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A Metal-Doped Hydroxyapatite Catalyst:
Technical Field

The preéent inQention genefally’ relates to the use of a
metal-doped hydroxyapatite _catalyst for the conversion of
alcohol to aldehyde. The presént invention also relates to a
method of converting alcohols to aldehydes using such a metal-

doped hydroxyapatite catalyst..
Background

Acetaldehyde is an important precﬁrsor for the industrial
production of high wvalue chemicals such as pyridine derivatives,
pentaerythritol, crotanaldehyde, acetic acid and vinyl acetate.
Although acetaldehyde can. be ‘prbduced on, an industrial scale
from various routes such as oxidation of acetylene or ethylene
via the Wacker process, hydration Qf acetylene, and vapour phase
pértial' oxidation of bﬁtane, these processes’ all utilize an
unstable or toxic‘starting material, often under high pressure,
making them dangerous and costly for 'large¥scale acetaldehyde
production. o ‘

An alternative starting material for the production of

acetaldehyde 1is ethanol. Ethanol is an attractive sourée for

'production‘of_high‘value chemicalé because it can be  produced

economically and with low environmental'impact viavfefméntation
processes from renewable sources such as biémass feed stocks
like corn, sugarcane and cellulose. 1In particular, second
generation feed stocks such as lignocelluloses, wéod chips, crop
residues and tall graéses do not 'compete,'with -plant-based
sources ‘of food, making them cost-effective alternatives for

1
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renewable'\prcduction »of ‘ethanol. Production of high value
chemicals from ethanol 1is therefore currentlyv attracting
con51derable interest because of the volatlle prices of foss1l
fuel and concerns for the environment.

Reactions for converting ethanol to acetaldehyde include
gselective oxidation - of ethanol (Bg. (1)) and oxidative

dehydrogenation (Eg. (2)).
CH;CH,0H + ¥ O, => CH3;CHO + H,0 AHa95=242kJ/mol " Eqg. (1)
2CH3;CH,0H + % O, = 2CH3;CHO + Hy0 + H, ' Eq. (2)

However, -the high temperature conditions required for the

‘reactions described by Eq. (1) and Eq.(2) result in the

production of significant amounts of carbon oxide by-products,

described, for example, by Eq. (3), Eq.(4)‘andqu.(5).

CH3;CH,OH (g) + % O 2 2CO(g) + 2Hz(9g) AHz9g=14kJ/mol Eq. (4)

CH;CH,OH(g) + % O2(g) + 2H,0(g) > 2C0:(g) + 5H:(g) AHzee=14kJ/mol -

Eg. (5)

| The efficiency and selectivity of these reactions may'abe
improved by the use of.catalysts However, catalysts for this
reaction ‘are known to be ea511y deactlvated ‘require high
reaction temperatures above 300 °C and have tendencies to produce
various by-products which may decrease the vield ‘and efficiency:
of the reaction. In general, even‘in the presence of - catalysts,

routes to convert ethanol to acetaldehyde are 1limited by
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selectivity, and conversion rates of greater than 80 % are known
to result in the formation of mainly carbon oxide by-products.
Above 200 = °C, -the conversion selectivity to acetéldehyde
decreases as the reaction temperature increases. These draw-

backs make the conversion of ethanol to acetaldehyde on an

 industrial scale inefficient and costly.

Therefore, there 1s a need to provide an alternative

catalyst to carry out the selective and efficient conversion of

alcohols such as ethanol to aldehydes ‘such as acetaldehyde.

Further, there 1is a need for a method for sélectively ad
efficiently converting alcohols such as ethanol to aldehydes

such as acetaldehyde.

Summary

In a first aspect, there is provided a use of a metal-doped
hydroxyapatite as a catalyst for éonverting an alcohol to an
aldehYde. In an embodiment, the metal-doped hydroxyapatite may
be silver-doped  stoichiometric . hydroxyapatite. In other

embodiments, the alcohol may be ethanol and the aldehyde may be

acetaldehyde.

iAdvantageously, the disclosed use of the metal-doped

hydroxyapatite as a catalyst may facilitate the efficient.

conversion of an alcohol such as ethanol to an aldehyde such as

écetaldehyde. This may provide an alternate route fdr'producing
acetaldehyde, which is a precursor for highévalue chemicals such
as pyridine derivatives, pentaerythritol, crotanaldehyde, acetic
acid and 'vinylv acetate, from ethanol. Further advantageously,
the use of a metal-doped hydroxyapatite as a catalyst to convert

ethanol to acetaldehyde may circumvent the use of costly and
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dangerous conventional methods for producing acetaldehyde, which
may require the use of unstable or toxic starting materials.
Further advantageously, the disclosed use of a metal-doped

hydroxyapatite as a catalyst maY'inCreaSe the conversion, yield

and - selectivity of the conversion of ethanol to acetaldehyde;

The catalyst may facilitate a higher conversion rate from
ethanol to acetaldehyde, which may result in an increased amount
of ethanol being converted to acetaldehyde.. More advantageously,
increasing the selectivity of the reactioh.may result in higher
acetaldehyde yield due to less by-products being formed.

In an embodiment, the alcohol may be oxidised to the
aidehyde. Advantageously, the oxidation may be an oxidative
dehydrogenation reaction. Advantageously, the oxidative
dehydrogenation reaction of ethanol to acetaldehyde may result
in decreased formation of by-products, as compared to selective
oxidation of ethanol, increasing the yield and efficiency of the
reaction.

Even further advantageously, the disclosed use of a metal-
doped hydroxyapatite may have improved'stability‘as a catalyst.
That is,. the catalyst may remain active without becomihg

deactivated over a longer period.uof time, compared to

‘conventional catalysts for the same reaction.

Further advantageously, the disclosed use of a metal-doped

hydroxyapatite as a catalyst. for -converting ethanol to

‘acetaldehyde may depend on the.natufé of the active phaseiand

the properties of the support material of the catalyst. The
interplay of properties between the active phase such as silver

and the support material such as HAP may be crucial for the

~efficacy and stability of the catalyst in convérting_ethanol to

acetaldehyde. The selectivity of the conversion reaction may be

improved by isclation - -of the active. site or the reaction site of

4
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the cataiyst by_dispersimg it on a supportvsuch as HAP. In a
éecond. aspect, there is provided a methoa for converting an
alcOhol>to.an aldehyde, comprising‘the step of contacting the
alcohol with a metal-doped hydroxyapatite catalyst as mentioned
above. In bther embodiments,;the alcohol may be ethanol and the
aldehyde may be acetaldehyde. '

Advantageously, the disclosed method for converting an
alcohol such as ethanol to an aldehyde such as acetaldehyde may
allow the conversion to be performed atllbw temperatures below
300 °C.'Thié'may circumvent the problem faced by»conventional
methods of converting ethanol to acetaldehyde, where high
reaction temperatures are requiréd, consequently resulting in
the increased production of ‘by—products ‘and a decrease in
reaction yield and effiéiency. ,

‘Further advantageously,vthe‘disclosed method for convérting
ethanol to acetaldehyde may allow the converéion to be performed
at atmospheric pressure. This may circumvent the problem of

conventional methods where the reaction must be performed under

high pressures.

