Journal of

Materials

Accepted Manuscript

Chemistry A

Journal of

Materials Chemistry A

d sustainability

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 46

Journal of Materials Chemistry A

Catalytic materials for the hydrogenolysis of glycerol to

1,3-propanediol

. . .. . . . *
Yoshinao Nakagawa*, Masazumi Tamura and Keiichi Tomishige

Department of Applied Chemistry, School of Engineering, Tohoku University, 6-6-07 Aoba,

Aramaki, Aoba-ku, Sendai, Miyagi 980-8579, Japan

* Corresponding authors.
E-mail: yoshinao@erec.che.tohoku.ac.jp; tomi@erec.che.tohoku.ac.jp

Tel&Fax: +81-22-795-7215



Journal of Materials Chemistry A

Abstract

Recent progress in catalyst development for glycerol hydrogenolysis into 1,3-propanediol is
reviewed. Unmodified conventional catalysts produces 1,2-propanediol as main product
instead of 1,3-propanediol. Most effective catalysts use noble metal as a center for hydrogen
activation and tungsten or rhenium as an additive. Pt-WOj catalysts on Al-based supports and
Ir-ReO,/Si0; catalysts are especially effective in 1,3-propanediol production among the
reported materials. Characterization results and proposed reaction mechanisms are also

summarized.

Keywords

Heterogeneous catalysis, Hydrogenolysis, Biorefinery, Reducible metal oxide

Page 2 of 46



Page 3 of 46

Journal of Materials Chemistry A

1. Introduction
Hydrogenolysis reaction is one type of reduction reactions and is composed of dissociation

of chemical bonds such as C-C and C-O and hydrogen addition (eqns (1) and (2)).

||
—C|:—C|:— + Hp —— —CH + HC—

Catalyst | | ( 1 )

—C—0— + H, ———> —CH + HO—

| 2 Catalyst | (2)

C-C hydrogenolysis (hydrocracking) decreases the length of the carbon chain and has been
widely used in petroleum chemistry.! On the other hand, the importance of C-O
hydrogenolysis, especially of C-OH bond, is rapidly growing as one method to decrease the
oxygen content in the substrate, especially in the area of biomass conversion to fuel or
chemicals.? This is because shortage of fossil fuels and global warming issues encourage the
use of biomass which has generally much higher oxygen content than fossil resources.”™
Glycerol (1,2,3-propanetriol) is manufactured from vegetable oil (triglyceride) as a

by-product of soap (eqn 3) and biodiesel fuel (eqn 4).”

o}
0w
O%LR + 3NaOH ———= 3RCOONa + HO/\AOH
L o
o R Glycerol
Triglyceride (3)
o}
OJ'CI)\R
OJOJ\R + 3MeOH —— 3RCOOMe + Ho/\AOH
L Base . FAME OH
0 R catalysf (Biodiesel
fuel) (4)

The amount of glycerol production (> 1 million tons per year) is now much larger than the

demand.” In the biodiesel production, the disposal of excess glycerol is a problem which
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limits the spread of the use of biodiesel. Therefore, conversion of glycerol to useful chemicals
has become very important.'”'* Among various conversion processes of glycerol such as
hydrogenolysis, dehydration, oxidation and carboxylation, C-O hydrogenolysis is one of the
most promising ones since glycerol has very high oxygen content (O/C=1). Glycerol
hydrogenolysis is also important as a model reaction of the reduction of more complicated
biomass-related molecules such as sugars.>"

The pathways and products of glycerol hydrogenolysis are summarized in Scheme 1. C-O
hydrogenolysis of glycerol first produces 1,2-propanediol (1,2-PrD) and 1,3-propanediol
(1,3-PrD). Further C-O hydrogenolysis produces 1-propanol (1-PrOH), 2-propanol (2-PrOH)
and finally propane. C-C hydrogenolysis of glycerol or the C-O hydrogenolysis products can
give ethylene glycol, ethanol, methanol, ethane and methane. Possible side-reactions include
etherification and the reactions with solvents. Among the products, 1,3-PrD is most valuable
and is used as a monomer of polypropylene terephthalate (PPT) resin (also named as

polytrimethylene terephthalate (PTT)).'*'®

Current 1,3-PrD production methods are
fermentation of glucose, hydroformylation of ethylene oxide followed by hydrogenation, and
hydration of acrolein followed by hydrogenation. The latter two petroleum-based methods
have a problem in selectivity. The global production of 1,3-PrD was in the order of 10° t/year.
The choice of 1,3-PrD as the target compound is also desirable in view of hydrogen
consumption, i.e. glycerol hydrogenolysis to 1,3-PrD consumes only 1 equiv. of hydrogen.
However, selective production of 1,3-PrD is very difficult, and most catalytic systems give
1,2-PrD as the main product. Although 1,2-PrD is used as a monomer for polyester resin, an

antifreeze agent, a component of paints, and so on, the difference of market price between

glycerol and 1,2-PrD is small.'® Extensive studies have been carried out to develop effective
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catalysts for 1,3-PrD productions in these few years. In this paper, we summarize the recent

progress on the development of the catalysts and discuss the structural aspects.

O/\/\OH Ho/\/

/ 1,3- p paned|o| 1 propanol \ ) .
(1 3-PrD) 1-PrOH) C-C hydrogenoalysis (degradation) products
H O/\(\OH

\/
Ho/\ HO” ™ CH;OH CyHg CH,

OH / propane
gyeerol N HO/\( Y >
OH OH

1,2-propanediol 2-propanol
(1,2-PrD) (2-PrOH)

Scheme 1. Pathways and products of glycerol hydrogenolysis

2. Performance of conventional catalytic materials: Mechanism of 1,2-PrD formation

Before introducing the newly developed catalysts for glycerol hydrogenolysis into 1,3-PrD,
we discuss the performance of conventional hydrogenation catalysts. Since hydrogenolysis
uses hydrogen as one of reactants, catalysts for hydrogenolysis must have an ability to
activate hydrogen, similarly to hydrogenation catalysts. Hydrogen is known to be activated
over metal surface, and typical metals used are nickel, copper and noble metals.'”'® As a
consequence, various metal catalysts including commercial ones have been tested for glycerol
hydrogenolysis. Both batch and flow reactors have been used. The solvent is usually water
when batch reactor is used. Examples of results using commercial catalysts are shown in
Table 1."** Several MPa hydrogen pressure and around 473 K reaction temperature are
typically applied. Most catalysts give 1,2-PrD as the main product, and very high 1,2-PrD
yield can be obtained over Cu catalysts.'"” Formation of C2 compounds is evident over some

catalysts, especially over Ru and Nj. 20
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--- Insert Table 1 ---

Two types of mechanisms have been proposed by many researchers for glycerol
hydrogenolysis into 1,2-PrD (Scheme 2).'® One is the two-step mechanism composed of
dehydration and hydrogenation. The dehydration of glycerol produces acetol
(hydroxyacetone), and hydrogenation of acetol gives 1,2-PrD. 1,3-PrD can be produced if the
dehydration step produces 3-hydroxypropanal; however, acetol is thermodynamically more
stable than 3-hydroxypropanal, leading acetol to the main product in this step. Propanols are
by-products of this mechanism. Overreaction of 1,2-PrD produces both propanols, and that of
1,3-PrD produces 1-PrOH. 1-PrOH can be also produced by double-dehydration of glycerol to
acrolein and subsequent hydrogenation (eqn 5).

