignocellu-
losic biomass, with various liquefying methods, such as hydrothermal liquefaction,

or pyrolysis, in particular fast pyrolysis.

The term "biocrude" refers to oils produced from biomass by employing

hydrothermal liguefaction.

The term "bio oll" refers to pyrolysis olls produced from biomass by employing

pyrolysis.

The term "biomass” refers to material derived from recently living organisms, which

iIncludes plants, animals and their byproducts.

The term "lignocellulosic biomass” refers to biomass derived from plants or their
byproducts. Lignocellulosic biomass Is composed of carbohydrate polymers

(cellulose, hemicellulose) and an aromatic polymer (lignin).

The term "pyrolysis” refers to thermal decomposition of materials at elevated

temperatures in a non-oxidative atmosphere.

The term "fast pyrolysis” refers to thermochemical decomposition of biomass

through rapid heating in absence of oxygen.

The term "hydrothermal liquefaction” (HTL) refers to a thermal depolymerization
process used to convert wet biomass Into crude-like oill under moderate

temperature and high pressure.

Examples of bio oil and biocrude produced from lignocellulosic biomass, e.g.
materials like forest harvesting residues or byproducts of a saw mill, are
lignocellulosic pyrolysis liquid (LPL), produced by employing fast pyrolysis, and
HTL-biocrude, produced by employing hydrothermal liquefaction.

Further examples of lignocellulosic biomass derived liquids include crude tall ol
(CTO), obtained as a by-product of the Kraft process (wood pulping), and its
derivatives, such as tall oil pitch (TOP), crude fatty acid (CFA), tall oll fatty acid
(TOFA) and distilled tall oil (DTO).
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The term HDO refers to at least partial hydrodeoxygenation of hydroxyl and other

oxygen-containing groups.

In an embodiment hydrogen gas Is fed Into the first reactor during

hydrodeoxygenation.

The term RHYD refers to HDO by hydrogenation-dehydration-hydrogenation route.

In the present process hydrodeoxygenation is a HDO process.

The term DDO refers to at least partial direct deoxygenation, which directly cleaves
the C-O bond by hydrogenolysis, and which does not require Iintermediate
hydrogenation steps. In the present process the catalytic conversion with Pt/Nb2Os

IS a DDOQO process.

The term WHSYV refers to weight of feed flowing per weight of the catalyst per hour.
In an embodiment the reactor is operated in a continuous mode.

In an embodiment the reactor Is a fixed bed reactor.

A phenolic compound is a compound comprising at least one hydroxyl group
bonded directly to an aromatic ring of an aromatic hydrocarbon. In the present
iInvention the feedstock fed into the first reactor may contain phenolic compounds.
The phenolic hydrocarbon feedstock fed into the second reactor also contains
phenolic compounds. In an embodiment phenolic compounds are formed during

the hydrodeoxygenation.

In an embodiment the phenolic hydrocarbon feedstock comprises recycled feed
obtained after the DDO process. This embodiment Is advantageous when the
process IS carried out in conditions where the catalytic deoxygenation is not
complete, but a higher deoxygenation of the phenolic compounds is desired. Thus,
In this embodiment the recycled feed contains phenolic compounds that can be
deoxygenated with the present process by feeding them into the second reactor.
The recycled feed can also be fed to the second reactor together with a fresh feed

of the phenolic hydrocarbon feedstock from the first reactor.

In an embodiment the recycled feed from the second reactor, or the phenolic
hydrocarbon feed obtained from renewable organic material from the first reactor,
and to be treated by the present DDO process, contains high amount hydroxyil

containing compounds. Examples of such hydroxyl containing compounds include
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plant based hydroxyaromatic hydrocarbon compounds and phenolic lipids such as
cardanol. Further examples of hydroxyl containing compounds include animal fat

based hydroxyl containing compounds such as sterols.

In an embodiment the phenolic hydrocarbon feedstock used in the second reactor
IS a feed obtained from hydrodeoxygenation. It is thus possible that the phenolic
hydrocarbon feedstock fed into the second reactor from the first reactor is mixed

with another feed which contains hydrodeoxygenated material.

