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Abstract

Replacing fossibased feedstocksith biomass to produceenewable fuels and
chemicals is onef the major gstainability challenges facinguman society. In

this context, catalytic upgrading of némod bioderived polyols, including
glycerol, erythritol, xylitol, sorbitol and mannitol, on heterogeneous catalysts
attracts increasing attentions, because it will provide alternative routes for the
production of fuels and chemicals. However, several issugdageng current
technologies: (a) hly oxygen contents in these;-g polyols demand several
difficult steps of deoxygenation, which require elevated reaction temperature (T
= 220~300°C) and high operating pressure of hydrogen; (b) conversion under
such harsh conditions involving mufithase,multi-step and mulicomponent
reactions results in low selectivity towards desired products, loss of large
guantities of carbon to less valuable wastes and (c) fast deactivation of catalysts

due to poor intrinsic activity and stability.

The present worlsuccessfullydemonstrates that, by rational design of multi
functional metabased catalytic systems, conversion of various biopolyols to
valuable megaton everyday chemicals, such aprbRanediol, ethylene glycol,
lactic acid and alcolts, can occur in one pot process under significantly milder

reaction conditions with improved efficiency.

Detailed investigation on-C/C-O cleavage revealed possible reaction pathways

and mechanism of polyols on metal based catalysts. Therefore désmritie



functional metal catalysts was achieved. It was for the first time to demonstrate
that Cu catalysts exhibited an excellertCCand GO cleavage activity by
immobilizing active sites for retraldol, dehydration and hydrogenolysis on one
single catlyst, leading to >98% vyield towards liquid products. Studies on
reaction parameters and surface characterization enabled the establishment of

activity-performance correlation for polyol conversion.

Further, by rational combining hydrogen generation andirdgenolysis
functionality to one metal catalyst, conversion of biopolyols occurred at only
115~160°C even without adding external hydrogen, with 95%+ overall atom
efficiency. Detailed kinetic modeling revealed that the reaction potential for
hydrogen generation arydrogenolysiss much loweron Pt/C catalyst. This is

a significant advancement comparesith conventional technologies. In
collaborationwith material scientists, mono and bimetallic-Gased catalysts
with predominant active [111] surface plane were also desigadditice match
engineering. The Cu nanocatalysts exhibited more thaffdideenhancement in
activity compared to traditional ones and selectivity promoted dehydrogenation

thus lactic acid was favorably formed in our system.

The methodologies and achieved results in this work will provisights on the
further studies on rainal design of biomass conversion as well as other

chemical processes.
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Chapter 1 Catalytic Conversion of BiomassDerived Polyols to

High Value Chemicals: Challenges and Opportunities

1. Biomass as a renewable resource for fuels and chemicals

Although the world oil production is expected to increasecontinuousy,
according to recent reports, the percentagezase improduction rates of crude
oil (CO in Figure 1) and natural gas liquid (N@L Figure 1) has passdbe
peak (4.97% in 20G% andpredictedto decrease in the follow decadesirde
important issues arassociated with the largeealeutilization of fossil fuels:

availablity, global warming and uneveyeographial distribution of reserved.
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Figure 1. World production of crude oil (CO) and natural gas liquid (NGL)

In order to solve the issues brought by the depletion of the fossil fuels resources,
people are trying to find alternative energy resources. Potential alternatives

should have the followingproperties (a) sufficient volumes to replace
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petroleum/coals ircurrent energy productiosystem (b) well distributed or
widely available around the wotldc) renewableand not contribumhg to the
accumtation of greenhouse gasesthe atmosphergln this respectbiomass

is the only feedstock that meets the requirements for local/worldwide demands
for fuels and chemicals. Therefornversion of biomass based feedstocks to
valueadded products will undoubtedly alleviate our dependence on

conventionafossil sources.

Total = 99.305 Quardrillion BTU Total = 7.301 Quardrillion BTU

Renewable Energy 7%

Solar 1%
— Geothermal 5%
~~ Wind 7%

Nuclear
Electric
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90
* Hydropower 34%

Petroleum
37%

Coal
23%

N\

Natural Gas Biomass 53%

24%

Figure 2. U.S. Energy composition in 2008

Biomass represents an important section in energy security for the United
States, as seen from Figure Biomass such asghocellulosc materials consist

of large fraction of cellulose andhemicellulose (75~90wWw%) and lignin
(10~25w2).° Considering the fact that large amounts of cellulosic biomass are
available for saccharification to fermentable sugars, there is a strong motivation
to develop commercial processes that generate various psodith high
volumes and low prices. Currently, the only successful way of using célulos

biomass is enzymatic hydrolysis to make the feedstock more compatible with
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enzymatic catalysts, which could produce -based ethanol (EtOH)for
example’ The estinated cost is shown in Figure 3 [from National Renewable
Energy Laboratory (NERL)].The major cost for the conversion of cellulosic
biomass is the use of enzyme catalysts, which consist of almost 40% of the

costs and result ioomplexdownstream separatigorocesses.
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Feedstock  Labor Coproducts Operation Capital Total
costs

Figure 3. Cost components production of fueEtOH from corn and corn stover

At present, approximately 17% of high volume products derived from
petroleum are classified as chemicals, which provide lbagienaterials for the
need ofalmost the whole human society, such as food additives, containers,
detergents and various other everyday produdtsthese chemicals can be
produced from renewable carb@ources it would significantly reduce the
dependence on petroleum aaldo have apositive environmental impact. The
biocatalysts hee been extensively used for chemical production. However,
similar to the case of fuel productiotheseroutesfor biomass conversion

encounter issues such adow productivity, high sensitivity to process
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parameters€.g. temperature, pH values), expensive feedstock treatment and
compatibility with various biomass resources. Typical examples such as-sugars
to-1,3PDO ! sugarsto-lactic acid*? and inulinto-difructose anhydride have

been discussed in previous repdrts.

F-T Synthesis ?
- - C,4 Alkanes ]
Co Dehydration

Oligomerization
Ring opening Hydrogenation

Hydrogenation
3n“;eraf'zziz;atiarj

Pyrolysis @JOH
Reforming \ 4
Cs-g -CO;

Cy-12 Alkanes =  Fuels

Oligomerization
Hydrogenation

il : Dehydration

S Hydrogenolysis
Biomass o o

\/\ ‘ &/ ToH
. C...sugars | Hydrogenation| C._ Polyols | Dehydration Cs- alcohols
Hydrolysis 56 SUg 560V Hydrogenolysis -~
Retro-aldol

Hydrogenolysis Hydrogenolysis Reductive amination

— Chemicals

P

Glycols

Figure 4. Catalytic conversion of biomass to fuels and chemicals

Obviously, catalytic conversion of ndaod cellulosic and hergellulosic
biomass feedstocks to high valueenticals attracts attention due to their wide
availability in farmlands and necompetitiveness with human food demands.
However, designin@ctive, selectivand cost effectiveatalysts for converting

the biomass feedstocks is challenging. While conveatioechnologies for
converting crude oils focus on functionalization of hydrocarbons, which have
high C/H ratios, biomass alreadgnsists ofunctionalized molecules with high

oxygen content§'® In other words, petroleum refininig focued on GH
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bond activation while biomass upgrading technologiemvolve
hydrodeoxygenation reactions, or the activation of both &d CO bond are
critical. Therefore the conventional catalystse.. zeolites, metabased

catalystsmaynot be directly applicable fdiomass feedstocks.

Figure 4 illustrates the importance of the activation € @nd CO bonding
during the biomass upgrading processes for chemical proddétiBit.is clear

that conversionof cellulose to sugars involves hydrolysis-QCactivation)
dehydration (DHD) of sugars and subsequent hydrogenolysis (HDO)
demanthg C-O activation on catalyst surfaces. Production of gasolige 4C

and diesel (&) range compounds further requireGQCbond coupling in the
presence of hydrogen. Similarly, syasiis of high valueolume chemicaé

such as glycols, alcohols and amines also demand gaoadcivation catalysts
during hydrotreatment processes. Therefore, development of active catalysts for
C-C and GO activation is of great importance in biomass @swn. It is
clearly seen in Figure 4 that HDO of biomass feedstocks (highlighted in blue) is
the key reaction for the production of both renewable fuels and chemicals. Up
to date, extensive research effortere focused on the catalytic HDO of
biomass fedstocks to fuel range compounds. Although only a relatively small
fraction of crude biomass will be converted to chemicals, production of
renewable chemicals would make significant profits, compared with what is
derived from fuels. This will compensatdaage percentage of the cost in -bio

refinery and enhance the economic sustainability of biomass conversion
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technologies. However, unlike fuels production from petroleum and biomass,
which convert feedoilo to a preferred range of compoundsg( high octae
number G-;2 molecules) rather than to a specific product, conversion of the
crude feedstocks to chemicals demands high selectivity to specific products in
order to meet the environmental and economical requirements. Due to the
complex structure of cellosic molecules and simultaneous parallel and
consecutive reactions involved in biomass conversion, selective activation of

preferred CC and GO bonding is a major challenge for chemical production.

Bio-derived polyols,such asglycerol (G), xylitol (Cs), mannitol (G) and
sorbitol (G) arepart of the list otop twelve platform chemicals from biomass
feedstocks by Department of Energy (DOE)These polyols have similar
chemical structures as each carbon is attached with one hydroxyl g@id) (
which canbe easily derived fromabundantlyavailable sugar feedstocks (see
Figure 4). Catalytic HDO of these polyols to high value chemicals, imgjudi
glycols, carboxylic acids and alcohols provides alternative routes to

conventional petrochemical based pathways.
2. Catalytic conversion of bioderived polyols tochemicals
2.1HDO of glycerol in the presence of external hydrogen

Glycerol, or 1,2,3ropanetriol, is an important bgroduct from biediesel
production (10w%}® Glycerol is also the smallest polyol readily available

from biomass feedstocks. It has been widely used as food additivesticosm

30



chemicals and various other industrial intermexfia As the demand of
biodiesel continuego increa®, corresponding amounts of glycerol will be
available in the market as a byprodugturopean total glycerol production was
860,000 million tons in 201%. For United States, almost 371,000 million tons

of glycerol was produced in 2011. A projection estimates by Procter & Gamble
shows that glycerol production expands at a rate of 5% per year globally over

an annual production of 1,900,000 million tdf&°
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Figure 5. Applicatiors of 1,2PDO,1,3PDOand EG

Researchers previously found that HDO of glycerol, in whitch-OH group is
knocked off, produce 1;@ropanediol (1,22D0), 1,3propanediol (1,3?DO),
propanols (PrOH) or ethylene glycol (EG)ansinglestep?:?® These chemicals
have wide rangingapplications as anfreeze chemicals and drug materials
(shown in Figure 5)1,22PDO is conventionally producedia propylene
epoxidatiorhydration route, which demands multiple energy intensive &teps.