-2H,0 +2H,

/
HO” Y oH —— oF N = o

OH (5)

(@) Two-step mechanism (Dehydration and hydrogenation)

—_—
- H,0 0 metal OH
acid acetol 1,2-PrD

(more stable) (main product)

- +Hy
-HO N PN
0 OH metal HO OH
3-hydroxypropanal 1,3-PrD
(less stable)

(b) Three-step mechanism (Dehydrogenation, dehydratoin and hydrogenation)

- H, - H0 + 2H,

Ho/\(\OH - o~ ; OH ” - o~ " ~ HO
metal aci metal
OH (+ base) OH or base OH OH
glyceraldehyde 2-hydroxyacrolein 1,2-PrD

Scheme 2. Mechanisms for 1,2-PrD from glycerol.
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Dehydration of glycerol to acrolein has been intensively investigated using strong acid
catalysts such as acid-type polyoxometalates, zeolites and mixed metal oxides.”> Some of
these acidic materials have been also used as a component of catalysts for glycerol
hydrogenolysis to 1,3-PrOH, as discussed in the next section.

The other mechanism is the three-step one composed of dehydrogenation, dehydration and
hydrogenation. Glyceraldehyde, which is formed by dehydrogenation of glycerol, is
dehydrated into 2-hydroxyacrolein. Hydrogenation of 2-hydroxyacrolein produces 1,2-PrD.
Reactivity of alpha-hydrogen of carbonyl group may be the key: hydrogen and hydroxyl
group at alpha and beta-positions, respectively, of carbonyl group are removed during the
dehydration step. The formation of ethylene glycol can be explained by the presence

retro-aldol reaction of glyceraldehyde (eqn 6).

Ha
OA(\OH — 04\ + HCHO ——= Ho/\ + CHy
OH OH OH
Ethylene glycol
(EG)

(6)

Addition of acid or base may promote these reaction pathways. Acid catalyzes dehydration
reaction, and the two-step mechanism can be promoted. In fact, mixing acidic ion-exchange
resin with Ru/C catalyst much increases the activity and 1,2-PrD selectivity.***’ The addition
of base can promote the dehydrogenation reaction over metal catalysts and can increase the
reaction rate via the three-step mechanism. Feng et al. reported that the activity and 1,2-PrD
selectivity of Ru/TiO, was improved by addition of alkali hydroxide.?®

There may be other mechanisms for C-O hydrogenolysis than the two-step mechanism or
the three-step mechanism. The overall picture of C-O hydrogenolysis mechanism has not been
revealed. Nevertheless, it is evident that the reaction route that leads 1,2-PrD, propanols and

ethylene glycol such as these two mechanisms should be suppressed in order to obtain high
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1,3-PrD yield.

3. Tungsten-added catalysts

The reactants of our reaction are hydrogen and glycerol. While activation of hydrogen can

be accomplished by the use of metal catalysts, glycerol is not well activated by metal catalysts.

Activation of glycerol by simple acids or bases leads formation of 1,2-PrD, as shown in the
previous section. In order to obtain 1,3-PrD selectively, addition of appropriate co-catalyst is
necessary. Since the functional group in glycerol is hydroxyl group, potential co-catalyst
includes metal oxide that can be strongly interacted with hydroxyl group. Tungsten-based
material is one of the most effective co-catalysts for glycerol hydrogenolysis into 1,3-PrD and

has been extensively investigated for long time.

3.1. External addition of tungsten species as co-catalyst

Pioneering work of the use of tungsten in glycerol hydrogenolysis was conducted by T. M.
Che at Celanese Corporation in 1980s.”’ According to his patent, 1,3-PrD, 1,2-PrD and
1-PrOH can be obtained in 21, 23 and 4% yield, respectively, with Rh(CO),(acac) catalyst and
H,WOy4 co-catalyst in 1-methyl-2-pyrrolidinone solvent under synthesis gas (CO/H,=1/2) at
473 K. When using H, alone instead of synthesis gas, slightly lower yield of 1,3-PrD was
obtained (yield of 1,3-PrD, 1,2-PrD and 1-PrOH is 13, 20 and 21%, respectively). When
sulfuric acid was used instead of H;WQ,, propanediols and propanols were not formed,
indicating that H;WO, plays more role than a simple protic acid. The catalytic performance is
sensitive to the amount of HyWO,: using twice amount of H,WO,4 much reduced catalytic

activity and the product yields became lower than 1/3.
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In 2004, Chaminand et al. used the combination of H;WO,4 and heterogeneous Rh/C for
glycerol hydrogenolysis.”® High 1,3-PrD/1,2-PrD selectivity ratio (~2) was obtained in
sulfolane solvent at 453 K; however, 1,3-PrD selectivity value itself was not high (12%).
Water solvent is more favorable than polar organic solvents in view of green chemistry. In
water the selectivity to 1,3-PrD became lower (6%) and that to 1,2-PrD was much higher.
They also commented that Rh(CO),(acac) catalyst with H,WO, co-catalyst was inactive in
their conditions with water solvent.

Dam et al. tested the effect of various tungsten-based additives in glycerol hydrogenolysis
over commercial catalysts (Pd/SiO,, Pd/Al,Os;, Pt/SiO, and Pt/Al,O;) in water at 473 K.3! The
tested additives were H,WO, and acid-type polyoxometalates, namely phosphotungstic acid
(H3PW,040) and silicotungstic acid (HsSiW1,049). Hydrochloric acid was also tested for
comparison. Polyoxometalates are attractive compounds in catalysis, because their chemical
properties such as redox potentials, acidities, and solubilities can be tuned by choosing the
element compositions and counter cations.’**> Acid-type polyoxometalates are soluble in
water or other polar solvents and can be used as homogeneous catalysts, while only small
amount of H,WO, can be dissolved in water. H;PW ;204 and H4SiW 1,049 with Keggin
structure are the most typical polyoxotungstates, and the latter is known to be very stable in
acidic solution. The results (Fig. 1) showed that considerable amount of 1,3-PrD (20 to 40%
selectivity) was formed when tungsten-containing acidic additive and Pt-based catalyst were
used. When Pd was used as active metal, the main products were 1,2-PrD and/or 1-PrOH. The
types of support and tungsten source have limited influence on the selectivity pattern.

These data show that the combination of noble metal and tungsten is effective in 1,3-PrD

formation from glycerol. Based on the electrostatic potential, some tungsten species may well
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be reduced in the reaction conditions: 2WO; + 2H" + 2¢” = W,0s + H,0, -0.029 V;34
PW120403_ +e = PW120404_, +0.15 V;35 SiW120404_ +e = SiW120405_, -0.05 V.35 Reversible
reduction of Pt-supporting HsSiW,049 with gas-phase H, was also reported.3 %1t is not known

whether or not direct interaction between noble metal and tungsten exists in these systems.

& 1904 no additional -PUALO, b 1004 hydrochloric I Pd/ALO,
acid [ Pd/SIO, acid - PAISiO,
80 PUALO, 80 PYALO,
ZZPysio, [Zpusio,
60 N 60
9 9
< 4 < 4%
20 20
0 0
o0 2¢O 2P0 o ot 00 2P0 290 o ot
o o A A Ra eeg‘ada o of A A ® “nga
c 100 tungstic - POIALO, d 100 phosphotungstic _-FALO,
acid [ PO/SIO, acid [ PO/SIO,
80 - 80 -
PYALO, PUALO,
© [ZaPusio, " [ZZZPusio,
S 9
< 4 < w0
20 20
0 0
o 0 0 o o on 0 0 o on
o™ ARV PP oo M‘ﬁw o™ AV R0 od deg,ada“
€ 1004 sjlicotungstic . /A0, f o100 PYAILO, . No Acid
acid B Pa/SiO, I Hydrochloric Acid
80 PUALO, 80 [ Tungstic Acid
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g g
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oc‘\“eﬁ\c‘\ A0 PO npfo\;\eg‘ada\\oﬂ co(\“e‘ga“ A0 yop0 n\,‘o\;\eqaﬂa\\eﬁ

Figure 1. Addition effects of tungsten compounds in Pd- and Pt-based catalysts. PD =
propanediol. Conditions: active metal (5 pmol), 100 mM aqueous glycerol (5 mL), additive
(HCI, pH 1.5; H;WO4, 40 mM; polyacid: 3.5 mM), H, (4 MPa), 473 K, 18 h. Reprinted with

permission from ref. 31, Copyright (2013) Wiley-VCH.