Definitions

The following words and terms used herein shall have the

meaning indicated:

The term “chVersion” refers to é chemical readtién process
in which chemical transformation takes plaée, that- is, the
product differs chemically from the starting materials.

The term “conversion” also refers to the percentage of
reactants converted to products inside a chemical reactor. It
describes, -as ratios, how much of a reactant has reactéd (X —

conversion, mnormally between =zero and one), how much of a
5
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desired product was formed (Y — yield, normally also between '
zero and one) and how much desired product was formed in ratio
to the wundesired product(s) (s — selectivity). The terms
“convert” and “converting” should be construed accordingly.

The term “active phase? refers to a catalytically active
component, being a part of a catalyst along with the other major
components such as a support or carrier. _

The termsﬂ“support” and “carrier” for the purpoSes of this
disclosure, may be used ihterchangeably to refer to a material,
usually a solid‘with a high surface area, to which a catalyst is
affixed onto or embedded within. The support may be inert or
participate in the catalytic.reactions.

The term “high temperature” for the purposes of this
disclosure, refers to reaction temperatures above 300 °C.

The term “low temperature” for the purposes of this
disclosure, refers to reaction temperatures below 300 °C »

. The word “substantially” does not exclude “completely” e;g.
a composition which is “substantially free” from Y may be
completely free from Y. Where necessary, the word
“substantially” may be omitted from the definition of the
invention. | _ |

Unless specified otherwise, the terms "comprising® and
"coﬁprise", and grammatical variants ﬁhéreof, are intended to
represent "open" or "inclusive" language such that they include
recited elements but also permit inclusion of additional;
unrecited elements.

As used herein, the terms "about" and “approximately”, in

the context of concentrations of components of the formulations,

or where applicable, typically means +/- 5% of the stated Value,,

more typically +/- 4% of the stated value, more typically +/- 3%
of the stated value, more typically,‘+/— 2% of the stated value,
' 6
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even more typically +/- 1% of the stated value, and even mofe
typically +/- 0.5% of the stated value.

Throughout this disclosure, certain embodiments may be
disciosed in a iange format. It should be understood that the
description: inv range format is merely for convenience and
brevity and should not be construed as an inflexible limitation
on the scope of the disclosed ranges. Accordingly, the
description of .a range should be considered to have specifically
disclosed all the possible ‘sub-ranges as well asﬂ individual
numerical values within that range. For example, déscription of
a range such as from 1 to 6 should be considered to have
specifically disclosed sub-ranges such as from 1 tob3, from 1 to
4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc., as
well as individual numbers within that range, for example, 1, 2,
3, 4, 5, and 6. This applies regardless of the breadth of the

range.
Disclosure of Optional Embodiments

Tllustrative, non-limiting embodiments'of a use of a metal-

‘doped hydroxyapatite - in accordance with the first aspect will

‘now be disclosed.

The metal—doped. hydroxyapatite may be used as a catalyst '
for converting an alcohol to an aldehyde. . _ i A

The dopant of the metal-doped hydrbxyépatitel maY'fbé
selected from.the group consisting of a metal, a metal oxide and
mixtures thereof. The metal, metal Qxide and mixtures thereof
may be referred to as the active phasé; The particle size of the
active catalytic ,phase: may ‘bé in ‘the nanoscaié. The active

catalytic phase may comprise less than 15 % of the total weight

.of the catalyst. A catalyst may lose its activity and/or

7
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selectivity if the active phase is subjected to any structural

or compositional changes, or is blocked by reaction products, or

if the active surface area is reduced as a result of sintering
or migration of the active phase particles.

The metai may be a‘transition metal. The transition metal
may be a group 3, group 4, group 5, group. 6, group 10, group 11

or group 12 transition metal. The transition metal may be

scandium (Sc), yttrium(Y), lutetium (Lu), lawrencium (Lr)},
titanium (Ti), =zirconium (Zf), hafnium (Hf), rutherfordium (Rf),
‘vanadium (V)) niobium (Nb), tantalum (Ta), dubnium (Db),
chromium (Cr), wmolybdenum (Mo), tungsten (W), seaborgium (8g),
nickel (Ni),'palladium (Pd), platinum (Pt), copper (Cu), silver
(Ag), gold (Aﬁ), zinc (2Zn), cadmium (Cd) or mercury (Hg). The

transition metal may be silver, gold, wvanadium or chromium. The
transition metal may be silver. The silver may have an oxidation
state of +1, +2, +3 or +4. The'gold may have an oxidation state
of +1t'+2, +3 or +5.‘The‘vanadium may have an oxidation state of
+1, +2, +3, +4 or +5. Chromium may have an oxidation'state-of
+i,=+2, +3, +4, +5 Or +6. - '

" The metal oxide may be an oxide of a transition metal. The

oxide of a transition metal may be an oxide of a group 3, group

4, group S,”groupAG, group 10, group 11 or group 12 transition

metal. The oxide of a transition metal may be an oxide of

scandium . (Sc), yttrium(Y), lutetium (Lu), lawrencium (Lr),
titanium (Ti), zirﬁdnium (Zr), hafnium (Hf), ruﬁherfordium'(Rf),
vanadium (V), niobium (Nb), tantalum (Ta), dubnium  (Db),
chromium (Cr),Am01deenum (Mo) , tungstenr(W), seaborgium (Sg),
nickel. (Ni), palladium (Pd), platinum (Pt), copper (Cu), silver
(Ag), gold (Au), zinc KZn), cadmium (Cd) or mercury (Hg). The

oxide of a transition metal may be an oxide of silver, gold,
vanadium or chromium. The oxide of a transition metal may be an

8
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~oxide of silver. The oxide. of silver may be silver(I) oxide

(Ag.0) , silver(II) oxide (AgO) or silver(I,III) oxide (Ag.04).
The oxide of gold may be gold(I) oXidev(AuﬂNj gold(II) oxide
(AuO) or gold(III) dxide (Auﬁh). The oxide of wvanadium may be
vanadium(II§ 6xide (VO), vanadium(III) oxide (V,03), vanadium(IV)
oxide (VO3) or vanadium (V) oxide (V,05). The oxide of chromium

may be chromium(II) oxide (CrO), chromium(III) oxide (Cr,0;).,

. chromium(IV) oxide (Cr0Os;), chromium  (VI) oxide (CrQ3), chromium

(VI) oxide peroxide (Cr0Os) or mixed valence species of chromium
bxides such as Cr3oﬁ, » |
Calcium hydroxyapatite (HAP; Ca;0(P04)s(OH),) 1is currently
attracting considerable interest for applications in
chromatography, bioengineering and catalysis. The utility of the
material may  be broadened by partial replacemént of ca®** iomns
with tranévalent metals. Consequently, HAP may be tailored as an
active solid catalyst or as a support or carrier with readily
tuneable surface properties. HAP may crystallize with hexagonal
P63;/m symmetry with ca®** arranged in two non-equivalent sites, I
and II, with the Ca(I) ions alignéd in columns while the Ca(II)
ions may be in équilateral triangles centred on a screw axis