The present process Is carried out In two reactors: in a first reactor where
hydrodeoxygenation is done, and in a second reactor where direct deoxygenation
IS done. In an embodiment the second reactor is Iin fluid connection with the first
reactor. In another embodiment the phenolic hydrocarbon feedstock is a feedstock
obtained after hydrodeoxygenating renewable hydrocarbon feed derived from

plants or animals.

In an embodiment the phenolic hydrocarbon feedstock comprises alkylphenols,
such as 4-propylbenzene. In another embodiment the alkylphenols comprise at

least one of methylbenzene, dimethylbenzene, ethylbenzene.

In an embodiment the direct deoxygenation step is carried out at a temperature In
the range 340-450°C, at a hydrogen pressure in the range 15-50bar, preferably at
350°C and 20bar.

In an embodiment the phenolic hydrocarbon feedstock comprises alkylphenols.

In an embodiment the alkylphenols are converted to alkylbenzenes during the

Process.

In an embodiment the phenolic hydrocarbon feedstock Is contacted with the
catalyst in liquid phase. The skilled person is capable of calculating an appropriate
temperature and pressure to be used In the reactor to keep the phenolic

hydrocarbon feedstock, or at least the phenolic compounds in it, in liquid phase.

In an embodiment the phenolic hydrocarbon feedstock is reacted with the direct
deoxygenation catalyst at a temperature in the range 340-450°C, more preferably
in the range 340-400°C, 340-380°C, and even more preferably at about 350°C.

The temperature can be controlled by means known In the art, such as by heating

and cooling the feed, the reactor, or both.
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In an embodiment the phenolic hydrocarbon feedstock Is contacted with the

catalyst in liquid phase.

In an embodiment the hydrodeoxygenation step is carried out at a temperature
from 270 to 380°C, preferably from 275 to 360°C, more preferably from 300 to
350°C, at a hydrogen pressure from 30 to 100bar, preferably from 40 to 80bar and
WHSV from 2 to 0.5 1/h. Preferably a temperature in the range 270-380°C, a
hydrogen pressure Iin the range 30-100bar and WHSV of 2-0.5 1/his used. More
preferably a temperature of 300-350°C, a pressure of 40-80bar and WHSV from 2
to 0.5 1/h Is used. These conditions are advantageous because they do not

saturate aromatic rings of phenolic compounds.

Weight hourly space velocity (WHSV) Is defined as the weight of feed flowing per
hour divided by the weight of the catalyst.

In an embodiment the phenolic hydrocarbon feedstock is reacted with the direct
deoxygenation catalyst at a pressure of about 15-50bar, preferably at about 15-

40bar, about 15-30bar and more preferably at about 20bar.

In an embodiment the phenolic hydrocarbon feedstock is reacted with the direct
deoxygenation catalyst at about 20bar and about 350°C, or at about 30bar and
about 375°C.

In an embodiment pressure is controlled by feeding hydrogen into the first reactor

and/or the second reactor.

In an embodiment the pressure and the temperature are selected during DDO such
that at least 80%, preferably at least 90% of the alkylphenols remain in liquid phase
during the process. For example at 20bar and 350°C, 87% of alkylphenols are In

liquid phase. At 30bar and 375°C, 88% of alkylphenols are in liquid phase.

In another embodiment the pressure and the temperature are selected such that
the hydrodeoxygenated reaction products evaporate at a greater extent to the
gaseous phase than the reactants. Without being bound to a theory, this appears
to have an advantage of avoiding contact with the aromatic reaction product and

the catalyst, which helps to prevent saturation of the aromatic ring.

In an embodiment Pt is provided In the direct deoxygenation catalyst in metallic

and optionally in an oxidized form. In an embodiment the Pt is provided In the



10

15

20

25

30

WO 2020/128161 PCT/FI12019/050904
10

catalyst in at least two different oxidized species. In an embodiment Pt present In

the catalyst is partially in metallic state.

In an embodiment at least part of the feedstock comprising phenolic compounds

IS obtained from lignocellulosic biomass.

In an embodiment at least 50%, preferably at least 55%, 60%, 65%, 70% or 75%
of the phenolic compounds of the phenolic hydrocarbon feedstock are converted
to aromatic compounds. In an embodiment the amount of the phenolic compounds

IS measured by analyzing the end product.