3.2. Heterogeneous catalysts containing both active metal and polyoxometalate
Heterogeneous catalysts supporting both active metal and polyoxometalate have been

investigated by several researchers, since replacement of homogeneous catalysts with

10
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heterogeneous ones can simplify the separation step of catalysts from reaction mixture. In
addition, direct interaction between active metal and polyoxometalate is more easily realized
in heterogeneous catalysts.

Zhu et al. prepared Cu-H4SiW,04¢/Si0O, catalyst via incipient wetness impregnation
method.”” After calcination at 623 K and reduction at 573 K, the catalyst was applied to
vapor-phase hydrogenolysis of glycerol. Conversion and selectivities much depended on the
reaction temperature, space velocity, H, pressure and initial water content. At the optimum
conditions (483 K, 0.54 MPa H,, without water), conversion and 1,3-PrD selectivity reached
83.4% and 32.1%, respectively. The presence of water decreased both activity and 1,3-PrD
selectivity of Cu-HsSiW,04¢/SiO; catalyst. Later the same group reported aqueous phase
glycerol hydrogenolysis over Pt-H;SiW,04/SiO, catalyst with flow reactor.”® The
Pt-H4S1W ,04¢/SiO; catalyst was also prepared via incipient wetness impregnation method
and calcined at 623 K. The presence of Keggin structure in the prepared catalyst was verified
by Raman spectroscopy. The XRD patterns of reduced catalysts showed that the dispersion of
Pt metal was increased with increasing amount of H4sSiW,049. However, the Pt dispersion
determined by CO adsorption was first increased and then decreased, probably because of
partial covering of the surface Pt metal with polyoxometalate. The XRD patterns showed no
peaks for H4SiW 1,04, implying the fine dispersion. IR spectra of adsorbed pyridine showed
that supporting H4SiW 1,049 much increased acid sites, especially Bronsted acid sites. With
optimized catalyst and conditions, glycerol conversion and 1,3-PrD selsectivity reached
81.2% and 38.7%, respectively. In the same conditions, Cu-H4SiW,04¢/SiO; catalyst showed
only 9.1% conversion and 8.9% 1,3-PrD selectivity. The same group also reported the

catalysis of Pt-H4SiW ,04¢/ZrO; in glycerol hydrogenolysis.*® Although this study focused on

11
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the production of propanols, good 1,3-PrD selectivity was obtained at lower reaction
temperature (~40% selectivity at ~60% conversion and 433 K). Both fresh and spent catalysts
showed similar Raman spectra with characteristic bands of SiW ;04" (950-1020 cm™),
suggesting that the Keggin structure remained intact during the catalysis (Fig. 2). XRD and
CO adsorption measurements of fresh and spent catalysts confirmed that the Pt particles on
ZrO, support had no remarkable agglomeration during the catalysis. The good stability of
Pt-H4SiW 1,040/ZrO, may be due to the strong interaction between acidic HsSiW 1,04 and
weakly basic sites of ZrO, support. Pt-HsSiW,040/ZrO, was further improved by
modification with alkali metal.*® Alkali metals (Li, K, Rb and Cs) were doped into
Pt-H4S1W,04¢/ZrO; by an ion-exchange method using alkali nitrate. The ratio of alkali metal
to polyoxometalate was set to 2. Among them, Pt-Li;H,SiW,040/ZrO, showed higher activity
and 1,3-PrD selectivity than unmodified catalyst, attaining 43.5% conversion and 53.6%
1,3-PrD selectivity at 453 K (Scheme 3). The authors pointed out that the modification effect

with Li includes adjustment of the acidity and improvement of the tolerance to water solvent.

I f ‘ fresh
N% WW

|
600 800 1000 1200

Intensity

200
Figure 2. Raman spectra of fresh and spent Pt-H4SiW ,04¢/ZrO; catalysts. Reprinted from ref.

39.

12
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Hz
Ho/\/\OH Ho™ S"Non HO/Y

OH Pt-LIHSIW/ZrO, OH
H,/glycerol=137, 23% 6%
WHSV 0.09 h™,
453K +HOT +Y + Others
OH
1% 1% 2%
Scheme 3

The use of acid salt of polyoxometalate as a support has been also tested. Kozhevnikov et
al. reported glycerol hydrogenolysis over Ru and Rh catalyst supported on Cs; sHysPW 12,049
1 which is well known as a water-insoluble strong Brensted acid with large surface area
(~100 m* g") and good thermal stability (773 K).>** The catalysts were prepared by
impregnating Cs,sHgsPW 2049 with metal chloride solution and subsequent reduction with
H, at 523 K. The catalysts gave high selectivity to 1,2-PrD, while 1,3-PrD was observed only
over Rh/Cs; sHy sPW 2040 (7.1% selectivity). Rapid catalyst deactivation was observed, which
was explained by the loss of acidity by reduction of tungsten(VI) in the polyoxometalate. The
authors mentioned the possibility that the deactivation will be overcome by using more stable
polyoxometalate such as SiW1204o4'.

As stated above, the use of polyoxometalate as a component of heterogeneous catalyst can
give better 1,3-PrD yield than that of soluble tungsten compound. The advantages of
polyoxometalate as catalyst, the ability to tune the properties by changing the constituent
elements and counter cations, have been well exploited to develop new catalysts. However,
there are too little information about the true active center and reaction mechanism; even it is
not known whether the Keggin structure is more effective in glycerol conversion or 1,3-PrD

formation than other tungsten structure or not.

13
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3.3. Heterogeneous catalysts with co-supported active metal and tungsten oxide

Supporting active metal on tungsten oxide species is a simple and direct approach to draw
out the synergy between active metal catalyst and tungsten co-catalyst. Tungsten oxide is
usually first supported on another metal oxide by impregnation and then the precursor of
active metal (typically Pt) is impregnated. Supports with large surface area, good stability, and
appropriate acid/base property are necessary to obtain good performance.

Kurosaka et al. investigated various noble metal/tungsten/metal oxide support catalysts for
glycerol hydrogenolysis in 1,3-dimethyl-2-imidazolidinone (DMI) solvent (Table 2).* The
catalysts were prepared by sequential impregnation using ammonium metatungstate
((NH4)6H2W1,040) and H,PtCls or metal chloride as precursors. The catalysts were calcined at
773 K after each impregnation. Among the Pt-W catalysts on tested supports (AI-MCM-41,
Si0,-AL,03, Al,Os, anatase TiO,, H-Y zeolite and ZrO,), Pt/'WO3/ZrO, showed the highest
activity, 1,3-PrD/1,2-PrD ratio and 1,3-PrD yield (24.2%). Al,O3 and SiO,-Al,O; supports
showed relatively good results. The type of noble metal also greatly affects the performance,
and Pt showed by far the highest activity and 1,3-PrD/1,2-PrD ratio. The XRD patterns of
Pt/WO3/Zr0O,, Pt/WO3/Al,0; and Pt/WO0;/Si0,-Al,0; showed no peaks for Pt or WO3, while
the other Pt/W catalysts with lower performance showed small XRD peaks of Pt and WOs.
These results indicate that the supports should have the ability to keep loaded Pt and WOs3
highly dispersed. On the other hand, all noble metal/WO3/ZrO, catalysts showed no peaks of
the noble metal or WOs, indicating that the catalytic performance was largely affected by the

type of noble metal itself.