% 1,3PDO is mainly used as Bey raw materialin the production of

31



polytrimethylene terephthalatea new class of polyesteDirect HDO of
glycerol to 1,2PDO and 13-PDO has great potentialas an alternative

technologyto replace théio-catalytic route andbssil fuel based feedstocks.

2.1.1 Catalyst & processes

Table 1. Catalysts foHDO of glycerol to 1,2PDO (leading results in literature)

# Catalyst Promoter -{hol'): (OTC) (MFF)>a) (g/(o ) Sl(g); )DO Key points Ref
1 Ru/C Amberlyst 804 180 8.0 50 70.2 DHD 21,2931
2 Ru/ALO; Re 215 160 80 534 50 DHD 32
3 RuRe/SIQ Re 205 160 80 52 45 OMEARURe s
4 RuRe/iZrlG Re 237 160 80 57 a7 DMeARuRe w
5 CuO/ZnO zZn* ~09 200 50 75 94 DHD 3538
6 Cu/MgO  Mg* 1.0 180 3.0 72 98 DHand DHD  *°
7 Cu/MgAIO Mg** 27 180 3.0 80 98 DH 4042
8 CulSiO - 26 200 9.0 73 94 Precipitation 4344
9 Cu/ALO; - 92 200 15 42 93 - 23,4548

Several types of supported metal catalysts have been investigatéD@of
glyceroland some important developments h&een reviewed recently. The
general order of catalyst activity for glycerol conversion is Pt > Ru > Rh > Ir >
Ni > Co >Cu, while the selectivity for 1;2DO is Cu >> Ni > Ru, Rh, Ir >>
Pt*® Archer Daniel Midland (ADM) announced their glycerol processing plant
for the production of glycols (1;2DO and EGY° But the overall selectivity
towards 1,2°DO and EGreported isvery low (S <43%)>' Ru catalysts are

known for high HDO activity,as describedn several patent€. The major
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problemwith Ru catalystsis the low selectivity for 1;2DO and EG but high

selectivity for methane formation (S > 40%).

Extensive researcHferts have beemadeto enhance the overall selectiviny
1,2-PDO on Ru catalysts at l@vtemperaturg(130~180°C) 2**Ru/C catalyst
displayed turnover frequency (TOF) in the range of 17~46vith selectivity

of 1,2PDO from 16~40% in the presencef acidic promoters €.g.
Amberlyst)?*#***various solid acid promoters were also tested by researchers
but the maximum selectivity to 22DO was below 71% (see Table*15ince
solid acids display strong promotareffects on the glycerol conversion, one
would expectsupportingRu nanoparticles (NPs) on solid acid supports would
combine the advantages of both DHD and HDO functions. Howehker,
experimental evidence shedthat performance of Ru catalysts on Ti@I,0;

and ZrQ (S < 58%) supports were not as good asRu/C+solid acids

admixturegsl29:3234,53,55

Further efforts focused on adding a second metal, such as Pt and Re, to
monometallic Ru catalyst&ith the goal of promotinghe selectivity>® The
presence of Re in Ru system was found to promote the dispersion of Ru
element onthe solid supports which partly explainsthe overall activity
increaseof Ru catalystsn the presence of R&34+°3**Methane selectivity was

also reduced from almoi0% to 35%° Bimetallic RuPt/C catalysts and
compared the performance with monometallic Ru/C catal{stéowever,

methane formatio(S ~20%) was still the major side reaction on Ru catafysts.

33



Table 2. Effects of metakupport interaction on HDO of glycerol to 82O

T P x Sz

# Catalyst Promoter Active form Key points Ref
Y (C) (MPa) (%) ¢ P
1 Cu/AlL,O, Al 220 50 92 93 CuAlL,O, CU?'(934.2eV} 58
a C° (86%) 23
2 CU/ALO, Al 220 24 13 80 cu Cu* (14%)
+ 4 Strong acidic sites 59
3 Cu/Al,O4 Na 220 52 63 88 Cu (>3006f
4 Cu/MgAIO OH 200 40 70 92 N.R. MgAIO 60.61
reconstructed
5 Cu/MgO Mg®* 200 40 49 92 cuw CU?'(934.4eV} 3
Cu-ZnO- Zn donate 62
6 ZnAlLO, ZnAl,O, 180 4.0 86 92 Cu%zZnAl,O, electrons to Cu
7 CulZnMgAlo  znO 180 20 78 99 o Strong C4-Zn0 4
interactior
8 CuCr0, crt 130 20 52 99 CuCrO, DHD 6466
Strong C4"-Fe0;  ¢7
9 CuFeO, FeO; 190 41 43 83 CuFeO, interaction
10 CuBISIO, B,O; 200 50 100 98 cuf B promotesCu 65
dispersiofi
11 CuRhWMgAIO  RK* 180 20 95 99 RhCu Hydrogen 69
spillover on Rh
12 CuRUu/CNT Cu 2000 40 100 86 RuCu Ru(shell)Cu(coré) ™
Ru- 71
13 CaZnMg/ALO; CaznMg 180 25 58 86 RuG, -

a. characterized byX-ray photoelectron spectroscoXPS); b. characterized by
temperature programmed reduction/desorption/oxidation (TPR, TPD and TPO).

Despite of good activityon noble metal catalysts, the relatively high costs
motivate researchers to explore more inexpensatalysts such as Cu, for
glycerol conversion. Overall, Cu catalysts exhibited much lower activity for
HDO of glycerol (TOF = 0.9~18hat 200°C) but theselectivity to 1,2PDO (S

= 84~98%) is much higher than Ru based catafystscidic supports and
promoters such as Zn@romotedDHD of glycerol to acetol, which ishen
converted to 1 2DO in the presence of hydrog&€r®®*As seen from Table 1,
basic supports (promoters) such as hydrotalcite,A@,)*>** and MgO*"?

were found to outperform acidic promoters in terms of selegtigitl,2PDO (>
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90%). In addition, Cu/Si@catalysts prepareda precipitation method showed
much higher activity and stability (200 h) for HDO of glycerol, in comparison
catalysts prepared by impregnation apprddéfi®®’¥® Major research efforts
were focused primarily on the effects of supports on reaction pathways.
Increasing experimental studies (from year 2011~2014) were focused on
improving the performances of Cu catalysts, particularly on understanding Cu
support interaction (Table 2Y.ariousbi-functional materialsincluding hybrid
structures such as Cufl;, CuCrO, andCuFeQ,, and oxides such as,B3

andZnAl,O,4 showedsignificant enhancement on Cu catalyst performances.

2.1.2Reaction pathways and mechanisms

Retro-aldolization o Hyrogenation OH
| 0 OH
.= HO\) T HZ’ HO + o
Ethylene glycol Methanol
Dehydrogenation | Dehydration oH Benzolic rearrangement  OH
\/K/ \/J\ -O%
(0]
&r v " o Lactate
Dehydration yrogenation
HO\)\/OH > HO THy = HO\)\
Glycerol Acetol 1,2-Propanediol
Hyrogenatlon
L O OH Hf i A
Dehydrogenation H2 1 3-Propanediol
H
OH AP

HO\/(E* *'C*/OH_> CO;

Reforming/C-C scission Water gas shift

Scheme 1General reactiopathwaysor HDO of glycerol

Several reports describgubssible reaction pathways of HDO of glycerol, the

overall scheme for which is summarized in Schem®®1°°%%"" |t is generally
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believed that glycerotonversionis initiated with DH or DHD on dalyst
surfaces. The two possible pathways give glyceraldehyde (GLA) and acetol
(DHD) as the key intermediates, respectively, which are transformed

instantaneously to alcoholic products in the presence of external hydrogen.

Specifically, acetol can be hyahenated to 1;PDO over metal catalysts, while
1,3PDO can be generated if DHD occurs associated with middle carbon in
glycerol moleculé® GLA could undergo either retraldol (GC cleavage) or
further DHD under reaction conditions. Re#llol leads tahe formation of

EG and methanol (MeOH) while pyruvaldehyde (PAD) formed during DHD
will be converted to lactatga benzilicrearrangemerl®”*MeOH can be easily
further hydrogenated to methane in the presence of metal catalysts. D&ect C
cleavage (at retrecaldol) will take place under relatively harsh reaction
conditions, giving C@via reforming coupled with WGS reactiofs'® Possible
reaction mechanisnbased on previous literatuie summarized in Scheme
2393780 A5 discussed in the previous section, acidic and basic promoters are
found to facilitate the formation of XRDO. As seen in rouell and I,
glycerol conversiorfollows E; mechanism if acidic promoters are present with
metal catalystd:**>*followed by two possible paths, one yielding-BRO (llI,
easy) another 1;BDO (ll, difficult).?® E; mechanism involves protonation of a
-OH group, which releases water (DHD). The resulting cadimn is
neutralized in polar protic solvents and then hydrogghéo 1,2PDO or 1,3

PDO. B mechanism (IV) is believed to be the maourcefor 1,22PDO
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formation in the presence of basic promof8rés seen from the catalyst
performances, experimental evidence demonstrétat E stepsare more

favorable for thdormation of 1,2PDO compared with Emechanism.

OH

HO  \_./ +H,
ofmetalh, ~ o
Neutral supports OH
HO OH 1,2-PDO
1,3-PDO i
HO +H, HO™
OH OH
1,2-PDO 4o ! 1,2-PDO
HO OH |
OH,* H,0
~__—~ HO ‘OH .
o _n_HO™ Y TOH
Ho " OH
" i HO i OH; G|ycer°| HO («)H "
\___ oo RS W =
£ metal \w oH / £ Metal
Acidic promoters Basic promoters

Scheme 2Reaction mechanism of HDO of glycerol in the presence of metal catalysts

Density functional theory (DFTgalculationsconfirm the reaction steps (routes
Il and 11l in Scheme 2) experimental fimdjs for acidbase catalyzed glycerol
conversion on supported Ni, Rh and Pd catafi/s®ie most stable forms of
intermediates on various catalysts are however different, in which C=C and
C=0 could be present in the intermediates. Despite of detailed mstha

description of 1,2°DO formation in glycerol conversiopne major guestion

on how to improve catalyst activity while avoiding excessiv€ Cleavage is

still an unsolved issue for desigh metal catalysts.

