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CATALYSTS FOR HYDRODEOXYGENATION REACTIONS

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of priority of Singapore-Patent Application No. 102014010858, filed
March 28, 2014, the-contents of which being hereby. incorporated by reference in its entirety for all ‘

purposes.

TECHNICAL FIELD

The invention relates generally to catalysts for hydrodeoxygenation reactions, and to methods for

preparing. the catalysts.

BACKGROUND

Due to the depletion of fossil fuels énd rising concern over environmental protection, biomass has
attracted more attention as an alfernative energy source and cﬁemical feedstock. There are various
processes proposed by which biofuels and biochemicals can be obtained, such as direct conversion via
pyrolyéis, high-pressure liquefaction and solvolysis or indirect synthesis way via gasification followed by
Fischer—Troﬁsch synthesis. Bio-oil, derived froﬁ .fast pyrolysis of biomrass, has been reported as a
- promising substitute fuel dué to the lower cost compared to other biofuels. However, crude bio-oil is not
suitable as a transportation fuel owing to its undesired characteristics such aé thermal instability
(increasing viscosity upon prolongedx storage), high acidity and poor'heating value. Thus, it is necessary
to upgrade bio-oils to improve their duality to meet the reqdirements of conventional 'interhal combustion

engines.

A common upgrading technology of pyrolysis oil is catalytic hydrodeoxygenation (HDO) to achieve
partial or total removal of these oxygenated functionalities. Several HDO catalysts have: been reported

or patented to-date. Generally, HDO catalyst consists of a solid support with high porosity, for instance
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alumina, silica, titania, or active carbon, and one or more active elements in the form of metal, oxide, or
sulphide,i‘mainly including t(ansition metals. Normally, high hydrogen pressure in the range of 60 t07250
bar is required to reach a reasonable deoxygenation levels and prévent coke deposition over the
catalyst surface. The high cost to handle this high pressure both in capital and in operating costs

partially makes the process uneconomical.

Therefore, there remains a need to provide for alternative catalysts for hydrodeoxygenation reactions to

overcome or at least alleviate the above problems.

SUMMARY

Thé irn-\./ehtors have surprisingly found that by modifying solid supporfs with noble metals as active
phaée, the thus modified catalysts demonstrate high activity for hydrodeoxygenation reéction of pyrolytic
lignin under low severity conditions; high selectivity towards aromatic products; decrease in hyd;'ogen

consumption and operation cost; production of high value products; and improved stability.

Thus, .in- a first aspect of the invention, there is provided a method for preparing a catalyst, the method
including r.nixing a suspensionrof a solid support and a solution of a transition mefal precursor t-o' form a
surface modified solid support. The method further includes drying the surface modified solid support
and adding a solution of a noble metal salt to the dry surface modified solid support to therebvy form the.

catalyst.

Use of the catalyst thus formed by the fifst aspect in hydrodeoxygenation reactions of oxygen containing

“chemicals, particularly biomass-derived pyrolysis oils, is also disclosed herein.
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BRIEF DESCR_IPTION OF THE DRAWINGS

In the drawings, like reference éharacters gen‘erélly fefer to the same parts throughout the different
views. The drawings are not necessarily drawn to scale, emphasis instead generally being pla_ced upon
" illustrating the principles of variou;s, embodiments. In the following description, various embodiments of

the invention are described with reference to the following drawings.

Fig. 1 shows a diagrafh of present grafting method to prepare a transition metal modified catalyst

support.
Fig. 2 shows product selectivity of guaiacol HDO over a series of platinum catalysts.
Fig. 3 shows product selectivity of guaiacol HDO over a series of platinum versus time on stream.

DESCRIPTION

The fdllowing detailed description refers to the accorﬁpanying drawings that show, by way of illustration,
specific d;atails and embodiments in, which the invention may be practised. These embodiments are
described in sufficient detail to enable those skilled in the art to practise the invention. Other
embodiments may be u’;ilized and changes may. be made Without deparﬁng frbm the scope. of the
invention. The various embodiments are not necessarily mutually exclusive, as some embodiments can

be combined with one or more other embodime'nvt's to form new embodiments.

Modified noble metal catalysts are disclosed herein. Such modified catalysts are useful, for example, in
hydrodeoxygenation reactions of oxygen containing chemicals, particularly biomass-derived pyrolysis

oils.
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In accordance with a first aspect of present disclosure, a method for preparing the modified noble metal
catalyst is disclosed herein. The modified noble metal catalyst generally includes a solid support and a
noble metal as active phase, and one transition metal dopant as a promoter to improve its activity and

stability.