--- Insert Table 2 ---

14
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Qin et al. applied PYWO3/ZrO, catalysts for hydrogenolysis of aqueous glycerol.* The
catalysts were prepared by successive impregnations of Zr(OH); with ammonium
metatungstate and H,PtClg. The catalysts were calcined at 1023 and 723 K after impregnation
with W and Pt, respectively. WO3/ZrO, and Pt/'WO;/ZrO, prepared by this method are well
known solid acids.*” The presence of WOj stabilizes tetragonal ZrO, phase, while commercial
ZrO, has the monoclinic structure. Tungsten is well dispersed onto the ZrO, surface as
distorted tungsten oxide clusters, except in very high W loadings where bulk WO; is
formed.*® Both the amounts of W and Pt much affected the performance (Table 3). The
highest activity was obtained when W content was 10 wt%. The authors pointed out that the
surface concentration of acid sites on the WO3/ZrO, supports has the maximum when W
content was 10 wt%, where the WO; loading reached monolayer coverage. The highest
1,3-PrD yield of 32% was obtained using the catalyst with 2 wt% Pt and 10 wt% W. The
highest activity of mid-range W loading in WO3/ZrO, catalysts has been also reported for

. . . . 45
other reactions such as hydrocarbon isomerization.

--- Insert Table 3 ---

Gong et al. prepared a series of Pt/WOs/TiO,/Si0, catalysts with different loadings and
applied them to hydrogenolysis of aqueous glycerol.*’ The catalysts were prepared by
stepwise impregnation of SiO, with tetrabutyl titanate, ammonium metatungstate and H,PtCls.
Calcination at 873 K was conducted after each impregnation step. The dependence of

catalytic performance on the loading amount of Ti and W showed a volcano-curve (Fig. 3).

15
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The optimal loadings of Ti and W as oxides were 10% and 5%, respectively, and the glycerol
conversion and 1,3-PrD selectivity reached 15.3% and 50.5%, respectively. The XRD patterns
of Pt/'WO3/Ti0,/Si0; catalysts showed no peaks of Pt, TiO, and WO; while those of Pt/SiO,
and Pt/WO5/Si0O, showed peaks of Pt. Therefore one role of TiO, is to improve the dispersion
of Pt. The profiles of temperature-programmed desorption (TPD) of NH; and IR spectra of
adsorbed pyridine showed that the addition of W enhanced the acidity of catalyst in terms of

both acid strength and number of acid site, especially as Brensted acid sites.

>

50 4 ==O=Conversion .
—@— 1,3-PD sclectivity
40 -

30
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Conversion & Selectivity (%)

0 T T T T T T T T T

WO, loading (wt%)
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50 == 1,3-PD selectivity

40

30
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0 2 4 6 8 10 12 14 16
TiO, loading (wt%)

Figure 3. Influence of (A) WOs3 and (B) TiO; loadings on Pt/WO3/TiO,/SiO; catalysts for
glycerol hydrogenolysis. 1,3-PD = 1,3-propanediol. Reaction conditions: glycerol (4 g), water

(36 g), catalyst (2 mL), H, (5.5 MPa), 453 K, 12 h. Reprinted with permission from ref. 47,

16
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Copyright (2010) Elsevier.

The combination of Pt, WO; and alumina-based supports has been the most successful one
for glycerol hydrogenolysis into 1,3-PrD. Suzuki et al. of KAO corporation first invented the
combination in 2007.** According to their patent, 67% selectivity to 1,3-PrD was obtained at
23% glycerol conversion using Pt(5 wt%)-W(5 wt%)/Al,03 catalyst (Scheme 4). The catalyst
was prepared by impregnating commercial Pt/Al,O; with ammonium paratungstate

((NH4)10H2W204,) and calcination at 773 K.

H, (5.5 MPa)
HO/\(\OH 2 HO/\/\OH + HO/\/

OH PLW/ALLO, OH
(4 g), water 15% 1%
129 (120 g),
433K, 3h
+HOT +Y + Others
OH
4% 3% <1%
Scheme 4

Very recently, Kaneda et al. has reported a very good result using boehmite (AIOOH)
support.*’ The 1,3-PrD yield reached 66-69% from aqueous glycerol (Scheme 5), and these
values are the highest in reported ones until now. Tungsten was supported on boehmite by
ion-exchange method using aqueous ammonium paratungstate. Almost all tungsten species
was attached to the support and the loading amount was set to 8 wt% W. After calcination at
1073 K, the WO3/“AlOOH” was impregnated with aqueous H,PtClg by vaporization method
to the Pt loading of 1.8 wt%. It should be noted that boehmite was converted into y-Al,O3
phase during the calcination. XRD and W L3-edge XANES analyses suggested that tungsten

(VD) oxide species was highly dispersed on the alumina support. The performance of

17
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Pt/WO;/“AlO0OH” catalyst was compared with that of Pt/WQOs/Al,0; which was prepared by
the same procedure using y-Al,O3 support with similar surface area to the boehmite. The
activity and 1,3-PrD selectivity of Pt/WOs3/Al,Os; was much lower than that of
Pt/WO3/“AlO0OH”. The catalysts prepared using boehmite supports with lower surface area
(180 — 56 m* g') showed also lower selectivity to 1,3-PrD (37%). The authors considered

that the difference of performance arises from the difference of the number of Al-OH species.

Hs (5 MPa)
Ho/\/\OH 2 HO” >"on + HO/\/

O Pt-W/AIOOH OH
(0.1 g), water 66% 2%
92 mg 39),
453K, 12 h
+HO +Y + Others
OH
11% 6% 15%
Scheme 5

3.4. Pt catalysts directly supported on tungsten oxides

Tungsten oxides usually have low surface area and are not suitable as supports. However,
using tungsten oxide alone as a support certainly leads direct interaction between active metal
and tungsten oxide. Tao et al. prepared Pt catalyst supported on mesoporous WOs3 and used it
for glycerol hydrogenolysis.50 The mesoporous WOs with surface area of 22 m’ g'1 was
prepared by an evaporation-induced self-assembly method using WClg as the precursor and
triblock P123 (EO,PO70EOy) as the structure-directing agent. The mesoporous structure was
confirmed by N, adsorption-desorption isotherms and had a pore size distribution centered at
7 nm. Pt was supported on the mesoporous WOj calcined at 773 K up to 2 wt% with incipient
wetness impregnation method using H,PtCls. After impregnation, the supported Pt catalyst

was calcined at 673 K and reduced at 573 K. XRD and TEM analyses showed that Pt metal
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was highly dispersed on the mesoporous support, while the catalyst prepared with commercial
WO; contains larger Pt particles (>10 nm) (Fig. 4). The tungsten oxide phase was partially
reduced and formed a “bronze” phase as confirmed by XRD, H,-TPR
(temperature-programmed reduction) and UV-vis spectroscopy. The adsorption band for the
“bronze” phase (600-900 nm) was much stronger in Pt/mesoporous WO; than in
Pt/commercial WOs;. In the glycerol hydrogenolysis, Pt/mesoporous WO; catalyst gave 39.3%
1,3-PrD selectivity at 18% conversion. The activity and selectivity were much higher than
those of Pt/commercial WOs catalyst (29.9% selectivity and 4.5% conversion), and the
difference may be related to the high dispersion of Pt and good reducibility of Pt/mesoporous
WO;. Later the same research group reported Pt catalysts supported on mesoporous Ti-W
oxides prepared by the similar procedure using Ti(OBu); and WCls as precursors.”’ The
supports were used after calcination at 773 K, when the Bronsted acid sites were generated.
Although the well-ordered honeycomb structure was seriously degraded, the calcined
supports still had narrow pore size distributions centered at ~4 nm. The XRD analysis showed
that formation of anatase phase proceeded during the calcination. Pt species were highly
dispersed when W/Ti molar ratio was below 1. The catalytic activity and 1,3-PrD selectivity

of Pt/Ti-W oxide catalysts were similar to those of Pt/mesoporous WOs.

)

20 nm

Figure 4. TEM images of Pt/mesoporous WO; (a) and Pt/commercial WO; (b). Reprinted
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with permission from ref. 50 by Editorial Office of Chinese Journal of Catalysis.