2.1.3Kinetic modeling
Kinetic models onHDO of glycerol are summarized in Table 3. Sh#énks
group’” proposed the reaction network for the formation of glycols-PDD

and EG) and degradation products in HDO of glycerol over Ru/C catalysts in
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the presence of CaO and CaL this model, degradian products (methane)
came from direct HDO of glycerol and decomposition of EG anePD@ on

Ru/C catalysts. GLA from DH of glycerol contributesiignificantly to the
formation of degradation products. Therefdhe overall formation rates of EG
and 1,2PDO were the combination of HDO and decomposition reactions. The
total carbon balance in their system was however poor (< 63%), the global
reaction network was thus not clear. Updated kinetic models in the same system
reveal that the presence of sulfutuadly influenced the rates of decomposition
reaction€® With sulfur/Ru ratios increasing from 0 to 0.4, the activation energy
for glycerol decomposition was enhanced from 44 to 88 kJ/mol. Tetras®
proposeda similar reaction network based on comipensive characterization

of both liquid and gas phase products, finding the activaéinargiesof

degradation reactions on RuRe/C catalysts approximateiyndd4 kJ/mol.

A different reaction mechanism was proposgdZhou and cavorkersbased

on expeimental data in a continuous reactbit wasbelievedthathydrogen is
dissociaitvely adsorbedon one type of active site while the substrate and
products on another site. The activation eiesrdor DHD and HDOwere
reported as86 kJ/mol and 58 kJ/mol respectively. A simplified model
describing the adsorption of glycerol, GLA and acetol on the same site was
proposed by Xi and eworkers®* With negligible adsorption of a base
promoter (NaOH) and 1,RDO, this model fitted thexperimentaldata quite

well in the range of 180~20W. An empiricalkinetic model was discussed for
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Pd-CuCrO, catalyst® The addition of Pd to Cu@®; facilitated the conversion
of glycerol. Pd was believed to accelerate hydrogen spillover on Cu catalyst
surface hus HDO rates were increased by almost two folds. A similar reaction

model was also discussed by Vasiliatfdar on Cu/SiQ catalysts

Table 3. Kinetic Models forHDO of Glycerol

Catalyst Szictor Glycerol Reaction Rate Law Mechanism
Kgy @4 Singlesite
Ru/C Batch -y = pn > — DH-HDO
o 1+ |(gly @gly + KEG ®EG + Kl,2- PDO Gt1.2- PDO Degradatlon
. (CH ) e H, 2 Singlesite
RuRe/C Batch -1y, =w(T, o 29 & +k, + c Ty DH-HDO
W 8 Ha g DH-degradation
Cu-ZnO- Fixed ot = Koy Egy Two-site
Al20; Bed o1+ Kay @gly + Kpge @pe + K1z ppo @1,2- PDO DHD-HDO
2
CoPdre/c Fixed __ KGCo Cr, Singlesite
gly 3 -
Bed Ca,Cop +Ku,Cl, DHD-HDO
PdCuCgO, Batch - ry, =k, C22CL>® .
-1 =K. Co27cos
Cu/Sio,  Batch oo TevEay e DHD-HDO
F o ppo = klcgly CHZ
k K Ka OXi eC
RU/ZIO,  Batch - Ty =)o ot DH-DHD
HZ HZ

See appendiXI for notation

An alternative model was derived and discussed bysLgroup® Several
elementary steps, including DH, DHD, HDO and decarbonylation-GC
cleavage) were taken into account to explainftmmationof methane, EG on
Ru/ZrQ, surface. The apparent activation energy on Ru catalyst was about 72
kJ/mol, lower than the restd obtained by other researchers. It was found that,

reaction rates of © cleavage (DH, DHD and HDO reactions) was more

39



significant than GC cleavage reactions as temperature increases, while further

increase in temperature resulted in dramatic enhandem€rC cleavage.
2.2 Conversion of sugar polyols in the presence of external hydrogen

Xylitol, sorbitol and mannitol argpolyols obtained from hydrogenatioof
sugas.’ Xylitol, the primary product of xylose hydrogenation, is one of the
best artificial sweeteners because it is able to reduce side effects and has low
cariogenicity comparedo sucrose. Sorbitol is the product from glucose
hydrogenationhaving wide ranging applicatiors in sweetenes; laxatives and
medical treatment. Mannitol is obtained from the reduction of fructose, which

alsohasextensive applicatiin food and medicire®®®*

OH

NN HO OH
OH OH \)\/
o HO OH Glycerol
° &y -
Q/\"“ OH Y TOH  MeoH
o Xylitol OH
NN
\ OH OH PDO
~"OH
HO. _~_~_~ HO OH
. ‘ OH OH OH EtOH
Gasoline compounds < Sorbitol EG
o o Yo g
OH OH OH
HDO DHD Retro-aldol HDO
C-0 cleavage C-C cleavage
Metal + Acidic promoters Metal + Basic promoters

Scheme 3Catalytic conversion of sorbitol to fuels and chemicals

Catalytic conversion of xylitol, sorbitol and manniisl of increasing interest
becausehese canbe converted twarious productsuch adfurfurals, furans,
alcohols and hydrocarbons as fuel compoddas well as other high value

chemicals such as,2PDO, EG and glycerol (Scheme %y°** Up to date,
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extensive research efforgerefocused on fuel range products from xylitol and
sorbitol. Ptbased catalysts on acidic siialumina (SiAl) and zirconium
phosphate (ZrP) supports were evaluated &valgtic upgradingf these G-
polyols at 230°C and 3.0 MPa hydrogen presstit€> PU/SIAl catalysts
displayedonly about 10% selectivity to liquid hydrocarbons, contributing to
~90% selectivity to gas phase produttsTetrahydrofurfuryl alcohol was
observed as the major proddaim gasoline range compounds on ZrP support,
with the overall yieldof gasolineof about 66% (research octane number, RON
= 80)Y In comparison, PtRe/C catalysts displayedich lower yield of
gasoline products (Y = 40%) bunproved RON = 89 under similar reaction
conditions®® Recently Ni/ZSM5+MCM-41 shoved good G alkane selectivity

(S = 90%)*®

2.2.1Catalyst & performance

There existed limited research results on the conversion of sugar polyols to
valuable chemicalsuch as 1PDO and EG. Only a few Ru, Ni and Cu
catalysts have been reported in the pastdecads. A summary of literature is
presented in Tablé. Sohounloue and eaorkersreportedRu/SiQ, catalystfor

HDO of sorbitol with a combined EG and 1;RDO selectivity of 46%
(Entry#1)?* But, SiO, supports weréound toleach in the presence of Ca(QH)
used as dase promoter. Troncasigroup found that Ru/C+NaO¢talystled

to the formation of both glycols (S = 54.3%) and LA (S = 6.2%@onverson

of sorbitol in a continuous reactor (Entry#2Zhao and caworkers(Entry#3)
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carried out sorbitotonversionoversupportedRu catalystsorcab on nanoyber
(CNF) and graphitdasedcompositematerialsand reported 68% conversion

with ~51.3% selectivity d glycols (EG and PDO) &20°C and8 MPa (Ryy).

Table 4. Aqueous phaskEIDO of sorbitolovermetal based catalysts

# Catalyst ~ Promoter Prz OT TOfa Selectivity (%) Ref
(MPa) (°C) (")  Glycol® LA  Ales® Gaé
1 RuU/SIO Ca(OH) 80 210 783 46 N.R" NR. NR. %
2 Ru/C NaOH 13.0 250 16.6 54.3 69 NR. NR %
3  RU/CNF NaOH 80 220 1831 513 N.R. NR. NR.
4 NiCe/Al,O; Ca(©OH) 7.0 240 46.7 55.3 N.R. 111 111 1
5 NilC NaOCH 140 215 46.7 33 N.R. N.R. NR.
6 NiPt/NaY Ca(OH) 6.0 220 NAS 76 N.R. N.R. NR. ®
7 CuOzZnO  ZnO 13.0 240 0.8 <10 N.R. N.R. NR.

a. defined as mol/mol/h or'in literature; b. Glycols: 1;PDO and EG; c. Alcs: £z linear alcohols; d.
Gas: CH and CQ; d. N.A.: TOF cannot be calculated due to lack experimental details; e.
deoxyhexitols are the major products (S =35~67%); f. N.R.: not reported in the manuscripts.

Clark and ceworkers reported thaiDO of sorbitol over kieselguhr supported
Ni catalystsand NaOCH; as a liquid phase promoter with yisldf EG, 1,2
PDO and glycerolas 16%, 17% and 40%, respectivelyit5°C and 14 MPa
(hydrogen pressurep).'® Ye et al'®found that when adding traeenount of
Ceé" to Ni/Al,Os+CaO catalytic systemthe activity of Ni catalysts was
enhanced by almost three foldéth 55.3% selectivity to glycols (Entry#4t
240°C and 7 MPa (R»). But side reactions including methanation and water
gas shift reaction (WGS) were also significant (methane ands€@ctivity =
10~22%) at the same time. Barai al®® found that the activity of Ni/NaY

catalyst was enhanced in the presence of CaO as a basic promoter with a
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combined selectivity to EG anti2-PDO of 76% a20°C and 6 MPa (R»),
the use of alkalis and zeolites, howelegt to the catalyst sintering (Entry#6).

Sunet al®°

tested different carbon supported catalysts (Pt, Pd, RwetgHor
xylitol hydrogenolysisand foundhat withRu/C+Ca(OH) (Entry#1 in Table 5),
catalyst,EG, 1,2-PDO and lactic acid (LAwere the main productsith 32%,
25% and 17%selectivityrespectively at relatively mild condition2Q0 °C and

7 MPa).Isomerization of xylitol (to threitol and arabitol) and methanation were

the major side reactions on Ru/C catalysts. Ru shaupériorperformance

comparedo other noble metal catalysts.