Thus, the preparation method includes mixing a suspension of a solid support and a solution of a
transition metal precursor to form a surface modified solid support. The method further includes drying
the surface modified solid support and adding a solution of a noble metal salt to the dry surface modified

solid support to thereby form the catalyst.

The solid support employed herein, for example in bio-oil HDO processes‘, is desirable to have suitable
porosity, acid resistance, and hydrothermal stability, according to the specific reaction environment. In
various embodiments, the solid support may include active carbon, titania, zirconia, ceria, modified

silica-based materials, or a mixture thereof.

In various embodiments, thg transition metal precursor may include a transition metal selected from the
group consisting of vanadium, iron, cobalt, nickel and zirconium. Preferably, the transition metal is

zirconium or vanadium.

In variou‘s' embbdiménts; the step of mixihg the suspension of the solid support and the solution of the
transition ‘metal'precu'rsgr nﬁay fuvr'ther include réf_luxing the mixthe of the suspension of the solid support
and the solution of the transition metal precursor. Preferably, prior to the refluxing of the mixture, the
respective.su'spension of the solid support and the solution of the transition. metal precursor are

separately treated, for eXampIe by refluxing in toluene, to remove any absorbed water.
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Thereafter, the treated respective suspension of the solid support and the solution of the transition metal
'précursor are mixed and refluxed at suitable temperatures and for a periqd of time. For example, the
réﬂu* température may be betweeﬁ 373 Kand 473 K, such as ,ébbut 373 K, abouf 378 K, about 383 K,
about 388 K, about 393 K, about 398 K, about 403 K, about 408 K, abbut 415 K, about 418 K, about 423
K, about 428 K, about 433 K, about 438 K, about 443 K, about. 448 K, about 453 K, about 458 K, about
463 K, about 468‘ K,ror about 473 K. The reflux vp.eriod may last between 2 and 10 h, such as about 2 h,.

about 3 h, about 4 h, about 5 h, about 6 h, about 7 h, about 8 h, about 9 h, or about 10 h.

In present context, the mixing of the suspension of the solid support and the solution of the transition
metal precursor is such that the transition metal is grafted to the surface of the solid support. In other
words, the surface modified solid support refers to the transition metal grafted to a surface of the solid

support.
After forming the surface modified solid support, the solid support is dried, for example, by calcining.

In various embodiments, a noble metal is loaded or introduced into the modified solid support by adding
a solution of a noble metal salt to the dry surface modified solid support. For example, the solution of the
noble metal salt may be added via an-impregnation method, such as an incipient wetneés impregnation

‘method.

In preferred embodiments, the noble metal salt may include é platinum salt. The loading of platinum may
be in the range of 0.1 vto_10% wt. The promoter, i.e. the transition metal, is desired to have strong

interaction with platinum to improve its activity a‘nd stability during the hydrodeoxygenation process.

In-various embodiments, the preparation method may further include calcining the catalyst after

formation, at varying calcination temperatures and different periods. For example, the calcining step may
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be carried out at between 723 K and 873 K, such as about 723 K, abput 728 K, about 733 K, about 738
K, about 743 K, about 748 K, apout 753 K, about 758 K, about 763 K, about 768 K, about 773 K, about
778 K, about 783 K, about 788 K, rabout 793 K, about 798 K, about 803 K, ébomit 805 K, aboLJt 813 K,
about 818 K, about 823 K, about 828 K, about 833 K, about 838 K, about 843 K, about 848 K, ébout 853
K, about 858 K, about 86‘3‘ K, about 868 K, or about 873 K. The catalyst may be calcined for a period of

3to10h,suchasébout3h,4h,5h,6h,7h,8h,9h,or10h.

As mentioned above, the modified catalyst thus formed by present method is useful in

hydrodeoxygenat}on reactions of oxygen containing chemicals, particularly biomass-derived pyrolysis

oils.

In order that the invention may be readily understood and put into practicval effect, particular

embodiments will now be described ‘by way of the following non-limiting example.

EXAMPLES

A series» of transitiqn metal doped or modified SBA-15 supported Pt catélysts are described herein as
non-limiting exbamples. First, transition metal modified SBA-15 ("M-SBA—15”,) were prepared by grafting |
methodras illustrated in Fig. 1. Homemade SBA-15 and transition metal precursor (V, Fe, Co, Ni and Zr
acetylaéetona;e) >were réﬂuxed separately in toluene to remove any absorbed water, followed by
refluxing the miXtLlfe of those two solutions at 393K for 3 h. After filtration and Washing', the syn’thesize.d‘
M-SBA-15 samples were calcined and ready fbr the loading of platinum. Pt cétalysts supported on M-
SBA-15 catalysts were prepared using incipieﬁt wetness impregnation method. Afier impregnatic;n, the

samples were dried in air and calcined at 813 K for 5 h.