In an embodiment no water or hydrogen sulfide Is added in the reactor during the
method. In another embodiment water and hydrogen sulfide are removed from the

phenolic hydrocarbon feedstock before entering the process.

In another embodiment water IS removed after hydrodeoxygenation. In an

embodiment water removal 1s carried out In a water-removal unit.

The DDO of propylphenols was used in the examples to model the processing of
some of the most HDO resistant oxygen-containing components in bio-oils, namely
alkylphenols. In one embodiment of the reaction 4-propylphenol in tetradecane
solvent in presence of a 3% Pt/Nb20Os catalyst and at 350°C and 20bar Ha, provided
a selectivity of ~70% towards the desired propylbenzene at full conversion. In this
case, the thermodynamic features of the reaction system, such as the chemical
equilibrium and the moderate Hz solubllity in to the solvent at the selected

conditions, were selected for the desired selectivity and yield.

The highly successful results obtained with the para-isomer were similar but
slightly attenuated for the corresponding ortho-isomer. Thus, the feedstock can

contain both para-, meta- and ortho-isomers.

By comparing the performance of Pt catalysts supported on Nb2Os, TiO2, and ZrOo,
it appeared that the catalysts with the reducible support (Nb20Os I.e. niobia, TiO2 1.e.
titania) had a much higher activity compared to the non-reducible zirconia support.
Furthermore, among the catalysts with the reducible supports, the niobia catalyst
was more active and provided a higher selectivity to propylbenzene than the titania

catalyst.
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In the examples mainly 4-propylphenol was used as model compound of
alkylphenols. The results obtained for this model compound can be generalised to
feedstocks containing phenolic compounds, because alkylphenols are among the
most difficult components e.g. in fast pyrolysis bio-oils to upgrade with HDO, due
to the strength of the hydroxyl-arene bond. Thus, the challenges presented by
alkylphenols, such as 4-propylphenol, represented well the challenges of different

feedstocks.

The results of the DDO of propylphenols are presented and discussed below In the
Examples. The outcome was that by tuning the reaction conditions, the
thermodynamic equilibrium could be used to achieve a high selectivity towards the
desired aromatic product. Lowering the pressure allowed the desired equilibrium
to occur at lower temperatures, although a lower |limit on the pressure was
iIntroduced by the requirement to operate in the liquid phase. Of the tested
catalysts, Pt/Nb2Os displayed a superior activity and was preferred. Catalysts with
reducible metal oxides supports (Nb20Os, TiO2) outperformed a catalysts with a non-

reducible oxide support (ZrO2).

The preferred reaction route for the removal of phenolic groups by HDO s
commonly proposed to be the hydrogenation (HYD) route where the aromatic ring
IS hydrogenated prior to the removal of the phenolic group as water. The
hydrogenation of the aromatic ring to cyclohexane consumes three times more
hydrogen compared to the removal of the phenolic group. When using fossil based
hydrogen, this will noticeable reduce the GHG savings needed for biofuel approval.
Another route for oxygen removal from phenolic compounds Is direct
deoxygenation (DDO) were the aromatic ring Is preserved and hydrogen is only
consumed In the removal of the phenolic group as water. An aromatic end product
can also be formed after the HYD route Iif the aromaticity is restored In a

dehydrogenation reaction after the removal of the phenolic group (HYD + DeHYD).

A simplified depiction of the main routes for oxygen removal from propylphenol,

the model compound used Iin the experiments, i1s shown Iin the reaction Scheme 1.
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DDO route HYD route
OH

Propyl-
benzene

Propyl- Propyl-
benzene phenol cyclo-
hexane

Scheme 1. Propylbenzene formation in HDQ of propylphenol by the DDQ route or
by the HYD route followed by dehydrogenation of the ring structure.