Table 5.Aqueous phasEIDO of xylitol with Ca(OH) as the base promoter

Vi 0
P T TOF Selectivity (%)

v cabste (MPa) ('C) (W) EG 1,2PDO LA Others el
1 Ru/C 7.0 200 1844 324 249 168 14.2 %
2 Ru/MgAl,O, 7.0 200 1452 195 7.9 36.5 17.3 %
3 Pd/iC 7.0 200 63.0 300 29.0 284 53 %
4 Rh/C 70 200 612 264 300 233 118 %
5 Pt/C 7.0 200 7545 250 233 155 20.8 %0
6 NiRe/C 80 200 NAP 37 28 10 21 101

a. KOH [not Ca(OH,] asthe base promoter; b. N.A.: TOF cannot be calculated due to lack of
experimental details; c. Others including small amounts of glycero}, d@rboxylic acids and
linear alcohols.

2.2.2Reaction pathways and mechanisms
Conversion of xylitol and sorbitol t&8G and1,2-PDO involves simultaneous
C-C and CO cleavageas the key intermediate steps though the detailed

mechanism of these steps is still debag&uhounloue and eworkers proposed
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retro-aldol (GC cleavagemechaism for HDO of xylitol and sorbitol in the
presence of Ru/S¥dand Raney Ni catalysts, the activity of which can be
enhanced in strong basic medium (pH>¥2Montassieret al®* conducted
detailed work in the activity of Ru/C and proposed that the meaction
causing CC bond cleavage in sorbitebnversionwas a retreMichael rather

than retrealdol reaction® 1%

OH OH
HO\)\/OH + NOH + Y\OH + Y
& )i OH OH
.“D
1y Glycerol LA PDO PtOH
o
OH OH
HO C,-C, cleavage OH OH
OH —— HO\)\H + [TOH 4~y
OH
OH. OH OH
Sorbitol 'O"o
Y % Erythritol EG EtOH
).
%e OH OH
HO + —OH
OH OH
Xylitol MeOH

Scheme 4Possibleproducts fronsorbitol conversion

Bond (B) Length (A) ABp (%) ABy; (%) ABg, (%)

HO, OH HO 1 1.520 +1.09 +1.18 +1.13
k 2 1.525 +1.78 +1.73 +1.77

3 1.522 +2.07 +2.13 +2.10

4 1.522 +2.11 +2.12 +2.16

5 1.521 +1.37 +1.39 +1.37

Figure 6. Activation of sorbitol molecule on metal catalyst surfate

The possible products from sorbitol conversion are showscheme 4With
regard to the primary product of-C cleavage, experimental resuisowed

that glycerol might be the key intermediate for secondary products such as EG
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and 1,2PDO, as known fronHDO of glycerol. However, the comprehensive
understanding of reaction pathways is still challenging, because, as seen from
previous reports (as shown in Tables 4 and 5), there was lack of complete
material balance (65~82%) in current reaction syst&me®%% More
importantly, the molecular structure of xylitol and sorbitol is much more
complexcompared with glycerol. DFT calculation for xylitol and sorbitolCC

cleavage at any position (shown in Figure 6) was all pos&iBté®

2.2.3Kinetic modeling

OH OH
HO . OH
OH —— [ntermediates ——>
OH OH olle
Sorbitol

| | |

OH OH OH
OH D HO\/J\,OH \oq\

EG Glycerol 1,2-PDO

Scheme 5Reaction network of sorbitol conversion on Ru/C catalyst

Tronconis group proposed a Langmidinshelwood ratenodel to describe the
sorbitol conversion on Ru/C catalyst in the presence of N&OYtentative
reaction network for glycerol, EG, *RPDO and LA was proposed and
experimental datevere fited to determine rate parametés shown in Scheme
5). However, the major eproducts such as MeOH {C EtOH (G) and
possibly gas phase productemn not reported. The lack of completaterial

balance (< 78%) brought significant challenges to the fundamental
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understanding of the-C cleavage on Ru catalysts. Further, the readtieps
proposed for LA-to-1,2-PDO are not possible as LAcannot be fuither
converted to 1,DO in alkaline mediumY’ Further, the underlying mechanism
for C-C and GO cleavage of sorbitol and xylitol on metal catalysts is still not

clear.
2.3 Conversion of polyols in the presence of hydrogen formead situ

2.3.1Glycerol to 1,2PDO: catalysts and surface reactions

At present,hydrogenrequired forindustrial hydrogenatiomprocessesomes

from fossil fuelbased source®(g.petroleum, coaletd). The cost of hydrogen

is an important aspect in developing competitprocesses, particularly, in the
manufacture of low value/high volume commodity products or those cases
where hydrogen is consumed for unwanted side reactions. Hydrogen cost is
even more important in biomass conversion processes such as HDO of oxygen
rich feedstocks (polyols, polyhydroxy carboxylic agid&) as a large amount

is consumed in deoxygenation to undesired produitie development of
alternative HDO processes without the need of extdmadtogen or usingn

situ formed hydrogen may thereforhave a significant economic and

environmental impact.

It is well known that aqueous phase reforming of polyols leads to the formation
of hydrogen in the presence of various meeded catalysts, such as'#t°

RuM? Ni,*** cu? These metal catalysts are also known as potentially good
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candidates for HDO of polyols to 1PDO and EG®#8910011320 gne \would
expect that hydrogen generation and HDO could ostuudltaneously on the
catalyst surface an a one pot process. Schemsi®ws the stoichiometry of
tandem reforming/HDO of glycerol, whetlee maximum theoretical selectivity

of 1,2PDO can be 87.5%. This value is even higher than most of the existing
experimental results of glycerol conversion in the presence of external
hydrogen, which indicates the strong economical and environmental
favorability of thein situ process. Summary of leading experimental resanits

glycerol conversion using hydrogen formadituis presented in Table 6.

(a) Reforming: CsHgOs+ 3H,O™ 3CO+ 7TH,

(b) DHD: TCHgO3~ 7CHgO,+ 7H,0

(c) HDO: TCHeO,+ 7TH,™  7CHgO,
Overall: 8C;HgO;~ 7C;HgO+ 3COA+ 4H,0

Scheme 6Stoichiometry of tandem reformintgDO of glycerol

OH OH o
-H,0
HO OH ——> oH — OH

Glycerol prop-2-ene-1,2-diol Acetol

| Reforming
o L _on "o, @)

1,2-PDO

Scheme 7 Glycerol to 1,2PDOvia reformingDHD/HDO route®*

D&Hondt and ceworkers?! first reported tandem reforming/DHD/HDO of
glycerol in the presence of Pt/NaY catalysith 64% selectivity to 1,PDO
at 85% conversion. Rogt al'? later investigated the feasibility of usirm

admixture oftwo supportedmetal catalystfor the tamlem reforming/HDO of
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glycerol. They reported that Pt/AbOs+Ru/Al,O3 admixture displayed
significantly higher conversion (X = 50.1%) and selectivity to-R[20 (S =
47.2%) than the two catalysts (X < 209en tested individuallyBut methane

selectivity was about 20% under the experimental conditions (T = 186€240

CO,+ CH,

HO™ > “OH OH on
OH
HO/\OKH\OH Sivaret 1,2-PDO
OH
\ HZ/—\\}‘ //‘_\Alcohols
A A

Pt/Al,O; catalyst Ru/Al,O; catalyst

Glycerol

Scheme 8 Glycerol to 1,2PDOon Pt and Ru catalyst admixtut&s

Further efforts by were carried out on modifying Pt/Zgatalysts by adding a
second component such as8r Ni** as promoters aiming at minimizing the
significance of methanation reactions. Barbelli & NichAfofound that the
reaction rate of glycerol was enhanced significantly from 15 to 90&t B0O

°C by adding Sn as the promatégading to a higher 1;PDO selectivity (S =
32%, X = 54%) on Pt/Ti@catalysts. Martiff later found that the addition of

Ni to Pt/Al,O3 catalysts seemed to increase the overall activity of Pt catalysts,
but selectivity to 2-PDO (S = 47~52%) was still poor. Inexpensive CulAl
catalysts were also investigated by Mane & Rode for glycerol convéféion,
because Cu catalysts usually exhibit low methanation activities. It was found
that CuAbO, species in Cu/AD; catalysts promoted DHD, thus acetol was

formed as the major component (S = 32~100%). But as conversion of glycerol
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increased from 59% to 90%, the maximum selectivity towardd?D@ was
only 55% with significant amounts of GQ8 > 20%) generated at 220. This
is possibly due to the WGS reaction occurring dominantly on GOAAI

compared withn situHDO of glycerol.

Co, HO OH
OH
Glycerol
Z%s ) SR OH
HO™ " "OH P OH
OH Acetol \\,,
hp AN 1,2-PDO

Glycerol e s A

PtSn/TiO, catalyst

Scheme 9.The role of Sn in tandeneforming/HDO on Pt/TiQcatalyst?®

OH
Ae. 4Or
o

Lactic acid HO OH

OH \ OH
i = Glycerol

N\ P OH OH
HO I OH Glyceraldehyde ” OH
OH D . 1,2-PDO

Glycerol & rn & rh

Rh/C catalyst
Scheme 10DH/HDO on Rh/C catalyst®

Although the presencef acidic sites promote DHD of glycerol to acetol,
reforming of glycerol and formed alcoholic producis.g( 1,2-PDO, EG,
MeOH)*?® is also enhanced on acidic surfaf®&he selectivity to liquid
products is thus relatively low. Experimental studies showed that alkaline

medium restrained the unwanted methanation reaction to a large x{ent.
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Thus further efforts were carried out to understand the role of baseofarsin

during in situ HDO of glycerol. King and cavoker$® observed that the
addition of trace amounts of KOH to Pt/C catalysts led to significant
enhancement in hydrogen production rate, while the selectivity to glycols and
alcohols was enhanced from 4%6tapproximately 70% at 22%&. Meanwhile,

the formation methane and ethane was almost reduced (S < 5%). This implied
that the presence of basic species prevented the methanation of intermediates

and favors thén situHDO reactions.