Catalytic activity measurements of the HDO of guaiacol as model reaction for HDO of bio-oil, were

carried out in a fixed-bed stainless steel reactor at 673 K under a total pressure of 40 bar. Prior to the
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reaction, the catalyst was in situ pre-treated under flowing H, at 673 K for 1 h. After that, the guaiacol
was injected on the top of the catalyst bed ueing a I:iPLC pump. In_aII experiments, the»contact time,
defined as the ratio of catalyst weight to feed flow rate (W/F), vand the molar ratio of H, to feed were kept
at 0.067 h and 20:1, respectively. The product stream was paesed through a condenser to condense all
|iduid_ products. Then, the Iiduid products were collected in a sampling cylinder after accumulating the
liquid for each hour of time on stream. The pro.ducts were analyzed using an Agilent 6890 GC. AGC/IMS

(Agilent 6890) was also used for product identification.

The product selectivity of guaiacol HDO over a series of platinum catalysts is shown in Fig. 2. All the
data are based on the first hour reaction. The products are categorized into three groups:. oxygen
containing compounds, hydrocarbons and unkhown. Hydrocarbons are 100% oxygen removal products
including benzene, toluene, cyclohexene, and cyclohexane. It can be seen that aII the modified platinum
catal;ists showed over 70% selectivity towards hydrocarbons for guaiacol HDO under lower seyerity, 40 |
bar of total pressure instead of high pressure of 60~250 bar, and higher space velocity, 'i/vith a value of
15 g/geat D compared to traditional values in the range of 0.1~2 g/g.t h. Without the transition metal
promotion, Pt/SBA-15 catalyst showed about 88% selectivity towards hydrocarbons, which is a quite |
high level of deoxygenation. However, such high deoxygenation deactivate quickly over time. After 5
hours of reaction, it dropped to 75%, which is about 15% loss during 5 hours reaction, as shown in Fig.
- 3. When ftransition metavl promoters are introduced, V and Zr modified or doped Pt/SBA-15 catalysts
show positive»effect on the oxygen' removal which has higher amoiJnt of hydrocarbons and less oxygen-
containing 'compt')unds, while Fe, Co and Ni modified or doped P/SBA-15 showed poorer effect. V and
Zr modifi,ed or doped P/SBA-15 catalysts showed the best performance in terms of oxygen removal.

Therefore, the stability of Pt/V-SBA-15 and Pt/Zr-SBA-15 are further tested as shown in Fig. 3.

Without the transition metal promoter, the selectivity towards total oxygen removal products (categorized

as hydrocarbons in this disclosure) dropped 15% over 5 hour’s reaction. After modification with V, the
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stability of Pt/V-SBA-15 catalyst improved significantly. There was less than 2% loss of selectivity
towards hydrocarbons after 5 hours, and the total deoxygenation level is over 95%. For the Zr-modified
Pt/Zr-SBA-15 cata‘lyst,‘ the deactivation rate fs also improved compared to the one with no promoter; but
it is less stable than a V-modified catalyét. In summary, both V- and Zr-modified Pt catalysts exhibited

much higher stability against deactivation for the guiacol HDO at 673 K under a totalfpreSSure of 40 bar.

In conclusion, novel platinum catalyst supported on vanadium and zirconium modified SBA-15 show
superior catalytic pefformance on the guaiacol hydrodeoXygenation reaction. Both activity and stability of
platinum catalyst are improved significahtly after modification by vanadium and zirconium, which gives
, Pt/V-SBA-15‘and Pt/Zr-SBA-15 the highest potential for industry application. The disclosure provides.a
good catalyst sYstém for the selectfve removal of oxygenated functional groups. to éromatic or
naphthenié hydrocarbons, which can be used as high value chemicals. The high seleﬁtivity and stébility
of present modified catalysts vhelp to improve the economic feasibility of bio-oil ubgrading technology

significantly.

By "comprising" it is meant including, but not limited to, whatever follows the word "comprising". Thus,
use of the term "comprising" indicates that the listed elements are required or mandatory, but that other

elements are optional and may or may not be present.