3-

surrounded with the PO,’  tetrahedra. HAP may exhibit both acidic

‘and basic properties in its crystal lattice form, together with

important properties such as high adsorption capacity and ion-
exchange capabilities. ‘ ,

The “hydroxyapatite _mayf'bé' a stoichiometric hydroxyapatité
or a non-stoichiometric hydroxyapatite. The stoichiometric HAP
may -have a Ca/P molar ratio of 1.67. The non-stoichiometric HAP
may have a Ca/P molar ratio in the range of about 1.45 to about
1.70, about 1.45 to about 1.50, aboutvl.45 to‘about 1.55) about
1.45 to about 1.65, about 1.50 to about 1.55, about 1.50 to
about 1.60, about 1.50 to about 1.65, about 1.50 to about 1.70,

S
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about 1.55 to about 1.60, about 1.55 to about 1.65, about 1.55
to about 1.70, about 1.60 to about 1.65, about 1.60 to about
1.70 or about 1.65 to about 1.70. The non-stoichiometric HAPvmay
have a Ca/P molar ratio in.the range of about 1.50 to about 1.65.

E The stoichiometric HAP may possess mainly basic sites,
while the non-stoichiometric HAP may exhibit predominantly
acidic - properties. Thus, non—stoichiometric HAP may act as an
acidic catalyst suitable for ethanol dehydration yielding
products ‘such as ethylene, while stoichiometric HAP may be
suitable fdr catalysing reactions such as oxidative
dehydrogenation of ethanol to produce acetaldehyde. Surface P-OH
groups may play an important role in tuping properties such as
dispersion of nanoparticles on.the HAP. .

Support materials such as HAP provide a carrier for the
active metal or metal oxide phases such as silver or oxides of>
silver. The ‘reactivity of heterogeneous __catalysts and
nanomaterial-based catalysts may occur at the surface atoms.
Consequently, it may be advantageous to maximize the surface
aféa‘ of a catalyst by distribﬁting' it ‘over the support. The
support may be Iinert or may participate in the catalytic

reactions.

‘The physical and chemical properties of the support material

along with the interaction between the metal and the support
material may play a crucial role in the development of active
oxidation catalysts. For exampie, selectivity  of the cdnveféion
reaction may be impqued by isolétion'of the active site or the
reaction site of tﬁe catalyst. This may' be done by using- a
support such as HAP to disperse and isolate the active site of
the catalyst. Further, less catalyst is required to Catalyse the
reaction when it is dispersed on a support such as HAP. This may
lead to reduced costs for preparing the catalyst. “

10
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The hydroxyapatite may be doped with the metal, metal oxide
or mixtures thereof, at an atomic percentage of up to 10 at%.
The hydroxyapatite may be doped with the metal, metal oxide or
mixtures}thereof,vat an atomic percentage of up to 6 at%. The
hydroxyapatité may be doped with the metal, metal oxide or
mixtures thereof, at an atomic pefcentage in the range of about
0.01 % to about 10 %, about 0.01 % to about 0.1 %, about 0.01 %
to about 1 %, about 0.01 % to about 2 %, about 0.01 % to about 4
%, about 0.01 % to about 6 %, about‘0.01'% to about 8 %, about
0.1 % to about 1 %, about 0.1 % to about 2 3%, about 0.1% to

about 4 %, about 0.1 % to about 6 %, about 0.1 % to about 8 %,

about 0.1 % to about 10 %, about 1 % to about 2 %, about 1 % to

about 4 %, about 1 % to about 6 %, about 1 % to about 8 %, about

"1l % to about 10 %, about 2 % to about 4 %, about 2 % to about 6

%, about 2 % to about ‘8 %, about 2 % to about 10 %, about 4 % to
abbut 6 %, about 4 % to about 8 %, about 4 % to about 10 %,
about 6 % to about 8 %, about 6 % to about 10 % or about 8 % to
about 10 %.

The conversion of alcohol to acetaldehyde' may comprise
ox1datlon of the ‘alcohol to aldehyde. The oxidation may be an

oxidative dehydrogenation. During the oXidatiVe'dehydrogenation,

“hydrogen may be femoved from  the alcohol to yield the aldehyde.

The general oxidativeldehydrogenation of an alcohol to aldehyde
may be represented by the following formula:
2 R-CH,OH + % O, © 2 R-CHO + H,O + Hy

where R 1s any group invwhich a carbon or a hydrogen atom is
attached to the rest of the molecule.

The alcohol may be a lower alcohol of 1 to 6 carbon atoms.
The alcohol may be a lower alcohol of 1, 2, 3, 4;‘5 or 6 carbon
atoms. The alcohol may be methanol,‘ethanol,-propanolﬁ butanol,
pentanol or hexanol as well as isomers thereof. The propanol may

11
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be propan-1-ol. The butanol may be butan—l—ol.‘The'pentanol may
be pentan-1-o0l, 3-methylbutan-1-0l, 2-methylbutan-l-ol or 2,2-

dimethylpropan-1-ol. The hexanol may  be hexan-1-01, 2-
methylpentan-1-o0l1, 3-methylpentan-1-o0l, 4-methylpentan-1-ol,
2,2-dimethylbutan-1-ol, 2,3-dimethylbutan-1-o0l, 3,3-

dimethylbutan;l—ol or 2-ethylbutan-1-o0l. The alcohol may be
ethanol. _

The aldehyde may be.é lower aldehyde of 1 to 6 carbon atoms.
The aldehyde may be a lower aldehyde of 1, 2, 3, 4, 5 or 6
carbon atoms. The .aldehydé may be formaldehyde, Vacetaldehyde,
propionaldehyde, butyraldehyde, pentanaldehyde or hexanaldehyde
as well as 1is isomers thereof. The propionaldehyde may be
propan-1-al. - The butyraldehyde may be butan-1-al. The
pentanaldehyde may be pentén—l-al, B—methylbutan—l—al, 2-
methylbutan-1-al or 2,2-dimethylpropan-1-al. The hexanaldehyde
may be hexan-1-al, 2-methylpeﬁtan—l—al, 3—méthylpentan—1—al, 4-
methylpentan-1-al, 2,2-dimethylbutan-1-al, 2,3—dimethylbutan-1f'
al, 3,3-dimethylbutan-1-al or 2-ethylbutan-1-al. The aldehyde
may be acetaldehyde. . » ‘l.i |

| The oxidativé dehydrogenation of ethanol to acetaldehyde
may be.represented by the following formula:
2 CH3;CH,OH + % O, = 2 CH3;CHO + HyO0 + H,.