OH

)\{(0'
HO™ ™" "OH o
OH Lactic acid
OH
Glycerol . OH )OH'

e

HO/Y\OH H, 12PP0 o™ o

OH

OH \Z/ Glyceraldehyde
Glycerol l Cu\

Cu-based catalysts

Scheme 1. Glycerol conversion to LA on Ghased catalysts

A recent study combing DFT with experimental results on Rh/C and Ir/C
catalysts revealed that both DHD and DH route are possible for glycerol
conversion in the presence of Na¢#!?®?°L A was detected saone of the
main products (S = 30~55%). 1IPDO selectivity was also enhanced with the
addition of NaOH (S > 40% in most cases). Another study showed that LA was
the major products on Cu catalysts in alkaline medium (Schem@ ibiplying

that DH reactio was the dominant reactions. A recent DFT study of glycerol
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DH proposed that it was possibly initiated witiH>rather than €H rupture on
metal surfacé® Two metallic sites, according DFT calculatidA&*?*should

be available for stable dehydrogesttspecies (Scheme 12), indicating that the
extraction of second hydrogen atom from adjacent C or O atoms is actually the
Adifficult stepd during DH*'*32 This study provides insightful information

about reaction mechanism of O#12%12°

*
1.2
{ H H H H H H
HO™ 1 ~oH I~ L,
1 H I HoHOH OH .- Ho}--""o
-7 OH
2 | I \
s
&
< 06 *
0a | H H
H o H o,
Iy HO u OH
02 HO [ ~"T~0oH OH
Hod!
0 s s s
C3Hz0; C3H;0, C3Hs0, C3Hs04

Scheme 2. Proposed glycerol conversion route on Pt [111] surface

Catalytic transfer hydrogenation (CTH) reaction was also investigated by
various researchers. CTH can be of industrial importance because the storage of
hydrogen generators (donors) such as Et@QHRrOH and formic acid is
relatively cheaper than those for molecular hydrodévusolino & Pietropaolo
proposed ann situ HDO of glycerol to 1,2PDO by using the hydrogen
generated from -PrOH on Pd/F€; catalysts?* The selectivity to 1,2DO

was 94%.However, the selectivity of corresponding ketones or aldehydes
during DH of Hdonors as well as the overall liquid/gas products ratio was not
mentioned in these reports. Therefore the overall efficiency of the proposed

CTH process is still unknown.
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Table 6. HDO of glycerol using hydrogen formed situ (leading results in literature)

T P> TOF X & Re
# Catalysts Solvenf  Promoter ©C) (MPa) (h) (%) %) f
1 Pt/NaY H,O Na" 230 4.2 71.2 854 640 2
EtOH 133
2  Pd/IFeO; > PIOH Fe0; 180 0.5 - 100 94
RU/Alzog,
3 PYALO; H,O - 220 1.4 340 50 47 122
(admixture)
4  PtSn/TiGQ H,O Sn 200 0.4 907 54 59 123
5 Cul/AlL,O, H,O - 220 2.0 - 90 22 &
6 Zig‘ydmta' H,O Mg 250 1.0 - 945 29 W
7 PWNihydrot -\, Mg 250 1.0 - 89.8 352 M
alcite
8 PtC H,O KOH 225 2.9 612 90 22 8
9 Rh/C H,O NaOH 180 3.0 20.8 55 6 125
10 MC, H,O NaOH 200 3.0 1086 76 ~40 %8
Ir/CaCQ, 2 '
11 Cu0 H,O NaOH 220 1.4 24 90 5 &

a. solvent is an important hydrogen sourcéytor Heatmosphergc. calculated based

on Rucontent d. Selectivity to 1,22DO

2.3.2Glycerol to LA: Catalysis and reaction mechanism

LA is a naturallyoccurringorganic acid3* Owing to its unique structure with
both carboxylic and hydroxyl groups, LA has beerdely used in food,
pharmaceutical and chemical industries. The main demaridAfas due to the

use of polylactic acid as a biodegradable material to replace petrokesed
products €.g. polyethylene, polypropylenéj® The sustainable market growth

of LA is strongly expected because it has a significantly low carbon impact on

the environment® Presently, LAis mainly synthesizedvia fermentation of
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sugars=>®> The main disadvantages of biological route include limited space
time yield, tough needs fahe control of reaction conditions and complex post

separation processes (as shown in Scheme 13).

Sterilization =P Evaporation I

¥ v
é;ﬁgﬁgm Esterification J{- Ethanol J
v v
Sulfuric acid}-b Acidulation LightS/EiJ
L 2 v
M—P Hydrolysis
\/

Lactic Acid (90% vyields)

Scheme 3. Flow chartof fermentation of starch sugars fok productiort®®

Experimental results on the synthesis of ki chemical routes, including
hydrothermal, HDO, oxidation and DH, have been summarized in Table 7.
Passible reaction mechanism involved will be discussed in the following

sections.

(1) Hydrothermal route. Hydrothermal conversiois one such technology tha
can instantaneously transform glycerollt& under relatively harsh reaction
conditions (T >300°C). Hydrothermal technologies may directly convert crude
glycerol to various valusadded products without a dewatering
pretreatment®*” At such high temperatures, alkalimelucedDH of glycerol
occurs Scheme 13 accompanied with consecutivBHD to generate
pyruvaldehye and forni,A as the major productia benzilic rearrangement

(Scheme 143
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OH HZOJ

OH oH H0 Y
O\)\/OH — HO\)\/O — HO\)\/ )\/
LN
Glycerol Pyruvaldehyde
OH OH

Lactate

Scheme 4. Conversion of glycerol to LA under hydrothermal conditions

H.
-H,O O, 0 (o) O\ (o) O\ 0\/ OH
)i / > i Ba-OH » - Ba-OH __y OHBa(OH)z
(o] OH- (o] _lr
(o]

Scheme 5. Formation of pyruvate with Baand formation of formic and acetic acids

Side reactionsf LA to formic and acetic acid ¢(C cleavage) can also proceed
under this reaction conditiodd” Hydrothermal treatment of glycerol provides
an efficient approach foLA synthesis, corrosion of reactor materials is

however the major problem plaguing such texbgy.

(2) HDO route. HDO of glycerol (T =160~240°C, Py, = 2~8 MPa) tol,2-

PDO in the presence of metal catalysésg(Ru, Cu, Co, Ni, Pt, Rhetg has

been extensively studied in the past desddéA is often found as a €o
product to 1,2PDO during glycerol HDOwhen using bses as catalytic
promoters.’ It raises extensive interests becalge actually has oxidized
carbon but itan be formed during reductieavironment. FOHDO of glycerol,

metal €.9.RUWC, PYC and Cuhydrotalcteg catalyzedH is believed to be

first step,which seems to be strange. If there is any alkaline species presence in

the reaction media (aqueous phase), the dehydrogenated intern@tfatean
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undergoDHD easily under reaction conditions (T69 °C).**® The as formed
PAD goesthrough benzilic rearrangement (oxidized by Dtd form LA (as
mentioned in previous sectiond) is clear to us that the formation loA does
not require externally addduydrogen however, moleculahydrogenis often
neede for G-O activation on metal catalysts surface.

(3) Oxidation route. The synthesis of LA from glyceralan occur ag0 °C in
the presence d?t/TiO, catalysts withatmospheric oxygen flow through a glass
reactor>® Oxygen and OHare two key componesfor LA formation3%14°

GLA is an important intermediate fa&A formation, which isobservedto be
generated by partial oxidation of glycerol (First stepSocheme 16 The
computational study shows that Ols critical for the deprotonation of
glycerot* andDHD of GLA therefore high A selectivity is obtainedAnother
effort focusing on oxidation of glucose to LA was also reported by Onda and
co-workers™'1*2The selectivity to LA depended slightly on the types of metal

catalysts, implying that the nwersion of glucose to LA is an Oldatalyzed

homogeneous reaction.

(l)H
_~_DOH
|
(o}
Lactic acid
HO™ " "OH o~y O i
éH L O s PR OH
% Glyceraldehyde ¥ QH )
Glycerol y s W Pt Glyceric acid
AuPt/TiO, catalyst

Scheme 6. Plausible pathways for oxidation of glycerol to LA and glyceric acid
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(4) DH route. Oxidation of sugar polyols t&GLA usually leads to form
significant amounts of humic substances due to high NaOH/substrate ratios
(4~20 in molar ratio). The DH chemistry is somewhat similar to hydrothermal
synthesis but it occurs under milder reaction conditions (T <°2%@&nd is a
metd catalyzecheterogeneougactioné’ rather than homogeneous reactions of
alkali catalysis® Roy and ceworkers® found that DH of glycerol was
dominant on Cu catalysts in alkaline mediugoth DH and HDO reactions
were observed on Rh/C and Ir/C catalyéts?®*?°DFT calculation found that
DHD via E, routé®® is equally possible as DH on Rh surface. But DHD
reaction will not release hydrogen during glycerol conversion. Experimental
resuts confirmed that both DA and HDG"***rates would increase with more
alkali addition. The role of alkalis in metal catalyzed DH of polyols is still not

clear. More experimental evidence is thus needed to support this hypothesis.
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3. Challenges and opportunities

3.1Challenges

As discussed in this chapter, polyols with wide availability from cellulosic
biomass attract extensive interests because they can be catalytically converted
to various high volume industrial products. If chemicals which are
conventionally derived from petieum can be synthesis from biomass, it will
significantly reduce the carbon footprint of brefinery. However, several
problems still remain, which pose significant challenges for the sustainable

development of biomass conversion technologies:

(1) Fundamental difference between petrochemical refining and biomass
upgrading. Although extensive research has been focused on converting
petroleumbased feedstocks, due to the fundamental difference in molecular
structures between petroleum hydrocarbons and oxyge biomass
carbohydrates, the reaction mechanism of several industrial important reactions
such as DH, DHD, HDO and oxidation is still not clear in biomass conversion.
For example, DH of hydrocarbons only involves carbon and hydrogen while
that of polyls includes the breakage ofHC and OH bonds possibly at the
same time. (2) Low activity and selectivity to targeted products.
Conventional catalysts such as zeolites and 4nasad catalysts, which show
good performances in petroleum refining, are nispldying low activity and

selectivity for biomass conversion. More importantly, unlike fuel production,
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which demands high selectivity towards a range of compounds with good
ignition properties, synthesis of vakadded chemicals demands both high
activity and good selectivity. But several parallel and consecutive reactions
such as reforming, WGS, DH, HDO and DHD occur at the same time, thus CO,
CO,, hydrogen and methane would be produced on catalyst surfaces. Therefore,
selectivity towards targetgutoducts such as 2RDO, EG and alcohols is poor

in existing catalytic systemg3) Lack of rational design of costeffective
catalytic systems High performance catalysts with (a) low energy input, (b)
high activity/selectivity and (c) low costs are essd for breakthrough in
biomass conversion technologies. Although we are able to improve industrial
catalysts mostlyia tuning element compositionsynthesizinghovel supports,

or optimizing preparation methods, those efforts still cannot lead us to an
innovative catalysts with uniform compositions and fundamental understanding
of structureperformance correlation. Advances in nanoscience enable us to
fabricate nanoparticles with controlled sizes in 1~10 nm regime, and various
shapes such as tetrahedrabctahedral and cubesetc Fundamental
understanding on structueetivity relations on the atomic levels.g. surface
facets and €/C-H bond activation) are needed, but to date limited progress
has been made in biomass area possibly due to the catagliceaction
behaviors involved in biomass conversion@l) Kinetic modeling of
multiphase reactions Biomass conversion often involves ¢agiid-solid
multiphase reactions. Current research efforts are however, primarily focused

on evaluating catalystna revealing reaction pathways. Detailed multiphase
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kinetic modeling will undoubtedly provideinsightful information about

optimizing design of catalysts and process development.