By "consisting of" is meant including, and limited to, whatever fo"_ows the phrase "consisting of". Thus,
the phrase "consisting of” indiéates that the listed elements are required or mandatory, and that no other

elements may be present.’

The inventions illustratively described herein may suitably be practiced in the absence of any element or .
elements, limitation or limitations, not specifically disclosed herein. Thus, for example, the terms

"comprising”, "including”, "containing", etc. shall be read expansively and without limitation. Additionally,
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the terms and expressions employed herein have been used as terms of description and not of
Iimit_ation, end there.is no intention in the use ofvsuch. terms and express.ions of excluding any
equivalents of the features ehovrn and 'd‘escribed or portions thereof, butvit is recognized that:various
modifications are possible within the scope of the invention claimed. Thus, it should be understood that
although the present invention has been specifically disclosed by preferred embodiments and optional
features, modificatiorr and variation of the inventions embodied therein herein,diselosed may be resorted
to by those skilled in the art, and that such modifications and variations are considered to be within the

scope of this invention.

By "about" in relation to a given numerical value, such as for temperature and period of time, it is meant

to include numerical values within 10% of the specified value.

The invention has been described broadly and generiéally herein. Each of the narrower species and
sub-generic groupings falling within the generic disclosure also form part of the invention: This includes
the generic description of the invention with a proviso or negative limitation removing any subject matter

from the genus, regardlees of whether or not the excised material is specifically recited herein.

Other embodiments are within the following claims and non- limiting examples. In addition, where
features or aspects of the invention are described in.terms of Markush groups, those skilled in the art will
recognize that the invention is elso thereby described in'terms of any individual member or subgroup of

members of the Markush group.
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CLAIMS
' 17». , Method for preparing a catalyst, comprising:

.mixing a suspension of a solid support and a solution of a transition metal precursor to form a
surface modified solid support;

drying the surface modified solid support; and

adding a solution of a noble metal salt to the dry surface modifiéd solid support to thereby form
the catalyst.
2. Method according to claim 1, wherein said mixing further comprising refluxing the mixture of the
suspension of the solid support and the solution of the transition .metaI precursor,
3.  Method according to claim 1 or 2, wherein said surface modified solid support cdmprises the
t?anéition metal grafted to a surface of the solid support.

4. Method according to-any one of claims 1-3, wherein said drying comprises calcining.

5. _ Method according to 'ahy one of claims 1-4, wherein said adding comprises an impregnation
method. | |
6. Met_hod according to claim 5, wherein said adding is an incipient wetneés impregnation method.
7. .Method according to any one of claims 1-6, further comprising calcining the catalyst after
formation.
8. Method according to claim 7, wherein said calcining comprises calcining at between 723 K and
873K
9. Mefhod éccording to claim 8, wherein said calcini-ng compr.ises‘calcining'va.tabout 813 K.

10. Method according to any one of claims 7-9, wherein calcining comprises Calcihing for a period of 3 7

to 10 hours. -

11. Method éccording to claim 10, wherein caICinihg comprises calcining for about 5 hours.

12. Method accdrding to any one of claims 1-11, wherein the transition metal precursor compfises a
transition metal selected from the group COnsisting of vanadium, iron, cobalt, nickel and zirconium. .

13. Method according to claim 12, wherein the transition metal is zirconium or vanadium.

10
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14. Method according to any one of claims 1-13, wherein the noble metal salt comprises a platinum
salt.

15. Method according to any one of claims 1-14, wherein the solid support is selected from the group
consisting of ractivated carbon, titania, zirconia, ceria, and modified silica-based materials.

16. Catalyst obtained by a method according to any one of claims 1-1 5 .

17. Use | of a catalyst obtained by a method according to any one of claims 1-15 in
hydrodeoxygenation reactions of oxygen containing chemicals, particularly biomass-derived pyrolysis

oils.

11



PCT/SG2015/000102

WO 2015/147755

*OIN-Q-Joddng

I "Old

/N

Uoneul[es

-U(9e3e), J\-oe9e---HO-Hoddng

N

Buipuog usBoipAH

Bunyels

U(oe2), JA
+

Ho-Moddng

1/3



PCT/SG2015/000102

WO 2015/147755

¢ 9ld

Sl-¥8s-12/1d GL-VES-INAd GL-¥E8S8-00/1d GlL-¥8S-3d/ld SCl-vES-Alld SL-vESid

-0
- 02

(7))

-0 @

L)

O

_ fam

<,

o=l

L
- 09
- 08
001

umouun [ (1)
uoqlesolpAiH EEE (1)

spunoduwiod Buiurejuod usbAxoO [ (1)