Oxidative dehydrogenation of ethanol may result in improved

selectivity for acetaldehyde over carbon oxide by-products.

Illustrative, non-limiting embodiments. of a method for
converting an aicohol to an aldehyde in accordance with the
second aspect will now be disclosed.

. A method for :conﬁerting an alcohol to an aldehyde may

comprise the step of COntactihg the alcohol with a metal-doped

thdroxyapatite catalyst disclosed above, to form the aldehyde.v'

12



10

15

20

25

30

WO 2014/158096

PCT/SG2014/000145

The contacting ‘step. may be performed at a temperature in

the range of about 150 °C to about 350 °C, about 150 °C to about

175. °C, about 150 °C to about.200 °C, about 150 °C to about 225

°C, about 150
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The

performed at a temperature in the range

of about 200 °C.to about 275 °C.

The

contacting

step may be 'performéd at

atmospheric

pressﬁre or higher. The contactingvstep may be performed at a

pressure in the range of about 1 atm to about 20 atm, about 1

‘atm to about 2 atm, about 1 atm to about 5 atm, -about 1 atm to .

about 10 atm, about 2 atm to about 5 atm, about 2 atm to about

10 ‘atm, about 2 atm to about 20 atm, about 5 atm to about 10 atm

about 5 atm to abdut 20 atm or about 10 atm to about 20 atm. The

contacting step may be performed at 1 -atm. The contacting step

may be performed at pressures higher than 1 atm, but pressures
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at or about 1 atm may _be preferred due to thermodynamic
considerations.
The contacting step may be performed at a liquid hourly

space velocity (LHSV) in the range of about 0.5 h™! to about 15
h™?, about 0.5 h™* to about 1 h?, about 0.5 h' to about 2 h’?t,

about 0.5 h™* to about 4 h™*, about 0.5 h™' to about 6 h™*, about

0.5 h™! to about 8 ht, about 0.5 h™' to about 10 h™!, about 0.5 h™?

“to about 12 h™', about 0.5 h' to about 14 h™*, about 1 h! to
_about 2 h'!, about 1 h'! to about 4 h!, about 1 h’t to about 6 h™*,
about 1 h™* to about 8 h™', about 1 h™* to about 10 h™*, about 1 h™*

to about 12 h™Y, about 1 h'' to about 14 h'l, about 1 h'' to about
15 h'*, 2 h'’ to about 4 h™*, about 2 h! to about 6 h'?, about 2 h’
' to about 8 h*, about 2 h™' to about 10 h™!, about 2 h™! to about
12 h™*, about 2 h™* to about 14 h™, about 2 h™' to about 15 h’?,
about 4 h™* to about 6 h™', about 4 h™' to about 8 h’', about 4 ht
to about 10 h™*, about 4 h™* to about 12 h™, about 4 h™? to about -
14 h™, about 4 h™' to about 15 h™', about 6 h™ to about 8 h',
about 6 h? to about 10 h™?, about 6 h! to about 12 hd, about 6
ot to about 14 h™*, about 6 h™' to about 15 h'', about 8 h' to
about 10 h'', about 8 h™' to about 12 h™', about 8 h™! to about 14
h™', about 8 h™* to about 15 h™*, about 10 Ifl to about 12 ht,

‘about 10 h™! to about 14 h™', about 10 h™' to about 15 h™', about

12 h'* to about 14 h™', about 12 h'' to about 15 h? or about 14 h'
to about lSvh*.‘The contacting step may be performed at a liquid
‘ bkﬁHSV) in the range of about 1.5 ht to
about 9 h™.

The contacting step ﬁay be performed at a weight hourly

space velocity (WHSV) in the range of about 1 h™' to about 10 h?,

1 h™ to about 2 h™*, 1 h™ to about 3 h™, 1 h™* to about 4 h™, 1
h™* to about 5 h™, 1 h™* to about 6 h™, 1 h™' to about 7 h™?, 1 h™*

to about 8 h™*, 1 h™ to about 9 h™, 2 h™ to about 3 h™*, 2 h™* to
’ 14
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about
aboﬁt
about
about
about
about
about
about
abouf
about
about

about

h! to
h! to

4 h'', 2 h'! to about 5 h'l, 2 h? to about.
7 h'', 2 h''! to .about 8 h™*, 2 h'! to about
10 h™*, 3 h' to about 4 h?, 3 h! to about h! to
6 ht,
9 ht,

6 2
9 2
5 3
3 h'' to about 7 h', 3 h' to about 8 3 h? to
3 bt to about 10 h™*, 4 h™* to about 5 4 h' to
6 h, 4 h'* to about 7 h*, ‘4 h'* to about 8 h™®, 4 h' to
9 ht, 4 6 5
5 9 5
8 6
8 7
9 8

7 ht,

h'' to about 10 h™*, 5 h™' to about h'! to.

h'! to about 8 h™*, 5 h™!' to about h™t to
10 h*, 6 h' to about 7 h™?, 6 h'' to about ht to
9 h'l, 6 h'* to about 10 h', 7 h'! to about h! to

9 h*, 7 h'! to about 10 h™*, 8 h™! to about ht, h? to

10 h* or 9 h* to about 10 h™'. The contacting step may be

performed at a weight hourly space velocity (WHSV) in the range

of about 4 h™! to about 7 h™t.

The contacting step may. performed at an ethanol flow rate

in the range of about 0.005 mL/min to about‘0,0SS mL/min, about

.005

.025

.005
.025

.055

.025-

0

0

0

0
0.015
0

0
0.055
0

.035

about

mL/min to about 0.015 mL/min, about 0.005 mL/min to about -
ml/min, about 0.005 mL/min to about 0.035 mL/min, about
mL/min to about 0.045 mL/min,_about 0.015 mL/min to about
mL/min, about 0.015 mL/min to about 0.035 mL/min, about
mL/min to about 0.045 mL/min, about 0.015 mL/min to about

_mL/min, about 0.025 mL/min to about 0.035 mL/min, about

mL/min to about 0.04% mL/min, about 0.025 mL/min to about
mL/min, about 0.035 mL/min to about 0.045 mL/min, about
mL/min to about 0.055 mL/min or about 0.045 mL/min to .

0.055 mL/min. The contacting step may be performed at an

ethanol flow rate of about 0.025 mL/min.