3.2 Opportunities

The goal of this work is to understand the possible reaction pathways of
various sugar polyols including sorbitol, mannitol, xylitol, erythritol and
glycerol and rational design of active, selective and stable metal based catalysts
for the synthesis of high value chemicdis.order to achieve this goal, four

major tasks have been carried out and discussed in this dissertation.

(1) Product distribution and possible reaction pathways of polyols
conversionon metatbased catalystsinvestigate the activity and selectivity of
metd-based catalysts, for HDO of 3G polyols. Based on the
concentration~time profiles, experimental work aiming at revealing reaction
mechanism including <€ and CO cleavage, corresponding reaction pathways
and product distribution will be conducted andevant reactions will be

modeled quantitatively.

(2) Reaction mechanism of HDO of polyols on multifunctional
DH/DHD/HDO catalysts. On the basis of reaction pathways and product
distribution, a rational design of cesftfective Cubased catalytic system Wil

be carried our systematically and experimental parameters including
metal/promoter ratio, temperature, pressure and substrate concentration are

studied in details. More importantly, various catalysts characterization
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technique will be used to reveal tlsarface chemistry of Cu sites and to

establish the structugerformance correlations.

(3) Tandem DH/HDO of polyols urder very mild conditions. Combining
hydrogen generation with HDO on one metal catalyst including Ni, Co, Rh, Pd,
Ru and Pt supported on carbon will be evaluated for one pot conversion of
polyols under very mild reaction conditions (T = 130~f6) Ry, = 0.3~1.4
MPa). Detailed kinét modeling aiming at revealing the possible surface

reaction mechanism will be carried out on Pt/C catalysts.

(4) Rational design of nanocatalysts for converting polyols to high value
chemicals The synthesis of super active Cu nanocatalysts with caedroll
structures is systematically carried out. The DH, HDO and WGS reactions will
be correlated with various Cu surface planes. The-aeflhed Cubased
catalysts display fiwdold enhancement in activity compared witbnventional

Cu catalysts.
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Chapter 2 Hydrogenolysis of Sugar Polyolso Value-Added
Chemicals onSupported Ru Catalysts: Reaction Pathways and

Kinetic Studies

1. Introduction

Sugar polyols such as sorbitol, mannitol and xylducedirom G- sugars

are recognized as important renewable feedstocks dovetsion to value
added chemicalsuch asl,2-propanediol (1,22DO) and ethylene glycol (EG),
which were conventionally derived from petrolelnased feed stocksThe
relevant literature on the typd catalysts used, reaction pathways and kinetics
has been reviewed in Chapteritlis clearly seen that there is lack of complete
understanding on the possible reaction products, as well as the plausible
reactionmechanisminvolved in the conversion of gar polyols. Therefore, in

this chapterexperimental study ohydrogenolysigHDO) of polyols (sorbitol

and xylitol) using supported mono and bimetallic catalysts in aqueous medium
is presented The goal of this chapter is to obtain a comprehensive
charaterization of the possible reaction products and investigate the possible
reaction pathways and mechanism of sugar polyols on metal based catalysts.
The performance oflifferentcatalyss, role of supports, and solid acid and base
promoters on catalytic #eity and selectivity was studied in a batch slurry

reactor Based on the evadtion of different catalysistudies with intermediate
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products as substratesd kinetic modelinga reaction pathway and possible

mechanism o$orbitol and xylitol conversioare discussed.
2. Experimental section

2.1 Catalyst preparation

Stirred at 95 °C Add RuCl; and HReO, solution Add dilute NH3.H,O solution
dropwise into the slurry dropwise until pH=10

3 h stirring

—

Washed with excess amount of
hot (90 °C) deionized water

= (O =

Ready for activation Dried in a vacuum
oven overnight

, Vacuum
Filtration

Figure 1. Outline of peparation of supportddu andRuRe catalystby co-
precipitation method

Mono and bimetallic catalysts were prepateing a co-precipitation method
shown inFigure 1. I6r Ru-based mondRu) and bimetallic(RuRe) catalysts

the detailed synthetic procedures of catalyst preparation is described as follows:
5.0 g of activated carbon (100 mesh, Sigma) was charged tomrOOf
deionized water and the slurry was heate@30C in a roundbottom flaskwith

magnetic stirring for 2 ho make sure carbgparticles were well dispersed in
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the aqueous mediunThen, required amounts of the noble metalssadtg,
RuCk.xH,O (99.98%trace metal basissigma) and perrhenic acid (6%tvin
water, Sigmd)solution werefirst mixed with about 20 mL of deionized water
in a beaker, anddded to the slurry dropwis&he beaker was then washed at
least three times using deionized waserd he resultant sloy stirred for
another 3 hourdA dilute NHz.H,O solution (Fisherabout 10 mL/ 5 g cataly3ts
was added mbpwiseto theslurry obtained fronprevious stepuntil a pH value

of 10, and suspensiostirred for another3 hours.The mixture washenfiltered
and thesolids pre-catalyst washed with 2000L of deionized water &0 °C to

remove chloride ions. The solid samplasthen dried overnight in a vaem

ovenat 120°C.

o T
Activation at 300 °C for 5 h
Natural cooling
150 °C
[ +
H | Switchto Switch to
hydrogen nitrogen

L
=
=

£300 #
. 0.5h
£200 j
3
: \
S
5 D
S100
0

L Nitrogen Hydrogen
3

=
~

4 5 6 7 8 9
Time (h)

Figure 2. The temperature profile during catalyst activation and schewfatic
activation apparatus

The aspreparedcatalyss were activated at300 °C for 5 h in a tube furnace
under the flow ohydrogen (99.95%, Linweld, flow rate: 20 ¥min/g catalyst)

before teshg for catalytichydrogenolysis (HDO)n a slurry reactorln the
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activation procedurehe catalyst sample was placed in thube followed by
purgng with nitrogen (99.995%, Linweld, flow rate: 20 &min/g catalyst) at

room temperature for 30 miandheated at a rate of°&/min to 150°C. Then,

the nitrogen flow was switched off and hydrogen was introducebetdube

Next, the sample was heated at a rate %/min to 300 °C and activated for 5

h under the flow of hydrogerFindly, the system was cooled 160 °C and

then flushed with nitrogen gas agairhis process is showschematically in
Figure2. The samples were taken out of the tube furnace at room temperature
and stored in a brown contain&everal catalyst samples coniag 0.2%%,
0.5w%, 1w%, 2w% Ru on carbon and Ru{®b6)-Re(w%)/C were prepared

following the above procedure.

The same preparation procedunas followed for the synthesis of other
metallic catalystsconsisting of Rh(1w%)/C, Pt(1w%)/C and Ir(1w%)/C.
RhCkL.xH,O (99.9%, trace metal basis, SigmahPHCk.xH,O (99.9%, trace
metal basis, Sigma) and IE3{H,O (99.9%, trace metal basis, Sigma) were

used as metal precursors.
2.2 Catalyst performance evaluation

2.2.1Evaluation of metal catalysts
Evaluation ofmetal catalysts for HDO of polyolas carried out in a high
pressure, highlemperature 300nL reactor supplied by Parr Instrument Co.

About 3.0 g of polyol substratge.g. sorbitol (98%, sigma), xylitol (99%,
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sigma), glycerol (99.5%, sigma), ethylene gliy(99.8%, sigma)jvere charged

into a 100 mL graduated cylinder. Then deionized water was added to the
cylinder under vigorous stirring at 800 rpm until g#@ution was homogeneaus
The final volume of the aqueous solutimas91 mL. A sampleof the prepred
solution (about 1 mL) was taken out and injected into high performance liquid
chromatograph (HPLC) to determine the initial concentration of the polyol
substrate0.4 g of solid catalyste.g.Ru(1w%)/C] was introduced to the reactor.
For studies onnomoter effect0.4 g of solid promoterse[g.MgO (99% trace
metals basis, 325 mesh, Sigma), ¢€@9.9%, Fisherpr Hb zeolite (CP811€

300, Zeolyst)] were theahargedn the reactor before introducing the substrate
solution Then the prepared 90 mL aqueous solution was slowly added to the

reactor.

Figure 3. Experimental setupf 300 mL Parr reactor setup (left) and monitoring
system (right)

Next the reactor head was then connected with the body. The pressure
transducertemperature sensor, gas inlet was connected in order before the

reactor was heated'he reactor was purged thrice each wiitrogenat 1.0

66



MPa Then hydrogen was charged to the reactor to purge nitrogen for three
times at 2.0 MPa. Then hydrogen was released and the reactor was set at
normal pressurélhe reactor was then heated up to desired temperature. During
the reactor heating process, the stirring rate was set atrprbGo ensure
negligible reactios during he heating periadWhen the reactor reached the
desired temperature, the stirring speed was increasedl@O0 rpm to avoid
external mass transfer limitatignsvhich signified as the start of HDO
experiment. The temperature and pressure profiles were rdecb every?2

seconds by a monitoring systeas (shown irFigure 3)

2.2.2Experiments for kinetic study

High Throughput Reactor System Controller

E!E\

 Reset Pressure Drop |

vmes | spmoes

Figure 4. The multipleslurry-reactor systerfleft) with control system (right)

Experimentsfor kinetic modeling ofHDO of sorbitol were carriedout in a
high-pressure, higltemperature multiplslurry-reactos system supplied by
Parr Instrument C¢shown in Figure ¥ PTFE linerswere used in eacteactor
in order to avoid the catalytic effect of reactorll materials at elevated

temperature (> 140 °C) in the presence dfase promoterd-or a typical test,
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about1.5g of sorbitolwasdissolved in 15nL of waterin a graduated cylinder,
by stirring at 200rpm until a homogeneous solution was formed If NaOH,
KOH and Ba(OH) were used as the & promoter, sorbitol and base promoter
were mixed together to obtaia 15 mL aqueous solutio’Kknown amounts of
solid catalyst samplg.1 g) such as Ru/C catalystere charged into the PTFE
liner along withMgO or Ca(OH) as the base promoteBolution A wasthen
added to PTFE linealready containingsolid catalystand promoter and the
suspensiorstirred at200 rpm at room temperature for 2 miithe PTFE linear
was placedinto the slurry reactor, which waken sealed and purged three
times withnitrogen The stirring speed was set at 11@on in order toflush the

air in thereactor void space and any dissolved air from the solufiban the
reactor was purged with hydrogen at 2.0 MtPe gas phaseleased to normal
pressure and the heatingopess was started. Once the desired reaction
temperature was reached, hydrogen pressure was increaseztjtoredvalue.