Kaneda et al. investigated the addition effect of secondary metal on Pt/WO; catalyst.* The
catalysts were prepared by co-impregnation of commercial WO; with mixed solution of
H,PtClg and precursor of additive metal and subsequent calcination at 773 K. The loading
amount of Pt and additive was 0.4 and 0.2 wt%, respectively. Among the additive metals
tested (Al, V, Cr, Mn, Fe, Zn, Ga, Zr, Mo and Re), Al showed the best effect in the
performance in glycerol hydrogenolysis into 1,3-PrD (44% selectivity at 90% conversion).
The use of Cr, Mn and Zr resulted in moderate 1,3-PrD yields (25-28% in the same conditions
for Pt-Al0,/WQO5); however, the values were not so different from that obtained over Pt/ WO;
(21%). Addition of V, Fe, Zn, Ga, Mo and Re much decreased the activity. The positive effect

of Al may be related to the high performance of Pt-W catalysts on Al-based supports.

3.5. Reaction mechanism over noble metal + tungsten catalysts

The reaction mechanism of 1,3-PrD formation over tungsten-added metal catalysts has not
been well understood. Several research groups pointed out the importance of Brensted acid
site in 1,3-PrD formation.***'*’>! The reducibility of tungsten species has been also
discussed,”®”" and the reduction of tungsten with H, can produce acidic proton (eqn 7).*-*

QWO+ H, — 2WY+2H" ()

Reaction kinetics, dependence of reactants concentration/partial pressure on the reaction
rate, can give important information in determination of reaction mechanism. Large reaction

orders (>1) with respect to H, pressure were reported for Pt-H4SiW;,04¢/SiO, and

Pt/WO5/ZrO; catalysts.**** The kinetics may be related to the formation of 2 equiv. of acidic
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proton per one H, molecule consumed in the reduction of tungsten. On the other hand, too
high H, pressure decreased the reaction order for Pt/WO3/ZrO,,** and even volcano-curve
dependences on H, pressure were reported for Pt/WO3/TiO»/SiO, *7 and Ru/Cs, sHo sPW 12040
catalysts.”! Deep reduction of tungsten may lose the catalytic activity. The selectivity to
1,3-PrD was generally gradually increased with increasing H; pressure.

One explanation of 1,3-PrD formation is the dehydration-hydrogenation route (Scheme
2(a)). If the dehydration step produces 3-hydroxypropanal instead of acetol, 1,3-PrD should
be the main product. It should be noted that the cationic intermediate for 3-hydroxypropanal,
secondary carbocation, is more stable than that for acetol, primary carbocation (Scheme 6).
Therefore 3-hydroxypropanal formation is kinetically favorable to acetol formation, although
thermodynamically unfavorable. Based on this mechanism, the key to high 1,3-PrD is to
quickly hydrogenate 3-hydroxypropanal before interconversion between 3-hydroxypropanal
and acetol. There is another reason why fast hydrogenation of 3-hydroxypropanal is
important: further dehydration of 3-hydroxypropanal produces acrolein, which is a precursor
of 1-PrOH. The increase in 1,3-PrD selectivity by increase of H, pressure may be due to the
increased hydrogenation rate. Stabilizing 3-hydroxypropanal and/or the cationic intermediate
can also increase the 1,3-PrD selectivity. In the case of polyoxometalate-based catalysts, the
“soft” nature of acidity of polyoxometalate may affect the stability of cationic intermediates.
Stabilization of carbocation by slightly reduced WO, cluster has proposed for
Pt/WOs/ZrO,-catalyzed alkane isomerization.* Kaneda et al. proposed the reaction
mechanism for Pt-W-Al catalysts (Scheme 7):>* Glycerol adsorbs on Al-OH site, forming an
alkoxide species. Protonation of a secondary hydroxy of the alkoxide and successive

dehydration gives a secondary carbocation. The adsorbed carbocation was attacked by
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hydride species generated by hydrogen spillover from Pt to WO; surface. Hydrolysis of the
resultant alkoxide gives 1,3-PrD. In this mechanism, Al-OH site controls the adsorption of
glycerol and stabilizes the intermediate. The combination of Pt and WOj3 supplies proton and
hydride, and the hydride quickly reduces the intermediate before releasing free
3-hydroxypropanal or acetol. However, there are still undissolved points, such as why Pt and
Al work much better than other elements: other noble metal can similarly activate H,, and
many metal cations can form alkoxide structure. Formation of alkoxide on W center in water
is also known for some tungsten species with mobile ligands such as aquo, and this property
is known to be important in catalytic epoxidation of unsaturated alcohols.>® Involvement of

tungsten alkoxide species in hydrogenolysis cannot be excluded.

OH

® H* H2
R HOA‘( L L
/< OH OH o)

H,0 (less stable) thermodynamically stable

HO/\/\OH H,0 kinetically unfavorable
HO™ N oH T HOT "NoH = o o — = HO” " “oH
(more stable) thermodynamically unstable

kinetically favorable

| -H0
\J H,
el

Scheme 6. Elementary reactions in the dehydration of glycerol. Reprinted from ref. 16.
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e o, OH
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Scheme 7. Mechanism for Pt-Al/WOs catalyst proposed by Kaneda et al. Reprinted with

permission from ref. 52, Copyright (2012) The Chemical Society of Japan.

4. Rhenium-added catalysts
4.1. Preparation

Rhenium is sometimes an effective additive for noble metal catalysts.”> Rhenium is located
next to tungsten in periodic table, and both elements form metal oxide with ¢ electronic
configuration in ambient conditions. The oxides can be reduced to lower valence in reductive
conditions. However, the reducibility of tungsten and rhenium is much different: The average
valence of W in W"'O; after reduction is usually larger than +5, and the morphology is not so
changed during the reduction at the reaction temperature for glycerol hydrogenolysis
(typically <473 K). On the other hand, Re"" can be reduced to the average valence of < +4 in
the presence of noble metal, and the morphology of rhenium oxide may greatly change during
the reduction. It should be also noted that Re,O; is very soluble in water while tungsten
oxides or lower valence rhenium oxides are almost insoluble. Therefore, it is difficult to
control the structure of rhenium species by changing the preparation methods. The catalysts

were usually prepared by impregnation method using aqueous solutions of noble metal
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precursor and ReV! precursor such as NH4ReO4 and HReO,. The catalysts were calcined and
reduced in the reaction conditions or pre-reduced with H,. Characterization of catalysts

should be conducted in the reduced state.

4.2. Ir-ReO4/Si0; catalyst

Ir-Re0,/SiO, catalyst, first reported in 2010,°® is the most effective one for glycerol
hydrogenolysis into 1,3-PrD among Re-added catalysts. Our group compared the catalytic
performance of various Ml—Rer/SiOz (M1 = Ir, Ru, Rh, Pd and Pt) and Ir—Msz/SiOZ (M2 =
Re, Cr, Mn, Mo, W and Ag) (Table 4).5 " The precursors used were H,IrClg, HoPtClg, chlorides
of the other noble metals, NH4ReQO,4, nitrates of CrHI, MnH, and Agl, ammonium
heptamolybdate (NH4)sM07024) and ammonium paratungstate. The catalysts were calcined at
773 K after impregnation, and they were reduced in water with 8 MPa H, at 473 K just before
use. Ir-ReO,/Si0; catalyst was most selective to 1,3-PrD. Rh-ReOy/SiO, showed comparable
activity to Ir-Re0,/SiO; based on the number of noble metal, while the 1,3-PrD selectivity
was much lower. The other combinations showed lower activity and 1,3-PrD selectivity than

Ir-Re0,/Si0;. Monometallic Ir/Si0, and ReO,/Si0; catalysts were totally inactive.