The contadting‘step may be performed at a synthetic air

flow rate in the range of about 30.0 mL/min to about 90.0 mL/min,

about

about

30.0 mL/min to about 40.0 mL/min, about 30.0 mL/min to
50.0 mL/min, about 30.0 mL/min to about 60.0 mL/min, about
15
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30;0 mL/min to about 70.0 mL/min,'éboutA3O;O mL/min»to about
80.0 mL/min, about 40.0 mL/min to about 50.0 mL/min, about 40.
mL/min to about 60.0 mL/min, abo_ut 40.0 mL/min to about 70.
mL/min,‘.about 40.0 mL/min to‘ about 80.0 mL/min,; about 40.
mL/min to _abbut 90.0 mL/min, about 50.0 mL/mih to about 60.
mL/min, about 50.0 mL/min to about 70.0 mL/min, about 50.
mL/min to about 80.0 mL/min, abouﬁ 50.0 mL/min to about 90.
mL/min, about 60.0 mL/min to about 70.0 mL/min, about 60.
mL/min to about 80.0 mL/min, about 60.0 mL/min to about 90.
mML/min, about 70.01 mL/min to about 80.0 mL/min; about 70.

QO O O O o O O o O o

mL/min to about 90.0 mL/min or about 80.0 mL/min to about 90.
mL/min. The contacting step may beé perfofmed_at a synthetic air:
flow rate of about 60.0 mL/min. ‘

The contacting step may be perfdrmed at a purified air flow
rate 1in the range of about 20.0 mL/min to about 60.0 mL/min,

about 20.0 mL/min to about 30.0 mL/min, about 20.0 mL/min to

about 40.0 mL/min, about 20.0 mL/min to about 50.0 mL/min, about

30.0 mL/min to about 40.0 mL/min, about 30:0 mL/min to about
50.0 mL/min, about 30.0 mL/min to about €0.0 mL/min, about 40.0
mL/min to about 50.0 mL/min, about 40.0 mL/min toc about 60.0

mL/min or about 50.0 mL/min to about 60.0 mL/min. The contacting'

‘step may'bé performed at a purified air flow rate of about 40.0

mL/min.

The contacting step may be performed at an oxygen flow rate

‘in the rangé of about 6.0 ML/min to about 18.d,mL/min,'about 6.0

mL/min to about 8.0 mL/min, ébout 6.0 mL/min to about 10.0

mL/min, about 6.0 mL/min to about 12;Ome/min, about 6.0 mL/min

to about 14.0 mL/min, about 6.0 mL/min to ‘about 16.0 mL/min,

about 8.Q'mL/min_to about- 10.0 mL/min, about 8.0 mL/min to about

12.0 mL/min, about 8.0 mL/min to about 14.0 mL/min, about.8.0

mL/min to. about 16.0 mL/min, about 8.0 wL/min to about 18.0
16 '
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mL/min, about  10.0 me/min to Wabout‘ 12.0 mL/min, about 10.0
mL/min to about 14.0 ﬁL/minq about 10.0 mL/min to about 16.0
mL/mih) about 10.0 mL/min to about 18.0 wmL/min, about 12.0
mL/min - to about 14.0 mL/min, about 12.0 mL/min to about 16.0
mL/min, ébout '12.0 mL/min to about 18.0 mL/min, about 140
mL/min to abbut 16.0 mL/min, about 14.0 mlL/min to about 18.0
mL/min or about 16.0 mL/min to about 18.0 mL/min. The contacting
step may be performed at an oxygen flow rate of about 12.0
mL/min. ‘

" The contacting step may comprise oxidation of the alcohol
to aldehyde. The oxidation may be an oxidative dehydrogenation.
During the oxidative dehydrogenation, Hydrogen. may be removed
from the alcohol to vield the aldehyde. The general oxidative‘
dehydfogenation of*an alcohol to aldehyde may be represented by

the following formula:

| 2 R-CH,O0H + ¥ O, & 2 R-CHO n H,O + H,
where R is any group in which a carbon or a hydrogen atom is
attached to the rest of the molecule. |
The alcohol may be a lower alcohol of 1 to 6 carbon atoms.

The alcohol may be a lower alcohol of 1, 2, 3, 4, 5 or 6 carbon

~atoms. The alcohol may be methanol, ethanol, propanol, butanol,

pentanol or hexanol as well as isomers thereof. The propancl may

be propan-l-ol. The butanol may be butan-1-ol. fhe pentanol may

be pentan-1i-ol, 3-methylbutan-1-ol, 2-methylbutan-1l-ol or 2,2-

dimethyipropan—i—ol. The hexanol may be  hexan-1-0l, = 2-
" methylpentan-1-o0l, 3-methylpentan-1-ol, 4-methylpentan-1-ol,
2,2-dimethylbutan-1-o0l, 2,3-dimethy1butan—l—ol, . 3,3-

dimethylbutan-1-0l or 2—éthylbutan—l—ol. The alcohol may' be

ethanol.

17



10

15

20

25

WO 2014/158096 . PCT/SG2014/000145

.The'aldehyde_may‘be a'lower.aldehyde of 1 to 6 carbon atoms.
The aldehyde may be a lower aldehyde of 1, 2, 3, 4, 5 or 6
carbon atoms. The aldehyde may be formaldehyde acetaldehyde,
propiohaidehyde, butyraldehyde, pentanaldehyde or hexanaldehyde
as well as-isemers thereof. The propionaldehyde may be propan-1-
al. The butyraldehyde may be butan-1-al. The pentanaldehyde may
be ‘pentan—l—al, '3—methylbutan—1—al, 2-methylbutan-1-al or 2,2-
dimethylpropan-1-al. The hexanaldehyde may be hexan—i—al, 2-
methylpentan-1-al, 3-methylpentan-1-al, 4-methylpentan-1-al,
2,2—dimethylbutan—lFal, 2,3-dimethy1butan—l-ai, 3,3-
dimethylbuten—lral or 2-ethylbutan-1-al. The aldehyde may be
acetaldehyde. ‘

vThe oxidative dehydrogenation of ethanol to acetaldehyde
may be represented by the following formula: |

2 CH3CH,OH + % O, = 2 CH;CHO + H,0 + H,.

~Oxidative dehydrogenation of ethanol may result in improved

selectivity for acetaldehyde over carbon oxide by-products.
Brief Description Of Drawings

The accompanying drawings illustrate disclosed embodiments

‘and serve to explain the principles of the diselosed

embodiments. It is to be understood, however, that the drawings

are designed for purposes of 1llustratlon only, and not as a

‘definition of the- llmltS of the invention.

Fig. 1 is a graph showing the acetaldehyde selectivity of
the ethanol conversion over various HAP catalysts with different
Ag content (0, 1, 3 .and 6 at%). at reaction temperatures between

200 °C and 350 °C.

18
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Fig. 2 1is a bar chart showing the product selectivity of
the ethanol conversion over pure stoichiometric HAP catalyst at
reaction temperatures between 175 °C and 350 °C.

| 'Fig. 3 is a bar graph showing ethanol conversion and
acetaldehyde yield over pure stoichiometric HAP catalyst at
reaction temperatures between 175 °C.and 350 °C.