Agitation speedvas set aB00 rpmto start the reaction

2.3 Analytical methods

After a certain period of time, the reaction waspped by switdhg off the

agitation and heating duty. Then the reaatontents werecooled to room

temperature and the final pressure of the reactor was nitted, the reactor

was depressurized by releasing the-gdsas e products to vyl tov
sampling | oops for ic (GC) analysig @lsmadzdhyr o mat ogr

Model GG2014). The sample in ondoop was used for analysis @,~Cs
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alkaneswhich were separatedn RT-QPLOT column (15 m long, inner
diameter of ID = 0.53 mm) arahalyzed usingpameionization detear (FID).

The sample in a secohabp was used for analysis aiethane, ethane, CO, and
CO, which were separatedsinga 60/80 Carboxen 1000 packed column (4.57
m long, ID = 3.175 mm) and analyzed using a thermal conductivity detector
(TCD) device.Detailed operation procedures for G@alysisare described in

Appendix I.

Figure 5. Instruments ofas chromatographeft) and liqguidchromatographyright)

Table 1.HPLC conditions

Parameter Value

Method 1 Method 2
Oven temperaturé ) 60.0 60.0
Mobile phase (N) 0.005 0.005
Total mobile phase flow rate (mL/min) 0.50 0.20
Detector RID RID
Cell temperature’C) 40.0 40.0

The liquid samples were analyzed using an HPLC (a Rezex-@f@Anic Acid

H* column, 0.005 N aqueous$i0; as mobile phase and an RI detector). These

69



analytical results were combined to obtain a quantitative assessment of each
product in the gas and liquid phase, and for calculation of conversion and

selectivity. An example of HPLC result is shown in Scheme 1.
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Scheme 1A typical liquid chromatographyesultfrom sorbitol conversion

Definitions. Conversion rate(CR) is defined aghe amount of substrate
converted (mol) in the presee of certain amount of butketal(e.g.g atomRu)
after a fixal reaction time (h), expressed as mal{gnih. Turnover frequency
(TOF) is defined as amount of substrate convertedl)(in the presence of
certain amounts of surface metal atoms (moljrdureaction (h), expressed as
mol/mol/h. Both CR and TOF are calculatédr conditions such that the
conversion level is in the range of 5~27@anversions defined ashe ratio of
moles of substrateconvertedto the moles of substrate charged initially.
Selectivityis defined aghe ratio ofthe moles of carbon in specific produot
the moles of carborequivalent toconverted substrateYield of a specific

product is defined as cwersion multiplied by selectivitgf aspecific product.
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Error analysis. Experimental error includes the uncertainty from repeated
experimental data under identical reaction conditions as well as the error in
HPLC analysis.Some of the key experiments, lmding substrate/product
concentration of sorbitol hydrogenoiyst relatively low conversion levels (X

< 35%) and that at relatively higher conversion levels (X = 55~87%). The
(experimentalkerror (from repeatedxperimentsfor low conversion level is in

the range of3.5~14.2%, while this value is approximately 410:2% atX =
55~87% (see Figures 15~17. The relatively error from RLC analysis
(repeated injectiorof one sampleis as low as < 0&% in all cases.The
concentratiordatameasured from repeated experiments were input to software
when parametegstimationwas conducted. Therefore the uncertainty value for
estimated parameters such as reaction rate conslegaslytakes into account

the all types ofexpermental error.The detailedorocedures for error analysis

areshown in Appendix I.

2.4 Catalyst characterization

2.4.1Transmission electron microscopy (TEM)

Figure 6. TEM instrument and work station
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Samples were prepared by suspendiregsolid catalyst in ethanglEtOH) and
agitating in an ultrasonic bath for I8i n ut els of cathlgstsanple was
placed onto a copper mesh grid with lacey carbon film (purchased from Ted
Pella Inc.). The wet gridvas allowed to airdry for several minutes prior to
being examined under TEM. The catalyst particle size and morphology were
examined by brightield and darkfield TEM using an FElTechnai G,
transmission electron microscope at an electron acceleratioge@t200 kV
(shown in Figure 6)The equipment is located in Microscopy and Analytical
Imaging Laboratory (www.mai.ku.edu) on the campus of University of Kansas.
High resolution images were captured using a standardized, normative electron
dose and a cotemt defocus value from the carbooated surfaces. Energy

dispersive Xray spectroscopy (EX) was carried out using an EDAX detector.

2.4.2Inductively coupled plasma (ICP)

The supportednetalcatalysts were characterizby ICP for bulk metal content
The procedure is briefly describdrbre 0.1 g of solid catalystvas digested
usinga mixture containin@.0 g of hydrofluoric acid (4%51%, Fisher), 1 g of
sulfuric acid (98%, Sigma) and 7¢0of H,O. The slurry was sealed in a steel
autoclave and keph a drying oven afi20 °C for 10 h. The resultant sample
was then diluted further and stored for two dayi$he same procedure was
repeated in order to extract all metal components on solid sufyedaie ICP
measuremenilhen the extractant solution wdmen diluted to a certain volume.

The ICP measurement was conducted irR2090 ICP instrument{HORIBA,
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Jobin Yvon Inc., flow rates of plasma gas: 12 L/min, aux: 0 L/min and gainage:
0.2 L/min). The measured value of metal content (ppm) in the solution was
divided by dilution ratio to calculate the actual metal content on carbon
supports. The specific metal content for Ru(@2§/C, Ru(0.5w%)/C,
Ru(1w%)/C and Ru(2.5%)/C catalystsare 0.21w%, 0.49w%, 0.98& and
2.427v%, respectively. The metal content fRu(lw%)Re(W%)/C catalystis
Ru(0.97w%) and Re(1.084). A typical example of ICP calibration is shown

in Appendix I.
3. Catalyst performances and reaction pathways

3.1 Catalyst performance evaluation

i 82 82.5

100 — 1

-
o

Xor S (%)
B 3

o .

Liquid C3 Prod
e "3 Products ‘
Products C4 Products

Conversion

Figure 7. Conversion antlquid product carboiselectivitiesfor sorbitolHDO
Experimental conditions: etal/carbon+MgO admixtur@ g of sorbitol in 90nL
of aqueous solution, 0.4 g of solid catalysts, 0.4 g of M2gD,’C, 7.6 MPa (R.), 10 h
Liquid Products: methangMeOH), ethano(EtOH), ethylee glycol(EG), C;, and G
products.C; products: propanediol, glycerol, lactic acid}, products: meserythritol,
1,2-butanediol1,2-BDO).
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A variety of monometallic catalystsonsisting of Ru, Rh, Pt, and Wwere
prepared and tested fBIDO of sorbitolin the presence of MgO as a solid basic
promoter In all the experiments, thearbonbalance closure was found to be
within a range 085~95%for the catalysts testett is clearly seerirom Figure

7 that Ru showed higher activity and selectiviity sobitol HDO comparedo
other metals. After 6 Iof reaction, approximately 82% of sorbitol was
convertedwith a total liquid productsselectivity of about 82%. Furthermore,
the Ru/C catalyst displayed slightly higher selectiuibyCs productsincluding
1,2-PDQ, glyceroland lactic acid (LAxompared tdhe Pt/C catalyst,whereas
the Rh/C showedrelatively higherselectivity for meseerythritol and 1,2
butanediol (1,2-BDO). Therefore Ru/C catalyst was chosen for further

evaluation.
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Figure 8. Conversion and selectivity of sorbitol conversion, (a) effect of Ru log8ing
g of sorbitol in 90mL of aqueous solutiorRu/C catalyst 0.4 g,MgO: 0.4 g,T: 230°C,
hydrogenpressure7.6 MPa, 0.51.0 h, sorbitol conversior20%)and (b) comparison
of Ru/C and RuRe/C catalygts: conversion;T: 230°C, hydrogenpressure7.6 MPa
6 h, othe conditions same as (&),: EG and EtOHC;: 1,2-PDO, glycerol,LA; C;:
mesaerythritol, 1,2BDO; Cs+Cg polyols: xylitol, 1,2,3hexanetrig).

=
=

74



Effect of metal loading osorbitol conversiorwas stdlied over monometallic
Ru/C catalyst As seen in Figur8 (a), a CR of 214 mol/g atom/his observed
for Ru loadings up tow%, which decreaseby 10% at a higher Ru loading
(2w%). The maximumCR observedis greater than that reported (1&#l/g

atom/h) with a liquid base at the same temperdfure

Bimetallic Ru(1w%)Re(1w%)/C was further prepared and compared with
mono Ru(1w%)/C catalyst. It iund that, he addition of Re increases the
sorbitol conversion rate (2560l/g atom/h) over the monometallic Ru catalyst
[shown in Figure8 (b) for sorbito]. The presence of Res also found to
increase the selectivity ofs@nd G diols. Thus,it is dear that bimetallic RuRe
catalyst displays relatively better performance compared with monometallic Pt,
Rh, Ir and Ru catalysts. Re/C catalystvasthuschosen for further studies as

its performance was better than other catalysts.
3.2 Characterization

TEM Characterization of Ru/C and RuRe&Cshown in Figure9. It is found
that monometallic Ru patrticledisplay a size distribution 00.6~124 nm on
carbon support as seen in Fig@éa) and 9(b). In sharp contrast, bimetallic
RuRe particles showslightly smaller size and narrow distribution (in the range
of 7.2~10.1 nm)FromFigures 9 (d) and 9 (e)the averag@articlesizeof Ru in
bimetallic RuRe particles 8.5 nm. Surface mapping of Ru and Re element

[Figure 7(f)] further confirmed the existenceof bimetallic nanoparticles on the
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surface of carbon suppet catalystslt is clear that Ru shows better dispersion

in the presence of Re than monometallic Ru particles [F@(rH.