5 The following clauses are provided to disclose embodiments of the invention.

Clauses
1. A process for removing hydroxyl groups from phenolic compounds, comprising:

Providing in a first reactor at least one hydrodeoxygenation catalyst

comprising sulphided NiMo, CoMo or NiWV,
10 Providing a feedstock comprising phenolic compounds;

Carrying out hydrodeoxygenation by contacting the feedstock with the

hydrodeoxygenation catalyst to obtain a phenolic hydrocarbon feedstock;

Providing In a second reactor at least one direct deoxygenation catalyst

comprising Pt/Nb2Os;

15 Forming a mixture by feeding into the second reactor the phenolic

hydrocarbon feedstock and hydrogen gas;

Carrying out direct deoxygenation to the phenolic hydrocarbon feedstock to
obtain hydrocarbons, wherein at least 50mol-% of the hydroxyl groups
originally bonded to phenolic compounds are removed while the aromaticity

20 of the hydrocarbon is preserved.
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2. The process of clause 1, wherein the hydrodeoxygenation Is carried out at a
temperature in the range 270-380°C, at a hydrogen pressure in the range 30-
100bar and WHSYV of 2-0.5 1/h.

3. The process of clause1 or 2, wherein the direct deoxygenation is carried out at
a temperature in the range 340-450°C, at a hydrogen pressure in the range 15-
50bar, preferably at 350°C and 20bar.

4. The process of clauses 1-3, wherein the phenolic hydrocarbon feedstock

comprises alkylphenols.

5. The process of clause 4, wherein alkylphenols are converted to alkylbenzenes

during direct deoxygenation.

6. The process of clauses 1-5, wherein the phenolic hydrocarbon feedstock is

contacted with the catalyst in liquid phase.

/. The process of clauses 1-6, wherein the feedstock Is obtained from

lignocellulosic biomass.

8. The process of clauses 1-7, wherein no water or hydrogen sulfide is added In

the reactor during the method.

9. A catalytic conversion system comprising a first reactor and a second reactor

wherein:
The first reactor Is In fluid communication with the second reactor:;
The first reactor comprises:

At least one catalyst bed comprising sulphided NiMo, CoMo, NIW or a

combination thereof;

Temperature control means for monitoring and adqjusting temperature

iINnside the first reactor;
At least one first inlet for feeding phenolic compounds into the first reactor;
At least one second inlet for feeding hydrogen into the first reactor;

At least one first outlet for transferring the resulting phenolic hydrocarbon

feedstock outside the first reactor; and

The second reactor comprises:
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at least one direct deoxygenation catalyst bed comprising Pt/Nb2Os;

temperature control means for monitoring and adjusting temperature

INside the second reactor

At least one third inlet for feeding phenolic hydrocarbons into the second

reactor;
At least one fourth inlet for feeding hydrogen into the second reactor;

At least one second outlet for transferring the resulting feedstock

comprising aromatic compounds outside the second reactor; and

Wherein the second reactor optionally comprises at least one recycle

feed line from the second outlet to the third inlet.

EXAMPLES

The following examples are provided to illustrate various aspects of the present

invention. They are not intended to limit the invention, which is defined by the

accompanying claims.
EXAMPLES OF THE SELECTIVITY FOR PROPYLBENZENE PRODUCTION

INFLUENCE OF SUPPORT MATERIAL FOR PLATINUM CATALYST

The performance of three platinum catalysts at equal conditions was compared In
order to examine the Influence of the catalyst support on the HDO of 4-
propylphenol. The catalysts were 3% Pt/Nb20Os, 3% Pt/TiO2, and 3% Pt/ZrO:.
Before the HDO reactions, the catalysts were reduced at the same conditions. The

results are presented in Figure 1A and 1B.

The difference between the three catalysts was clear both at low residence time
and at full conversion of 4-propylphenol. At low residence time, the values of
conversion and the selectivity to propylbenzene provided by the niobia catalyst
exceeded the values obtained with the titania catalyst, which in turn outperformed
the zirconia catalyst considerably. At full conversion, it was also observed that the
niobia catalyst was able to suppress the formation of propylcyclohexane to a much

greater extent compared to the other two catalysts.
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The higher selectivity of Pt/Nb20Os - compared to Pt/TiO2 and Pt/ZrO2 - for the
formation of propylbenzene at various conversion levels of 4-propylphenol is

shown in Figure 2.

INFLUENCE OF REACTION PRESSURE
The impact of reaction pressure was evaluated by conducting the HDO of 4-

propylphenol at 20, 30, and 80bar with temperature at 350°C and all other
conditions being equal. The reactions were allowed to attain full conversion. The
results are shown Iin Figure 3. Note that only pure H2 was used to pressurize the

reactor, hence a higher pressure implies a higher amount of Ha.