Fig. 4 is a bar graph showing ethanol conversion . and
acetaldehyde vyield over 1 at$ Ag—dopedv HAP at reaction
temperatures between 175 ahav350 °C.

Fig. 5 1s a bar chartbshowing product selectivity of the
ethanol conversion over 1 at% Ag-doped HAP at reaction
temperatures between 175 °C and 350 °C. |

Fig. 6 1is a bar graph showing ethanol conversion and
acetaldehyde yield over -3 at% Ag-doped HAP at reaction
temperatures between 175 and 350 °C. o '

Fig. 7 1is a bar chart showing product selectivity of the
ethanol conversion over 3 at% Ag-doped HAP at reaction
temperatures between 175 °C and 350 °C

Fig. 8 1is a bar graph show1ng product seleetivity of the
ethanol convers1on over 6 ‘at% Ag-doped HAP at reaction
temperatures between 175 °C and 350 °C.

Fig. 9 1is a bar chart showing ethanol conversion and

" acetaldehyde vyield over 6 = at% Ag-doped HAP at reaction

temperatures between 175 °C'and 350 °C.
'Fig 10 is a graph show1ng the stability of the 6 ats Ag-
doped HAP at 15 hours.

Examples

Non-limiting ’exampies of the invention will be further

described in greater detail by reference to specific Examples,
‘ _ T 1o , S
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which should not be construed as in any way limiting the scope
of the inVention. Based on the foregoing disclosure, it .should
be clear that by the method, the objectives set forth herein can
be fulfilled. It is, theréfore, to be wunderstood thét any
variations evidently falling within the scope of the claimed
invention‘ and thus,-'thé selection of: specific device or
apparatus, and specific metals modified on the HAP support can
be - determined w&thout departing from the scope of the
disclosure. Thus, the scope of the disclosure should include all
modification and variation that may fall within the‘scope,of the

claims.

Example 1: Preparation of the Ag-doped HAP
Materials: Analytical grade .calcium hydroxide (Ca(CH),),
analytical grade silver nitrate (AgNO;) and analytical grade
phosphoric acid (H3;PO, (85 wt%)) were obtained from commercial

sources and used without further purification.

Preparation procedure: Samples of pure HAP and Ag-doped HAP were

prepared by a co-precipitation route. 'The general formula of

‘calcium hydroxyapatite can be expressed as:

CalmxAgx(PO4)5(OH)2;vwhere 0 £ x £0.6.

In a typical preparation method for pure HAP, Ca(OH), powder
was suspendéd in- deionised wéter followed by addition of AgNO,
into the suspension. in stoichiometric amount. In a typical
prepara;ion method for Ag-doped HAP[ Ca (OH), powder was suépended
in deionised watef followed by addition Qf AgNO; inﬁo‘ the
suspension in étoichiometric amoﬁnt. For both pure and Ag—doped

20
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HAP, 0.1 M H;PO, was dispensed from a burette into the sﬁspens»ion :
containing the metal ions at room temperature with constant
magnetic’ stirring. After all the H;PO, was added, the mixture
(precursér s'olution) was warmed and maintained at 70 °C fbr ~90
minutes. The ‘mixture‘ was subsequently transferred to an oven at
100 °C for 2 hours. The mixture was then removed from the oven
and aged overnight at room temperature. The ‘precipitate from
this mixture was washed repeatedly with deionized water and.
filtered under vacuum. The final precip_it'ate was obtained after
drying the wét pre‘cipitatev-in anb oven at 100 “’C 6vernight and
grinding with an agate mortar and pestle to obtain a fine

homogeneous pure or Ag-doped HAP powder. The ‘resultant pre or

- Ag-doped HAD powder was loaded in an alumina crucible and

calcined in a gas tube furnace under flowing oxygen at 600 °C

for 1 hour.

Table 1. The physical characterisation of pure HAP and Ag-

doped HAP.
Catalyst Ag BET specific surface
: content area (m¥/g)
(at%). ‘ ,
“Pure HAP 0 75
1 at%Ag-HAP 1 65
3 at%Ag-HAP 3 70
6 at%Ag-HAP 6 41

Table 1 shows some of the physical characteristics of the
prepared pure and Ag-doped HAP. The Brunauer-Emmett-Teller (BET)
surface areas were measured using the N, physisqrption method,
and shows that the pure HAP has a BET surface area of 75 -rﬁz/g

which decreases with increasing Ag-content. . The HAP sample' with
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6 at% Ag showed a BET surface area-of only 41 m?’/g. The decrease .
in surface area with increasing Ag content can be attributed to

the progressive blocking of thevHAP pores by the Ag metal.
Example 2: Overview of catalytic testing

The reaction . was carried out at reaction teﬁperatures
between 175 °C and 350 °C, hore preferably between 200 °C and
275 °C, and at atmospheric pressure using 200 mg catalyst. The
method described in the ‘present disclosure allbws er the
production of .acetaldehyde selectively from ethanol at

appropriate reaction temperatures.

The Reactor: The reactor used for this process had three zones.

The first zone was loaded with 3 mm diameter glass beads, acting
as a‘pre—heater as well as a mixing zone for the ethanol and air
feedstock. The second zone was loaded with the catalyst, which
contacted with the vapbrized feedstock from the first zone. The
secqnd zone was also the reaction zone in which the ethanol was
converted to aldehyde in the presenée of a catalyst. The third
zone was the post-reaction zone. The reaction temperatures of
the three zones wefe kept constant by three—heating zone heaters
and the catalyst temperature was monitored using a thermocouple

inside the catalytic bed.

Priming of the catalyst: Approximately 200 mg of catalyst (sieve

size 400 um to 250 um) Was‘diluteq with equal amount of quart:z
and loaded into a down flow fixed bed stainless steel reactor.

Prior to the reaction, the catalysts were in situ treated under

N, gas at 175 °C for 1 hour.
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Testing procedure: The disclosed experiments were carried out in

a fixed bed reactor using 200 mg of catalyst (sieve size 400 um

- to 250 um). Ethanol  (Fischer Scientific, HPLC grade) was fed

into the reactor with a fixed flow rate of 0.025 mL/min at a
weight hourly space velocity (WHSV) of 5.9 h™', with a simulated

air mixture (60 mL/min) and preheated at 175 °C before entering

~into the reactor. All the gas flows were supplied  into the

system by employing pre—calibratéd. mass flow controllers. The.
reaction was carried out in the temperatﬁre range of 175 °C and
350 °C, at vatmospheric pressure. During the feaction, the
ethanol flow rate was set at 0.025 mL/min with a corresponding
weight hourly space velocity (WHSV) of 5.9 h™. Syﬁthetic air -
with a flow rate of 60.0 mL/min was also introduced. The 

products were analysed by an online Gas Chromatography (Gé)

~equipped with both a Flame Ionisation Detector (FID) and Thermal

Conductivity Detector. (TCD) .