--- Insert Table 4 ---

The Ir-ReO4/Si0;, catalyst showed better performance in the conditions of the Re/Ir molar
ratio of 0.25-2, the presence of small amount of acid (such as H,SO, and H-ZSM-S),56'58
higher glycerol concentration and relatively low temperature (393 K). The H, pressure

affected the reaction rate, while the effect on the selectivity was very small. Larger Re/Ir ratio
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increased the activity, while the selectivity pattern at the same conversion level was almost the
same in the Re/Ir range of 0.25-2. The highest 1,3-PrD yield was 38% at 81% conversion
(46% selectivity) using the catalyst with 4 wt% Ir and Re/Ir=1 (Scheme 8).56 The initial
selectivity (~70%) was similar to those obtained over optimized Pt-W-Al catalysts; however,
the overhydrogenolysis of 1,3-PrD to 1-PrOH lowered the yield over Ir-ReO,/SiO, catalysts.
The activity of Ir-Re0,/SiO, was much higher than Pt-W-Al catalysts: Similar rate (~10'
MOleony-glycero/MOlr o pe h™') Was obtained at 393 K and 453 K over Ir-Re0,/SiO, and Pt-W-Al

catalyst,** respectively.

H, (8 MPa)
HO/\(\OH 2 HO/\/\OH + HO/Y

OH Ir-Re0,/SiO, OH
(150 mg), 38% 3%
49 H,S0, (H*/Ir=1),
water (1 g), e Y
393K, 36 h + HO + + Others
OH
33% 4% 2%
Scheme 8

The Ir-ReO,/SiO, catalyst was characterized with various techniques.56’57’59 The XRD
pattern of unreduced catalyst showed the peaks of IrO, as well as SiO, support. No peaks of
rhenium oxides were observed, suggesting that Re species was highly dispersed. The
reduction of Ir-ReOy/SiO; (Re/Ir=1) with H, was monitored with H,-TPR and quick-scanning
in situ XAFS. The valence of Re of unreduced catalyst was +7. The reduction of Ir and Re
proceeds simultaneously in the range 415-495 K. After the reduction, the average valence of
Ir and Re became 0 and +2, respectively, as determined from XANES and EXAFS analysis.
The XRD pattern of Ir-ReO,/SiO; after reduction at 495 K had only peaks of Ir metal and

Si0,. The peak of metal (26 = 40.5°) was not shifted from pure Ir metal, indicating that no
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Ir-Re alloy was formed. The average size of Ir metal particles was estimated to be about 2 nm,
which was also supported by TEM observation. The curve fitting analysis of Re Ls-edge
EXAFS of reduced Ir-ReO,/SiO; showed the presence of both Re-O (0.205 nm) and Re-metal
(Ir or Re; 0.273 nm) bonds with coordination number (CN) of 1.6 and 6.5, respectively. The
CO adsorption amount on reduced Ir-ReOy/SiO, was significantly smaller than that expected
by the Ir metal particle size. It should be noted that CO is adsorbed on Ir metal surface and not
on Re oxides. XPS of reduced Ir-ReO,/SiO, showed signal with peaks at 40.7 and 43.3 eV in
the Re 4f core level. The peak positions were located between those of Re metal (39.7 and
42.3 eV) and ReO, (42.5 and 45.0 eV). Based on these data, we concluded that the surface of
Ir metal particles is partially covered with three-dimensional ReOy clusters. The
characterization results of used catalyst were almost identical to those of reduced catalyst in
gas phase.

The reduction of Ir/SiO; and ReO,/SiO; proceeded in the range 435-555 K and 575-655 K,
respectively. The higher reducibility of Ir-ReO,/SiO; than I1/SiO, or ReO,/SiO, suggests the
presence of interaction between Ir and Re species even before reduction. The Raman
spectrum of unreduced Ir-ReO,/Si0, showed the bands at 1048, 983, 968, 810, 700 and 539
cm’’. The bands at 700 and 539 cm™ were assigned to IrO,, and those at 810 and 968 cm’!
were assigned to ReO4 or Re;O;. The band at 1048 cm’ was located far from those in
reference compounds (NH4ReO4, Re,O; and ReO,/SiO,; <977 cm'l), and one possible
explanation is that the trioxo Re species (-O-Re(=0)3) is formed by the interaction with the
IrO, surface. The model structures of Ir-ReO,/Si10, in reduced and unreduced states are shown

in Fig. 5.
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Ir-ReO,/SiO, (Re/lr = 1)
(Calcined) (Reduced)
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Figure 5. Structural transformation of Ir-ReO,/SiO, during reduction. Reprinted with

permission from ref. 59, Copyright (2012) American Chemical Society.

Reaction mechanism of hydrogenolysis over Ir-ReOy/SiO, was investigated with the
reactivity trends of related substrates, kinetics and deuterium label study.’**"**%* The C-O
bond neighboring terminal OH groups is selectively dissociated: glycerol to
1,3—propanediol,56'58 erythritol to 1,2,4-butanetriol and 1,4—butan01,60 1,2-propanediol to

1-pr0panol,56’57 2-alkoxyethanol to 1:1 mixture of the corresponding alcohol and ethanol,”’

and tetrahydrofurfuryl alcohol to 1,5-pentanediol.’’

Hydrogenolysis of tetrahydrofurfuryl
alcohol is especially important, since tetrahydrofurfuryl alcohol can be produced from
hemicellulose via furfural as an intermediate.®*®” Dissociation of C-O bond neighboring
secondary OH group is possible with lower reaction rate: 3-hydroxytetrahydrofuran to
1,3-butanediol. The selectivity pattern is different from the order of bond strength: In

2-isopropoxyethanol hydrogenolysis, the Cprimary-Oecther bond, which is stronger than the

Csecondary-Oether bond, was selectively dissociated (eqn 8).

H
.0 2 HO
o o
Ir-Re0,/SiO,

®)
The reaction order on H; pressure was first for these substrates, suggesting that one

hydrogen molecule gave one active hydrogen species. The reaction order with respect to
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substrate was zero, except substrates with only secondary OH group such as

61-63 .
The proposed mechanism

3-hydroxytetrahydrofuran which gave a positive reaction order.
is shown in Scheme 9. Substrates were adsorbed on Re-OH site with the OH group to form
alkoxide species. Hydrogen is activated in the interface between Ir and Re to form hydride
species. The C-O bond neighboring the alkoxide group is attacked by the hydride species via
Sn2-type reaction. Hydrolysis of produced alkoxide releases the product. The superiority of Ir
as an active metal in Re-added catalysts can be related to the nature of active hydrogen
species formed on the catalyst. Ir-ReO4/SiO, catalyst is very effective in selective
hydrogenation of o,B-unsaturated aldehydes to unsaturated alcohols,”® where hydride-like
reducing agent such as BH4” works well. The direct interaction of positively-charged Re with
Ir may strengthen the hydride-like nature of hydrogen species formed on Ir. Ir-ReOy/SiO,

catalyst is also active in alcohol dehydrogenation such as 1,2-cyclohexanediol to

2-hydroxycyclohexanone, in which reaction heterolytic dissociation of C-H is a key step.®’

0 Revg 0
HO R1/‘\/OH Hy R1 ( 0,
N4 Substrate  R{ SN H \R e/
/Re \ /Re AN \I ;
—I— W —Ir—
H0 Ir H*
Catalyst
Ro—0
R} o, , H*, H0 Ho_ R,—OH
- . +
r.d.s. /Re /Re R1/\/ OH

—I— —Ir—

Scheme 9. Proposed mechanism of C-O hydrogenolysis over Ir-ReO,/SiO,. Reprinted with

permission from ref. 63, Copyright (2013) Elsevier.