At full conversion, the yield to propylbenzene fell with respect to pressure, whilst
the yield to propylcyclohexane increased. The fully hydrogenated product was

favoured with more hydrogen available.
INFLUENCE OF REACTION TEMPERATURE

The experimental study of the effects of reaction temperature required that the VLE
were taken into account. Because of the small amount of reactant used, the
possibility of evaporation at higher temperatures was a serious concern. For this
reason, a series of VLE calculations were performed for the targeted temperatures
and at different pressure. As Input values the amounts of Hz, alkylphenol, and
solvent that were typically fed to the reactor at the beginning of an experiment were

used.
INFLUENCE OF POSITION OF PROPYLSUBSTITUENT

The selectivity for propylbenzene was compared for HDO of propylphenol with the
propyl group substituted at para- (4-propylphenol), meta- (3-propylphenol) and
ortho- (2-propylphenol) positions relative to the hydroxyl group (Figure 7).

The selectivity for the formation of propylbenzene was similar at intermediate
conversion of the para-, meta- and ortho- isomers of propylphenol. At nearly full
conversion, the meta- and ortho- isomers did not achieve as high selectivity for

propylbenzene as the para isomer.

The differences in conversion and product selectivities obtained with the three
propylphenol isomers do not appear to be caused by thermodynamic limitations,

as no differences among isomers were obtained in thermodynamic calculations.
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UNIQUAC calculations (by Aspens) of vapour-liquid-equilibrium (VLE) were
carried out to estimate the temperature dependence of percentage of mass of H>
and alkylphenol in the liquid phase at 20 - 80bar (Figure 4). Note that the mass
percentage of component in the liquid phase represents the distribution of a given

component among the phases, not the compositions of the liquid phase.

According to these calculations about 87% of the alkylphenol should be in the liquid
phase in equilibrium at the initial state at 20bar and 350°C. On the other handg, If
the temperature increases from 350°C to 375°C, while keeping the pressure at
20bar, the percentage of alkylphenol in the liquid phase should drop to 77%.
Hence, it appeared that the possibility of evaporating the reactant was significant.
However, in the combination of 30bar with 375°C, about 88% of the alkylphenol
should be In the liquid phase. This distribution of alkylphenol among the phases is
comparable to the distribution that can be expected at 20bar and 350°C. Therefore,
it was considered appropriate to use a pressure of 30bar to test a temperature of
375°C (see Figure 5).

For the two reaction temperature-pressure-pairs selected based on the VLE

calculation similar conversion and product selectivities were achieved.

The VLE at the end of the experiments was also calculated. For this purpose, the
guantiflied amounts of the components after the experiments were used as input
values. The calculations were performed with the reaction conditions of 350°C and
20bar. Thus, the results approximately represent the system at the end of the
reaction (i.e. immediately before cooling the reactor in the autoclave experiment).
The result for the mass percentage of H2 and components in the liquid phase Is

shown in Figure ©.

Although the amount of alkylphenol decreased as it was consumed In the reaction,
the VLE calculation predicted that its distribution between the phases remained
roughly constant, with 80% to 87% Iin the liquid phase. On the other hand, the
products, after being formed, should have evaporated to a greater extent than the
reactant. Only about 60% of each product should have remained in the liquid
phase. Furthermore, propylbenzene should have volatilized to a slightly greater

extent than propylcyclohexane.

Materials
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The reagents used in HDO experiments were purchased from Sigma-Aldrich and
used without further purification, including 2-propylphenol (98%), 3-propylphenol
(provided without confirmation of identity or purity) 4-propylphenol (297%),
tetradecane (299%), and ethyl acetate (99.8%). Of the reagents used for analytical
calibrations, some were purchased from Sigma-Aldrich, including propylbenzene
(98%), propylcyclohexane (99%), 4-propylcyclohexanone (299.0%), and 2-
isopropylphenol (98%). 4-Propylcyclohexanol (>98.0%, cis- and trans- mixture)
was also used as analytical standard and was purchased from Tokyo Chemical

Industry. The analytical standards were used without further purification.