Data analysis: The analysis of the reaction products albng with

the reactants was performed using an online gaé chromatograph
(Agilent 6890) equipped with a flame ionization detector using a

HP-5 capillary column- and thermal conductivity detector using a

‘Hayesep D column. The GC was pre—calibrated using standards

(reactant and - products). The conversions of ethancl and

selectivity to forming acetaldehyde were calculated as follows:
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X pop (%) = —EOL_—BOH 100 (1)

EtOH

Sacetalde‘hyde'(%) = T(EEM *1 00 (2)

product;
i-1

X 1 * Saceta ehyde
Yacetaldehyde (%) = e 100 e (3)

where Xgron, 1S the conversion in méle percentage of ethanol,
Nnkum ig the number of moles of ethanol fed into the reactor and
N°“*ieon is the number of moles of ethanol observed in the products.
Sacetaldenyde; 1S5 the selectiVity' towards .acetaldehyde product in
mol%, N“aﬁwgwk is the number of moies‘of acetaldehyde-prdduct

observed in the reaction products and Y&,Nproduct; is the total

‘number of moles of reaction products. Yacetaldenyde 1S the yield of

acetaldehyde in mol%
ExampleIB,'Pure.HAP'and Ag-doped HAP

Under similar reaction conditions as outlined in Example 2,
HAP samples with various amounts of Ag-doping (0, 1, 3 and 6
at%) were tested for selective partiél oxidation of ethanol at

reaction temperatures between 200 °C and 350 °C. This particular

temperature range was selected;’as the optimum temperature range

for selective conversion of ethanol to -aldehyde is between 200
°C and 300 °C. 200 mg of catalyst, WHSV of 5.9 h™, ethanol flow

rate of 0.025 mL/min and an oxygen flow rate of 12.0 mL/min was

- used. As seen in Figure 1, of all the catalysts screened, the 3

at% Ag-doped HAP and the 6 at% Ag-doped HAP exhibited the
highest catalytic activity. It is also worth noting that the.
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light off temperature, or the témperature .at  which total
combuStion and CO, production begins to occﬁr, was observed to
decrease with increasing Ag content. of the HAP. It appears that
high Agrbbntent fa&ours selective production»Of acetaldehyde at
low reaction femperatures. Further, it can be seen that Ag-doped
HAP catalysts invariably showed better acetaldehyde selectivity
than pure HAP at'temperatures up to 325 °C,

Pure HAP (control) g

Under similar.reaction conditions as butlined in Example 2,
thelcatalytic activity of pure HAP was tested, as.shown in Fig.
2 and 'Fig. 3. In both Fig. 2 and Fig. 3, 200 mg of pure HAP
catalyst, WHSV of 5.9 h™', ethanol flow rate of 0,025 mL/min and
an oxygen flow rate of 12.0 mL/min was used. The pure HAP was
shown to have maximum ethanol conversion of 28 % atv 350 °C.

Ethanol conversion was observed to increase with increasing

temperature, but acetaldehyde selectivity decreased sharply in

the temperatUre range of 200 °C to 275 °C, and continued to

decrease at higher temperatures. The pure HAP éatalyst showed

\

maximum acetaldehyde selectivity of approximately' 65 % at 200

°C, but with a very low conversion of éthanoi, at approximately

6 %. Therefore, higher selectivity for acetaldehyde was observed

at lower reaction temperatures. These results clearly indicate

that pure HAP is not a suitable catalyst for =selective

‘conversion of ethanol to acetaldehyde.

1l at% Ag-doped HAP

Under similar reaction conditions as outlined in Example 2,

‘the catalytic activity of 1 at% Ag—dbped. HAP was  tested, as

shown in Fig. -4 and Fig. 5. In both Fig. 4 and Fig. 5, 200 mg of -
pure HAP catalyst, WHSV of 5.9 h™', ethanol flow rate of 0.025
| 25
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mL/min and an oxygén flow rate of 12.0 mL/min was ﬁsedu The 1
at% Ag-doped HAP was shown to have ethanol con?ersion of 49 % at
300 °C, which is significantly higher in comparison to pure HAP
which was shown to have ethanol conversion of 15% at the same
temperature._r It is important to note that acetaldehyde
selectivity did not reach 100 % throughout the temperature range

tested for both pure and 1 at% Ag-doped HAP. The maximum |
acetaldehyde selectivity observed for 1 at% Ag-doped HAP was

90 % with an ethanol conversion of 30 $ at 275 °C.

3 at% Ag-doped HAP

Under similar reaction conditions aé outlined in Example 2,
the -catalytic activity of 3 at% Ag-doped HAP was tested, as
shown in Fig. 6 and Fig. 7. In both Fig. 6 and Fig. 7, 200 mg of
pure HAP catalyst, WHSV of 5.9 h™', ethanol flow rate of 0.025
mL/min.and an oxygen flow rate of 12.0 mL/min was used. Thé 3
at% Ag-doped HAP was shown to increase ethanol conversion as
reaction temperature increased, but acetaldehyde selectivity
decreased at temperatures greater than 250 5C. Above this
temperature, ‘acetaldehyde yield decreased significantly. 1In

contrast, CO; selectivity significantly increased at temperatures

‘greater than 250 °C. Ethanol conversion was observed to increase

with increasing temperature, the maximum being at 87.4 % at 350

°C. However, acetaldehyde selectivity decreased with temperature

due toS considerable formation of CO, above 250 °C. The maximum

acetaldehyde yield was observed at 350 °C.

6 at% Ag-doped HAP

Under similar reaction conditions as outlined in Example 2,

the catalytic activity of 3 at% 'Ag-doped. HAP was tested, as

shown in Fig. 8 and Fig. 9. In both Fig. 8 and Fig. 9, 200 mg of
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pure HAP‘catalyst, WHSV of 5.9 hd, ethanol flow rate of -0.025
mL/min and an oxygen flow rateiof~12.0 mL/min was usedf The 6
at% Ag-doped HAP was shown to have similar catalytic activity toi
the 3.at%»Ag—doped’HAP, with 100 % acetaldehyde seleetivity atka
reaction temperature up to 250 °C. However, there is less

formation of CO, than with the 3 at$% Ag-doped HAP.

The‘Pure HAP cetalyst exhibited ethanol eonversion below 30
% even at relatively high temperature (350 with,a‘significant
amount of acetaldehyde formation. 1In contrast,"Ag—doped ~HAP
catalysts exhibited high ethanol - conversion and  higher
selectivity for vacetaldehyde. In general, "Ag;doped. HAP showed
better ethanol conversion and acetaldehyde selectivity compared
to pure HAP, even at lower temperatures of reactions; It is

clear that the selective conversion of ethanol to acetaldehyde

can be improved by adding‘metals such as Ag to an HAP catalyst.
Example 4: Catalytic stability of A§-doped HAP

‘The 6 at$% Ag—doped-HAP was tested for catalytic stability
at reaction temperatures in the range of 150 °C to 350 eC.
Instead of using simulated air mixture, purified air was used

for this experiment. An ethanol flow rate of 0.050 wmlL/min, WHSV

of 11.8 h-1, and a purlfled air flow rate of 40 mL/min was used.