Further modification of Ir-ReO,/SiO; can change the catalytic performance. We have tested

glycerol hydrogenolysis over Ir-ReO,/SiO; catalyst modified with another metal.”” Among the
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tested elements (B, Na, S, P, Ni, Co, Zn, Cu, Ag, Pd, Pt, Ru and Rh), only Ru and Rh showed
a clear positive effect on the catalytic activity. However, the selectivity to 1,3-PrD was
slightly decreased. Although the C-O hydrogenolysis activity is decreased, addition of Pd to
Ir-ReO,/Si0; enhances the C=C hydrogenation activity and enables one-pot successive
conversions of furfural to tetrahydrofurfuryl alcohol (hydrogenation) and tetrahydrofurfuryl
alcohol to 1,5-pentanediol (hydrogenolysis).” On Ru- or Pd-added Ir-ReOy/SiO, catalysts,
EXAFS characterization indicated that both ReOy-modified Ir particles and ReOx-modified

Ru or Pd particles were separately present.”””!

4.3. Rh-ReOy catalysts
Rh-ReOy catalysts supported on SiO, or carbon are also very active in glycerol

hydro genolysis,72'74

although less selective to 1,3-PrD than Ir-ReO4/SiO,. In contrast to Ir,
monometallic Rh catalysts have some activity; however, they are much less active than
Rh-ReOy catalysts (~20 times difference), and 1,3-PrD selectivity is also lower (about half).
The dependence of Re amount on the activity of Rh-ReOy catalysts showed a volcano-curve,
and the optimum amount was around Re/Rh=0.5. The Rh-ReOy catalysts were characterized
by XRD, H,-TPR, CO adsorption, TEM and XAFS.”*">"® After reduction at 393 K, Rh and
Re in Rh-ReOy/Si0, (Rh 4 wt%, Re/Rh=0.5) was reduced to the metal state and the average
valence of around +2, respectively, as determined from H,-TPR and XANES data. Formation
of Rh metal particles was confirmed by XRD and TEM, and the particle size was ~3 nm. CO
adsorption amount was smaller than expected for the particle size, similarly to the case of

Ir-ReO,/Si0,. EXAFS analysis is even more powerful tool than in the case of Ir-ReOy

catalysts because Rh and Re can be clearly distinguished as backscattering atoms. The curve
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fitting of Re L3-edge EXAFS showed the presence of Re-O (CN = 1.4, R=0.210 nm), Re-Rh
(CN =3.7, R =0.265 nm) and Re-Re bonds (CN = 2.7; R = 0.272 nm). The Rh-Re bond was
also detected by Rh K-edge EXAFS (Rh-Re, CN = 1.8, R=0.265 nm) in addition to Rh-Rh
bond (CN=10.1, R=0.267 nm). The characterization data suggest the structure similar to
Ir-ReO,/Si0,: Rh metal particles with ~3 nm size are covered with low-valent ReOy clusters
(Fig. 6). We obtained similar characterization data for carbon-supported Rh-ReOy catalysts,’’
while Chia et al. characterized similar Rh-Re/C catalyst with XAFS and proposed the
structure with Rh-rich particles with a shell of metallic Re islands.”® The CO adsorption
amount on Rh-ReO,/SiO, was decreased faster with increasing Re amount than on
Ir-Re0,/Si0;, indicating that Rh surface is more easily covered by ReOy species. We suppose
that ReOyx clusters on Rh metal tend to form monolayer and those on Ir tend to form
multilayer structure. The volcano-curve in the activity dependence on Re amount can be

explained by the blocking of active Rh sites by excess ReOx species.

vvvvvvvv
Y Y Y Y YYYYY

vvvvvvvvvv

7

Figure 6. Model structure of Rh-ReO,/SiO, (Re/Rh=0.5) after reduction. (¢): Side view, (d):
Top view. Reprinted with permission from ref. 76, Copyright (2012) American Chemical

Society.

Although not selective in glycerol hydrogenolysis, Rh-ReOy catalysts are very active and
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selective in C-O hydrogenolysis of other substrates: tetrahydrofurfuryl alcohol to

171757980 tetrahydropyran-2-methanol to 1,6-hexanediol,””” 1,2,6-hexanetriol

1,5-pentanedio
to 1,6-hexanediol,”*"*? and 1,2-propanediol to 1-propanol.”* These reactions are within the
type which Ir-ReO,/SiO, catalyst can work for: dissociation of C-O bond neighboring to
terminal OH group. Reactions with the mechanism of Ir-ReO,/SiO,-catalyzed hydrogenolysis

(Scheme 9) can proceed over Rh-ReOy catalysts; however, other mechanisms that give

1,2-PrD from glycerol also proceed, decreasing 1,3-PrD selectivity of Rh-ReOx catalysts.

4.4. Other Re-added noble metal catalysts

The addition effect of Re is also evident on Ru catalysts, although the activity and 1,3-PrD
selectivity are lower than those of Ir-ReOx or Rh-ReOy catalysts. Ma and He conducted
detailed investigation on the Ru-Re/SiO, catalysts for glycerol hydrogenolysis.83 The
precursors used were RuCl; and HReO,. The catalysts were calcined at 623 K and reduced in
situ in the reaction conditions or with H, at 473 K. The H,-TPR and XRD analyses showed
that Re species was mostly in oxidized state after reduction. However, the CO adsorption
amount on Ru-Re/Si0, was much larger than that on Ru/SiO,, indicating that covering of Ru
with ReOy species was less severe than in Ir-ReOx or Rh-ReOy catalysts. The activity of
Ru(3.2 wt%)-Re(3.6 wt%)/SiO, catalyst was about three times higher than that of Ru/SiOs.
The difference of selectivity was small between catalysts with and without Re: <10% to
1,3-PrD, ~40% to 1,2-PrD and ~30% to 1-PrOH. The promotion of activity by Re addition
can be explained by increased Ru dispersion.

Daniel et al. reported the performance of Pt-Re/C and the detailed characterization using

XAFS.* The precursors used were H,PtClg and HReOs, and the loading amount was set to 5
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wt% Pt and 4.9 wt% Re. After impregnation, the dried catalysts were reduced with H, at 773
K or 973 K. The catalyst reduced at higher temperature was more selective to 1,3-PrD, and
34% selectivity was obtained at 20% conversion and 443 K. The sintering during the
reduction at high temperature was not severe: particles with average size of 1.2 and 1.7 nm
(TEM analysis) were present on the samples reduced at 773 and 973 K, respectively. The
authors commented that the increase in 1,3-PrD selectivity by higher reduction temperature
might be resulted from a higher level of Re incorporation into the bimetallic Pt-Re particles.
The Re Ls;-edge XANES analysis showed that the average Re valence was ~+2 in both
catalysts reduced at 773 K or 973 K. The authors proposed the structure where Pt-Re
bimetallic particles and oxidized Re species were separately present. Formation of Pt-Re alloy
particles has been proposed for Pt-Re/Al,Os catalyst which is well known to be active in
naphtha reforming.ss’85 On the other hand, we characterized Pt-ReOy/SiO; catalysts (Pt 2 wt%,
Re/Pt=0.2 or 0.5) with H,-TPR, XAFS and CO adsorption, and we concluded that Pt metal
particles were covered with small ReOy clusters. %

Pd catalysts are inactive in glycerol hydrogenolysis regardless of whether Re is added or
not (Tables 1 and 4). Nevertheless, loading of Pd promotes the reduction of Re species loaded
on the same support, similarly to the loading of other noble metals. Pd-ReOy catalysts show

higher activity in reactions catalyzed by reduced Re species such as hydrogenation of

carboxylic acid than monometallic Re catalysts.*

5. Other catalysts for 1,3-PrD formation from glycerol
There are few reports that present effective catalysts for 1,3-PrD formation from glycerol

without use of tungsten or rhenium. Among Ir/SiO; catalysts modified with additional metal,
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the ones modified with Mo or V showed some activity to 1,3-PrD formation (Table 4);
however, the activity and 1,3-PrD selectivity were lower than those of Ir-ReO,/SiOs.
Rh-Mo00,/Si0O; catalyst, which is a good catalyst for hydrogenolysis of tetrahydrofurfuryl
alcohol to 1,5-pentanediol like Rh-Re0,/Si0,,%° showed even lower 1,3-PrD selectivity
than Rh/SiO,.”” Oh et al. reported very selective 1,3-PrD formation using Pt-sulfated
zirconia.”' Sulfated zirconia is a well-known “super acid”. The sulfated zirconia was prepared
by sol-gel method using Zr(OBu)s; solution in 1-propanol and aqueous H,SO4. After
calcination at 898 K, it was impregnated with H,PtCls and calcined again at 773 K. The
loading amount of Pt was 2 wt%. Using this catalyst, impressive 84% 1,3-PrD selectivity was
observed at 66.5% glycerol conversion in 1,3-dimethyl-2-imidazolidinone (DMI) solvent

(Scheme 10).