The catalyst supports were monoclinic ZrOz, anatase TiO2 and Nb20Os. The metal

precursor was Pt(IV)nitrate solution (15% w/w Pt).
Preparation of Catalysts

The catalysts tested in this phase were 3% Pt/Nb20s, 3% Pt/TiO2 and 3% Pt/ZrOo.
They were prepared by incipient wetness impregnation. Prior to impregnation, the
niobia support had been pressed, ground to 0.25-0.42mm, and calcined at 500°C
for 7 h. The TiO2 was ground to the same size and calcined at 500°C for 7h. The
zirconia support was ground to the same size range as the niobia and calcined at
000°C for 10h. After impregnation and drying (oven, 100°C), the Pt catalysts were
thermally treated at 350°C. In all cases, calcination proceeded for 3h at 100mL/min

synthetic air flow.

The catalysts were reduced in Hz atmosphere at 20bar and 353°C (or 400°C when
the reaction temperature was 375°C) for 60min in the same batch reactor as the
HDO experiments, a 100 mL Parr, described below. In all cases, the reactor was

stirred at 200rpm.
HDO Experiments

The reactor used for the experiments was a 100 mL batch by Parr, described

below.

After catalyst reduction, the reactor was heated up to reaction temperature. Once
the desired temperature was attained, 580mg reactant, dissolved In 2/7mL of
tetradecane, was injected into the reaction chamber from the reactor's feed vessel

with the aid of hydrogen. The reactor was pressurized with pure hydrogen, and the
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reaction was allowed to proceed for a given time. Afterwards, the reactor was
cooled to room temperature. The reaction time was counted from the moment of
Injection of the reaction mixture to the start of the cooling. When the reactor was
cool, the gas phase was sampled, the reactor was vented, and the product and the

5 catalyst were recovered.
Analysis of Products

The components in the gas phase were identified and quantified by a permanent
gas GC analyzer. The components in the organic phases, including the ethyl
acetate extracts and filtrates, were identified by GC-MS and quantified by a GC

10 method calibrated with standards. The internal standard was 2-isopropylphenol.
The GC instruments were equipped with Zebron ZB-wax Plus columns (60m X
0.25mm x 0.25um).

Karl-Fischer titration was performed with some of the organic products In

tetradecane.
15 Calculations and computer simulations

In the following sections, the results are presented as conversions, selectivities,
and yields. These values were calculated from the concentrations of the reactant

and the products obtained from GC analysis. Conversion (X) Is defined as:

X(%) = 224 (1.1)

nAo

20 Where na,0is the molar amount of reactant at the beginning of the experiment and

naris the molar amount of reactant at the end. Selectivity (S) Is defined as:

S(%) = —= (1.2)

NAO™TAf
Where np is the molar amount of product obtained in the experiment.

Vapor-liguid equilibrium (VLE) calculations were performed in Aspen Properties®.
25 Para-tert-butylphenol was used as a surrogate of 4-propylphenol, which Is
unavailable In Aspen’'s database. Para-tert-butylphenol had the closest boiling
point and molecular mass to 4-propylphenol, compared to all other available
phenols. The inputs were either the amounts of Hy, tetradecane, 4-propylphenol,
propylbenzene, and propylcyclohexane that were fed to the reactor before the

30 experiments or the amounts that were quantified afterwards. The equations of
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state were solved for a series of temperatures and pressures. Different solution
methods were tested and they agreed closely on the results for the alkylphenol
and solvent, but they varied widely with respect to Hz solublility in tetradecane. The
UNIQUAC method gave the order of magnitude®® and trend*® of H: solubility
expected from empirical studies reported In the literature. Aspen provided the
mass fraction of the whole vapor phase (Y) and the mass fractions of each
component in the vapor phase (yi) and in the liquid phase (wi). The percentages of

the mass of each component in the liquid phase were calculated as:

w; (1-Y) X;im;

mj

(1.3)

m%;,; =

where mi is the total mass of component /.

In order to calculate the chemical equilibria of the HDO reactions, the ‘Equilibrium
Compositions’ module of HSC Chemistry software by Outotec Research Oy° was

used. The simulations were set up based on the following reactions:
CoH,,O+ H, - CoH,, + H,O0 (1.4)

Two phases were defined, gas and liquid. For each phase, the Initial amounts of
the components were Inputted, H2, 4-propylphenol, propylbenzene,
propylcyclohexane, and water. The software allows defining H2 only for the gas
phase; hence, the total mass of H: typically added at the beginning of the
experiments at 20bar was inputted. The amount of 4-propylphenol in each phase
was introduced according to the results of the VLE simulations. The initial amounts
of all other components were zero. The solvent, tetradecane, was not included, as

the software assumes all the species to be reactive.