The catalyst was observed to  have stable act1v1ty over a 15
hours reaction time (data not shown).. As shown in Fig. 10, at

225 °C, acetaldehyde vyield was 79 % with an ethanol conversion

of 87 % and aceteidehyde selectivity of 91 %. At a 'slightly

higher temperature of 250 °C, acetaldehyde Yield~was.89 % with

an ethanol conversion of 97 % and aCetaldehyde selectivity of 92
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%. At temperatures greater than 250 °C, CO, began to form,

decreasing the acetaldehyde yield.
Applications

The disclosed use of a metal-doped hydrokyapatite as a
catalet for converting an alcohol to an aldehyde may improve
the conversion and selectivity 6f the reaction. v

The disclosed use may be a useful alternative for
converting ethanol to acetaldehyde. - _

The disclosed use may facilitate an oxidative
déhydrogenation reaction of an alcohol to an aldehyde, improving
the conversion, yield and selectivity of the reaction.

The disclosed use may allow the use of low-value feedstock
such as ethanol to be converted to high-value chemicals such as
acetaldehyde. w | |

The disclésed use may contribute to more cost-effective
production of high-value chemicals that use ‘acetaldehyde as a
precursor. | » -

The disclosed  use may allow the use of bio-ethanol aé a

feedstock, making'.the. bulk production of acetaldehyde cost-

‘effective and environmentally friendly.

The disclosed wuse may allow the use of inexpensive

materials such as hydfoxyapatite to be used as a catalyst,

- therefore making the bulk production of acetaldehyde nore

economical. »
The disclosed use may be applied to developing a use for
other metals and metal oxides supported on hydroxyapatite to

catalyse other oxidation reactions.
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The'disclosea méthOd'may allow the reaction to be cérried
out at low temperatures below 300 °C, decreasing the formation
of by—products. A

| .It will be apparént that various other modifications and
adaptations 6f the invention will be apparent to the person
skilled in the art after"reading the. foregoing disclosure
- without departing from the spirit and scope of the invention and
it 1s intended that all such modifications andyadéptations come

within the scope of the appended claims.

29



10

15

20

25

30

WO 2014/158096 . - PCT/SG2014/000145

Claims

1. A use of a metal¥doped Ihydroxyapatite as- a catalyst for

converting an alcohol to an aldehyde.

2. The use according to claim 1, wherein the dopant of the
metal—doped hydroxyapatite is selected from the group consisting

of a metal, a metal oxide and mixtures thereof.

3. The use according to claim 2, wherein the metal is a

transition metal.

4. The use acéording_to claim 3, wherein the metal is a group
3, group 4, group 5, group 6,rgroup 10, group 11 or group 12

transition metal.

. 5. The use according to claim 4, wherein the transition metal

is silver, gold, vanadium or chromium.

6. The use according to claim 5, wherein the transition metal

is silver.

7. The use according to claim 2, wherein the metal oxide is an

oxide of a transition metal..

8. - The use according to claim 7, wherein the oxide of a
transition metal is an oxide of a group 3, group 4, group 5,

group 6; group lO,'group,ll or group 12 transition.metal.
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9. - The use according to claim 6, wherein- the oxide of a

transition metal i1s an oxide of silver oxide, gold oxide,

vanadium oxide or.chromium oxide.

10. _The use’_according to claim 9, wherein the oxide of a
transition metal is an oxide of gilver. .

11. The use according to any of the preceding claims, wherein
the hydroxyapatite is doped with the métal, metal oxide or

mixtures thereof, at an atomic percentage up to 10 at%.

12. The use according to claim 11, wherein the hydroxyapatite
is doped with the metal, metal oxide or mixtures thereof, at an

atomic percentage up to 6 at%.

13. The use according to any of the preceding claims, wherein
the hydroxyapatite is a stoichiometric hydroxyapatite or a non-

stoichiometric hydroxyapatite.

-14.  The use according to claim 13, wherein the hydroxyapatite

is a stoichiometric hydroxyapatite.

15, The use  according  to claim 13, wherein the non-

stoichiometric hydroxyapatite has a Ca/P molar ratio in .the

range of -1.45 to 1.70.

16. The wuse according to claim 15, wherein the non-
stoichiometric hydroxyapatite has a Ca/P molar ratio in the

range of 1.50 to 1.65.
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'17. The use according to.any of the preceding claims, wherein

the converting step comprises oxidising the alcohol to the

aldehyde.

18.. The use according to claim 17, wherein the oxidising step
comprises an- - oxidative dehydrogenation  reaction of the alcohol

to the aldehyde.

19. The use according to any of the preceding claims, wherein

the alcohol is a lower alcohol of 1 to 6 carbon atoms.

20. The use according to claim 19, wherein the alcohol is

ethanol .

21. The use accoiding to any of the preceding claims, wherein

the aldehyde is a lower aldehyde of 1 to 6 carbon atoms.

22. The use according. to claim 21, wherein the aldehyde is

acetaldehyde.

23. A method for jconVerting an alcohoi to an aldehyde,

'éomprising the step of contacting the alcohol with a metal-doped

hydrokyapatite catalyst according to any of claims 1 to 22, to

form the aldehyde.

.24. The method aqcording' to claim 23, wherein the contacting

step is performed at a temperature in the range of 150 °C to 350

°C.

~25. The method according to claims 23 or 24, wherein the

contacting step is performed at a temperature in the range of

200 °C to 275 °C.
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26. The method according to any of claims 23 to 25, wherein. the
contacting step is performed at a pressure in the range of 1 atm

to 20 atm.

27. 'The method. according to claim 26, wherein the contacting

step is performed at 1 atm.

28. The method according to any of claims 23 to 27, wherein the
contacting step is performed at a weight hourly space velocity

(WHSV) in the range of 1 h™! to 10 h'l.

.29. The method according to claim 28, wherein the contacting

step. is performed at a weight hourly space velocity (WHSV) in
the range of 4 h™ to 7 h™'.

30. The method'according to any of claims 23 to 29, wherein the
contacting step comprises the step of oxidising the alcohol to

the aldehyde.

31. The method according - to claim 30, wherein the oxidising

step comprises an oxidative 'dehydrogenation reaction of - the

‘alcohol to aldehyde.

32. The method according to .any of claims 23 to 31, wherein the

.alcohol is a lower alcohol of 1 to 6 carbon atoms.

33. The method according to claim 32, wherein the alcohol is

ethanol.

34. The method acqording to any of claims 23 to 33, wherein the-

aldehyde is a lower aldehyde‘of 1.to 6 carbbn atoms.
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35. The method according to claim 34, wherein the aldehyde ‘is
‘acetaldehyde.
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