Hs (7.3 MPa)
HO™ T OH ————— 1o " oH + HoTY
oH PUsufated-Zr0, OH

(0.1g), DMI (0.2 55.6% 2.9%
276 mg mL), 443K, 24 h
+ Others
8.0%

Scheme 10

Interestingly, blank experiment without catalyst in the same conditions also produced
significant amount of 1,3-PrD (7.6% yield, 23.7% glycerol conversion). The DMI solvent

might play an essential role.

6. Conclusions and outlook

Most effective catalysts for 1,3-PrD production from glycerol contain both noble metal and
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tungsten or rhenium. Noble metal is required to activate hydrogen molecule. The role of
tungsten or rhenium is not well understood and may be different in different catalysts. The
possible roles include: supplying Brensted acid sites, binding and activating glycerol
molecule, working as a carrier of active hydrogen species by partial reduction, and modifying
the electronic states of noble metal by direct interaction with noble metal atom. Recent
progress in catalyst development enables the production of 1,3-PrD in >50% selectivity.

Tungsten-added catalysts can give high 1,3-PrD yield, especially with those containing Pt, W

and Al. However, the catalytic performance is very sensitive to the structure and compositions.

The activity of Pt-W based catalysts may also need to be improved. Further refinement in
preparation methods or compositions may well lead better catalysts. Rhenium-added catalysts
are attractive as catalysts with high activity. The best catalyst, namely Ir-ReOy/SiO,, shows
good 1,3-PrD selectivity at low conversion. However, overhydrogenolysis lowers the 1,3-PrD
yield at higher conversion. To develop new catalysts, attention should be paid to the dynamic
change in the structure of Re species during the reduction. Because of this point, it is difficult
to control the structure except by changing the composition. After all, developing new
additional promotors or new methods to control the structure will improve the catalytic

performance of both types of catalysts using tungsten or rhenium.
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Table 1. Selected examples of glycerol hydrogenolysis into 1,2-PrD over commercial catalysts®

Journal of Materials Chemistry A

Catalyst H, Glycerol/water/cata ~ Temp. Time [h] Conv. Products (selectivity [%]) ref.
[MPa]  lyst[g] (K] [70]
Copper chromite 2.1 50/10/2.5 473 24 65.3 1,2-PrD (89.6) 19
Pt/C, 5 wt% 1.38 50/10/2.5 473 24 34.6 1,2-PrD (82.7) 19
Pd/C, 5 wt% 1.38 50/10/2.5 473 24 5 1,2-PrD (72.0) 19
Ru/C, 5 wt% 1.38 50/10/2.5 473 24 43.7 1,2-PrD (40.0) 19
Ni/C 1.38 50/10/2.5 473 24 39.8 1,2-PrD (68.6) 19
RANEY® Cu 1.4 H,/20 wt% 478 LHSV=0.043 h'! 100 1,2-PrD (94), EG (1.6) 20
glycerol=375/0.05"
RANEY® Ni 1 8/0/2 463 44 97 1,2-PrD (71), ethanol (19), CO, (10) 21
Ru/C, 5 wt% 8 4/16/0.15 393 10 3.5 1,2-PrD (26), 1,3-PrD (5), 1-PrOH (27), 22
EG (22), ethanol (6), CH,4 (12)
RhW/C, 5 wt% 8 4/16/0.15 393 10 1.9 1,2-PrD (63), 1,3-PrD (7), 1-PrOH (19), 22

2-PrOH (7), EG (2), ethanol (1), CHy4 (1)

“ PrD = propanediol, EG = ethylene glycol, PrOH = propanol. ° Ratio by volume.
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Table 2. Glycerol hydrogenolysis over supported noble metal-WOj catalysts in DMI (ref. 43)*

Catalyst Conv.  Selectivity [%]

[%] 1,3-PrD  12-PrD  1-PrOH

No catalyst <3 n.d. n.d. n.d.
Pt/WO5/TiO, 19 35 38 27
Pt/WO3;/HY 26 28 34 19
Pt/WO;/AIMCM-41 28 27 25 26
Pt/WO;/Si0,-A,0; 42 26 27 23
Pt/WO,/AlLO; 44 30 25 26
Pt/WO,;/ZrO, 86 28 15 32
Pd/WO5/ZrO, 24 20 28 20
Rh/WO,/ZrO, 86 5 33 16
Ru/WO5/ZrO, 47 7 19 17
It/WO,/Z1O, 2 14 31 16

“ DMI = 1,3-dimethyl-2-imidazolidinone, PrD = propanediol, PrOH = propanol, n.d. = not detected. Reaction conditions: glycerol (3 mmol), DMI (0.2 mL), catalyst
(100 mg; noble metal 2 wt%, WO; 19.6%), H, (8 MPa), 443 K, 18 h.
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Table 3. Glycerol hydrogenolysis over Pt/WQ3/ZrO, catalysts in water (ref. 44)°

Journal of Materials Chemistry A

Metal loadings [wt%]  Conv. Selectivity [%]

Pt W (0] 1,3-PrD  12-PrD  1-PrOH 2-PrOH
1 10 14.2 36 4.2 50 9.9

2 10 41.6 44 3.6 44 8.2

3 10 70.2 46 2.6 44 7.6

4 10 84.5 26 0.7 67 6.3

2 5 27.0 44 9.3 38 7.8

2 15 29.9 36 6.4 48 9.7

“ PrD = propanediol, PrOH = propanol. Reaction conditions: glycerol (60 wt% aq., 0.5 mL h™"), catalyst (2 mL; calcination temperature for support: 1073 K), H, (4
MPa, 10 mL min™), 403 K, after 24 h.
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Table 4. Glycerol hydrogenolysis over Ir-ReO,/SiO, and the related catalysts (ref. 57)*

Journal of Materials Chemistry A

Catalyst Conv.  Selectivity [%]

[ "13-PrD  12-PrD  1-PrOH 2-PrOH  Others
Ir-Re0,/Si0, 226 65 8.2 19 8.0 0.3
Rh-Re0,/SiO, 28.9 19 27 36 16 1.9
Ru-ReO,/SiO, 26.1 12 52 22 3.7 11
Pt-ReO,/SiO, 2.1 40 21 29 9 1
Pd-Re0,/SiO, <0.1 n.d. n.d. n.d. n.d. n.d.
Ir-M00,/SiO, 4.7 24 55 11 8.6 0.7
Ir-WO0,/Si0, 2.7 49 19 20 10 1
Ir-VO,/SiO, 0.4 39 59 n.d. n.d. 2
Ir-CrO,/SiO, <0.1 n.d. n.d. n.d. n.d. n.d.
Ir-MnO,/SiO, <0.1 n.d. n.d. n.d. n.d. n.d.
Ir-Ag/SiO, <0.1 n.d. n.d. n.d. n.d. n.d.

“ PrD = propanediol, PrOH = propanol, n.d. = not detected. Reaction conditions: glycerol (4 g), water (2 g), catalyst (150 mg; noble metal 4 wt%, additive/noble
metal=0.25; reduced at 473 K), H,SO, (H+/additive =1), H, (8§ MPa), 393 K, 12 h.
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Effective combinations

The combinations of Pt-W and Ir-Re can catalyze the hydrogenolysis of glycerol to

1,3-propanediol in high selectivity.
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