2/3



PCT/SG2015/000102

WO 2015/147755

€ 9Old
(inoy) weans uo awil
g %4 € c }

i Iy i 3 i g i g i [F N i N o
P S IE——
\\\0\\\\0 _
o — 02
— O
umouyun —g— | 0%
SUOQIB00IPAH —B—
spunodluoo Bujuiejuod usbAxQO —e— I
— 08
¢l-vgs-12id
R g Sl-vas-And A
e — T — clL-vasAd|
F 00}

Ayiaos)eg

3/3



INTERNATIONAL SEARCH REPORT International application No.
PCT/SG2015/000102

A. CLASSIFICATION OF SUBJECT MATTER

BO1J 23/42 (2006.01) B01J 23/648 (2006.01) B0O1J 37/02 (2006.01} BO1J 23/56 (2006.01}) B01J 23/68 (2006.01)
BO1J 23/89 (2006.01) C€07C 1/20(2006.01)

According to International Patent Classification (IPC) or to both national classification and TPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPODOC and WPL/IPC/CPC C07C OR B0O1J AND Keywords (HYDRODEOXYGENATION OR HDOQ) and Keywords ((impregnatt+ w solid+),
(noble or platinum or Pt) 2w metal)).Cluster - SPATEN-English full text databases EPODOC, WPIAP, TXPEA, TXPEB, TXPEC, TXPEE,
TXPEF, TXPEH, TXPEI, TXPEP, TXTPEPEA, TXPES, TXPUSEOA, TXPUSELA, TXPUSEA, TXPUSEB, TXPWOEA and Keywords
((impregnat+ w solid+), (noble or platinum or Pt) 2w metal)) & like terms.

Espacenet and keywords (hydrodeoxygenation AND B01J37).
GoogleScholar and keywords (supported transition noble "HDO catalyst" calcining).

Applicant(s)/Inventor(s) name search in AusPat:
Search query: Applicant name = "AGENCY FOR SCIENCE, TECHNOLOGY AND RESEARCH" AND Inventor name = "Wang, Chuan"

0 results found and viewed

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.

Documents are listed in the continuation of Box C

Further documents are listed in the continuation of Box C See patent family annex
* Special categories of cited documents:
"A"  document defining the general state of the art which isnot ~ "T"  later document published after the international filing date or priority date and not in
considered to be of particular relevance conflict with the application but cited to understand the principle or theory
underlying the invention
"E" earlier application or patent but published on or after the "X"  document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken
alone
"L"  document which may throw doubts on priority claim(s) or ~ "Y"  document of particular relevance; the claimed invention cannot be considered to
which 1s cited to establish the publication date of another involve an inventive step when the document is combined with one or more other
citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art
"O"  document referring to an oral disclosure, use, exhibition . .
or other means & document member of the same patent family
"p" document published prior to the international filing date
but later than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
14 May 2015 14 May 2015
Name and mailing address of the ISA/AU Authorised officer
AUSTRALIAN PATENT OFFICE John Deuis
PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE
Email address: pet@ipaustralia.gov.au (ISO 9001 Quality Certified Service)
Telephone No. 0262832146

Form PCT/ISA/210 (fifth sheet) (July 2009)




International application No.

PCT/SG2015/000102

INTERNATIONAL SEARCH REPORT
DOCUMENTS CONSIDERED TO BE RELEVANT

C (Continuation).
Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
US 2014/0031546 A1 (Shen et al.) 30 January 2014
X See the abstract; para. [0021], [0032]-[0038]; and claims 1-21. 1-15, 16, 17
WO 2013/191661 A1 (AGENCY FOR SCIENCE, TECHNOLOGY AND
RESEARCH) 27 December 2013
A See the abstract; and para. [0049]-[0051]. 1,16, 17

Form PCT/ISA/210 (fifth sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/SG2015/000102

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date
US 2014/0031546 A1l 30 January 2014 CN 104428060 A 18 Mar 2015
WO 2014018591 A1l 30 Jan 2014
WO 2013/191661 Al 27 December 2013
End of Annex

Due to data integration issues this family listing may not include 10 digit

Australian applications filed since May 2001.

Form PCT/ISA/210 (Family Annex)(July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - claims
	Page 12 - claims
	Page 13 - drawings
	Page 14 - drawings
	Page 15 - drawings
	Page 16 - wo-search-report
	Page 17 - wo-search-report
	Page 18 - wo-search-report