4-Propylphenol was not available in HSC Chemistry's database. Therefore, the
required thermodynamic properties, enthalpy and entropy of formation, as well as
the heat capacities at relevant temperatures, were calculated with group
contribution methods. The methods by Joback, Benson, and Yoneda were applied
as described in Reid et al.’s textbook.*' The boiling and fusion points and the
critical temperature were taken from NIST's online database* and Céondo
GmbH.*3
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Different non-binding example aspects and embodiments of the present invention
have been illustrated in the foregoing. The embodiments are used merely to
explain selected aspects or steps that may be utilized when implementing the
present invention. Some embodiments may be presented herein only with a
reference to a certain aspect of the invention. It should be appreciated that the
embodiments may apply to other aspects of the present invention, as well.
Consequently, any appropriate combination of the embodiments and the aspects
may be formed. Any combination of aspects or embodiments as disclosed herein
may also be made without at least one non-essential feature disclosed in an aspect

or embodiment.
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Claims
1. A process for removing hydroxyl groups from phenolic compounds, comprising:

Providing In a first reactor at least one hydrodeoxygenation catalyst

comprising sulphided NiMo, CoMo or NiW;
Providing a feedstock comprising phenolic compounds;

Carrying out hydrodeoxygenation by contacting the feedstock with the

hydrodeoxygenation catalyst to obtain a phenolic hydrocarbon feedstock;

Providing In a second reactor at least one direct deoxygenation catalyst

comprising Pt/Nb2Os;

Forming a mixture by feeding into the second reactor the phenolic

hydrocarbon feedstock and hydrogen gas;

Carrying out direct deoxygenation to the phenolic hydrocarbon feedstock to
obtain hydrocarbons, wherein at least 50mol-% of the hydroxyl groups
originally bonded to phenolic compounds are removed while the aromaticity

of the hydrocarbon Is preserved.

2. The process of claim 1, wherein the hydrodeoxygenation iIs carried out at a
temperature In the range 270-380°C, at a hydrogen pressure in the range 30-
100bar and WHSV of 2-0.5 1/h.

3. The process of claim 1 or 2, wherein the direct deoxygenation is carried out at
a temperature in the range 340-450°C, at a hydrogen pressure in the range 15-
50bar, preferably at 350°C and 20bar.

4. The process of claims 1-3, wherein the phenolic hydrocarbon feedstock

comprises alkylphenols.

5. The process of claim 4, wherein alkylphenols are converted to alkylbenzenes

during direct deoxygenation.

6. The process of claims 1-5, wherein the phenolic hydrocarbon feedstock is

contacted with the catalyst in liquid phase.

/. The process of claims 1-0, wherein the feedstock is obtained from lignocellulosic

biomass.
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3. The process of claims 1-7, wherein no water or hydrogen sulfide i1s added in the

reactor during the method.

9. A catalytic conversion system comprising a first reactor and a second reactor

wherein:
The first reactor Is In fluid communication with the second reactor:;
The first reactor comprises:

At least one catalyst bed comprising sulphided NiMo, CoMo, NIiW or a

combination thereof:;

Temperature control means for monitoring and adqjusting temperature

iINnside the first reactor;
At least one first inlet for feeding phenolic compounds into the first reactor;
At least one second inlet for feeding hydrogen into the first reactor;

At least one first outlet for transferring the resulting phenolic hydrocarbon

feedstock outside the first reactor; and
The second reactor comprises:
at least one direct deoxygenation catalyst bed comprising Pt/Nb2Os;

temperature control means for monitoring and adjusting temperature

INside the second reactor

At least one third inlet for feeding phenolic hydrocarbons into the second

reactor;
At least one fourth inlet for feeding hydrogen into the second reactor;

At least one second outlet for transferring the resulting feedstock

comprising aromatic compounds outside the second reactor; and

Wherein the second reactor optionally comprises at least one recycle

feed line from the second outlet to the third inlet.