In addition, lattice parameters measured from high resalufiEM images
[Figure 9 (b) and9 (e)] show that RuReparticleshave 0.22 and 0.34 nm
distance between lattices, which is the characteristic ¥atueu [10L] surface
plane. These results agree well with the previous findoyg&-ray diffraction
(XRD) andysis’! Therefore it is clearly shown that the addition of Re to Ru
enhances the dispersion of Ru on carbon surface, which is beliepeahtote

the overall activity of Ru catalysts for sorbitmnversion

Figure 9. TEM data of monometallic Ru/C (aj-and bimetallic RuRe/C catalyqid~f)

and EDX mapping of Ru and Re element
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3.3 Role of acidic/basic promoters
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Figure 10.Effects of acid and solid base promoters in sorlgiboiversion
(experimental conditions same as Figure 7, except that reéiatiems 12 h, sorbitol
conversion is 100% for this figure)

The effecs of acid and base promoters on tH®O of sorbitol were also
investigated.It is clear from the results in FigurgO that acid and base
promoters have a strong liménce on product disbution. The results are
shown in Figure 10 for conditions where complete sorbitol conversion is
obtained. ltwasobserved thasignificant amourgof gasphasealkanes (mainly
methanewereformed with the addition dfib zeolite asa solid acid promoter,
while the addition of a solid base (MgO or CgQeduced the gas phase

producs selectivity from 25 to 11%.

The product distribution during sorbitol conversion on acidic promoters agrees
well with previous findings.Kusserow* and Montassiet’ reported that

unsaturated polyols (withireilar structures as sugars) undent dehydration
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(DHD) in acidic medium(e.g. Ru/C+a sulfate promotg¢rand resukd in the
formation of furfurals (such astydroxymethylfurfural) which might undergo
facile HDO reactions to form hydrocarbonmstead ofproducts fromCs-Cg
cleavage. Furthekluber andDumesc found that sorbitol underentHDO at a
higher temperature260 °C) over an acidic support with random@ bond
cleavage resulting in the formation sifjnificant amounts ofmethane, ethane,

and propanécombined selectivity > 5495

Although the preliminary results shown in Figure 10 indicate that lowey C
products in liquid phase are dominant during sorbitol conversiorthén
presence of basic Mgénd CeQ@ promoters Howeverthe possible positions of
C-C cleavage andHDO reaction pathways in the pewe of solid base
promoterswere not yet clearly understoodhe promoting effect of a base on
C-O cleavagewas not reported previously foHDO of glycerol andEG as
well.°"# Therefore,several possible intermediate produétgycerol and EG)
werethereforetestedas starting substrates to understand the effect of solid base
promoters on the catalyst activity and product distribution (Figlipe
Specifically, a better understanding of the role of solid base in-@p6d GC

breakage and (b) methanation reactjaver bimetallic catalysts was sought.

It was noted that aiquid base such as NaOH enhahdbe conversion of
polyols over Ru or Ni monometallicatalyst$2°* In contrastit was found that
the addition of MJO as a solid base promoted diot enhance the activity of the

RuRe bimetallic catalyst (Figudel).
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Figure 11.Product distribution of glycerol and ethylene glycohversion
with/without MgO @ g of glycerolEG in 90 mL of agueous solutiomther conditions
same as Figure. X: conversion;Total gas: methane, ethar22PrOH: 2propanol)

Also seen from Figure 11, the selectivity of G-Csz; alcohols increask
significantly in the presence of a base promoter (frofb 6082% and from 3%
to 60% for glycerol andEG conversion respectively). In contrast, the
methanation selectivitywas restraind whena base promotdMgO) was added
from almost 406 to 18% and 7% to 50% during glycerol anBG conversion
respectively. These results are different frbavdas report, where they found
that during agueous phase reforming of polyols on Pt catalysts, the selectivity to
hydrogendecrease with increasing carbon number (from glycerol to sorbitol),
but the selectivity to gaseous alkanes (methane, etleag,increasd as
carbon chain increasé¥ In sharp contrast, our results clearly show that the
reforming potential oEG is more restrained than for glycerol in the presence of
a base, producingtOH as the major liquid producOur experiments support

two important conclusions: (a)-C cleavage trend over Ru is different from
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that in the presence of QHb) G-C cleavagds restrained for lower carbon

number polyols in the presence of MgO.

HO.
OH
OH OH
Sorbitol Hex-2-ketose

l'Hz “‘.
OH ——-—— .HO\)\ K"/\
OH
OH  OH )\"/
HO\)\/H/\O . .
on /

OH  OH
H,
Hex-aldose —OH -— HO\)\/OH l
MeOH Glyerol T
H
_____________ lHZ j/\on M Y
OH I} OH OH
HO\)\) ", K\OH 1,2-PDO 2-PrOH
\ (\O e
OH .
OH  OH .-~ EG\&»
__________________ - /\OH
Erythrose Glycolic aldehyde l o1 EtOH
H, OH o}
no\)\/ /_<
HO' OH
1,2-BDO Glycolic acid

Scheme 2Proposed reaction netwofér HDO of sorbitol

Based on the product distribution obtainedour experimental findings on
sorbitol conversion as well as the preliminary results from previous
reports®®899410% detailed reaction pathway is proposscshowrin Scheme.
According tothe proposed schemide conversion of sorbitol initiates with the
base promoted dehydrogenatipH) and C=0O bnd formation. Then, the
unsaturated intermediate undergoe£ Cleavagevia retro-aldolization. The
possible GC cleavage positions include-Cs (thenC,-C3), C,-Cy4, and G-Cs.
Prediction of thermodynamic properties on reaction energi€s-af, and G-

Cs cleavage reveals that both reaction pathways are highly possible during
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sorbitol conversiod?” The resulting small molecules undergo further
hydrogenation, thus leading to glycerol, xylitol, and traces of erythritol in the
final products. These intermiate polyols are further hydrodeoxygenated to
1,2BDO, 1,2PDO, EG, andEtOH asthe major productsGlycerol can also
undergo DH and benzilic rearrangement to forivA under our reaction
conditions’® In our system, itis alsofound thatDHD is also important in
facilitating GO bond cleavage followed by hydrogenation. The observation of
1,2BDO (approximately 10%in selectivity) in the product mixture, not

mentioned in the previous reports, seems to support our hypothesis.

OH
OH OH OH ;C-C=H,C
H. N H d 4
C-CH-H,C 3 C:CHC — C-CHC O \2H;
d on O by Oy MO OH
[ Bt H,C-HC-H,C
-Mg-0-Mg-0- -Mg-0-Mg-O0- -Mg-0-Mg—O-Mg— (H

Scheme3. Possible reaction pathway fBHD of glyceraldehydéGLA) overMgO

Furthermore, a number of publications previously assumed that glycerol
undergoes retraldol reaction leading to the formation MeOH and G
alcohols?®*"# put in our work it is foundthat the majority of the liquid
products consist of 1;RDO and LA, with only less than 10% of 1€C,
alcohols, even in the presence of a base. This indicates that the solid base
provides a favorable environment fibre formation of aldehyd#setonesand
hydrogenation of these unsaturated compounds, ratherC@artleavageand
generating gases producking and coworker$ound that alkali promoters with
PtR€C catalysts enhandeglycerol conversion and also the fraction of carbon

in liquid (C,~Cs alcohok) suggesting the suppression of reforming actRfity.
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The observed increases in the selectivities of liquid products from glycerol
conversionndicate that hydrogen is more effictgnutilized in a basic medium

(as suggested from Sche®for the formaion of alcoholic productse(g.1,2-

PDO) than in neutral and acidic environments. In summary, the role of the solid
base promoter can be summarized as follows: (a) the base promoter activates
polyols in retrealdol condensation; (b) the base promoter #dfeloe relative
activities of the following three steps in the ordeydrogenationda DHD >

retro-aldol condensation >> methanation.
3.4 Effects of reaction temperature

As shownin Scheme2, conversion of sorbitol initiates withH and results in
C;-Cs, C,-C4, and G-C3 productsas intermediat In order to understand the
temperature effects on the@bond cleavagm xylitol and sorbitolconversion,
and resulting product distributions, several experiments were carried out at low
conversion levels~25%) As shown in Figurd2, low temperatures favors;C
products compared to other products.2A0°C, the G selectvity from xylitol

and sorbitowas about 15% higher than the result3®°C and 245 °C, while

the G and G selectivity increas# with increasing reaction temperatures.
Therefore, it is plausible that at relatively low temperaturgsC{xleavage is
favored, whereas &Cs and subsequent ,&C; cleavage dominate at high
temperaturedlt is important to recognize that;{C3; bond breaing will result

in glyceraldehydg(GLA) formation as intermediate products, which can be

hydrogenated to glycefSlover the RuRe catalyst in the presence of hydrogen,
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while C-Cs breakage [confirmed by the formation of traces of COQ%xin
selectivity] probably leads to the formation MieOH and xylitol. Xylitol is
found to easily undergo further -3 cleavage under similar reaction
conditions (Figurel2). Once G or G, compounds are formed, the presence of
Re enhances the-G cleavae reactions, consistent with the reaction pathways

in glycerol andeG conversion (shown in Figure 11)
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Figure 12. Temperature effect on (a) xylitol and @grbitolconversion on RuRe/C
catalyst(reaction time0.5~1.5 h, sorbitol conversior25% other reaction conditions
same as Figure 7)
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The recyclability of the catalysts was also studie®{&°C, hydrogenpressure
7.6 MPa, and 1 h). ThER of the fresh RuRe/@atalyst was found as 256
mol/g atom/h,whereas those of thé'and 29 recycle were 213 and 21fol/g
atom/h,respectively. The selectivity ofs@roducts was 47%, 46%, and 46%,
respectively. These resukbBowthat RuRe/C catalysts are stable and recyclable

under the reactiooonditions
4. Kinetic modeling of HDO of sorbitol on RuRe/C catalyst

4.1 Comparison with previous work

70 2500
B Glycols OLA ®Alcohols mGas BTOF
_ 60 - 2006.4
C 12000
.50 © _ -
= =
£ ] 3
S40 - 1500 E
2 =
@é 30 - E
2 1 1000 =
2
£¥ 278 48
O 4 500
10 -
0 0
1 2 3 4 5
No. 1 2 3 4 5

Catalyst Ruw/C  Ru/CNF RuRe/C  RuRe/C NiCe/Al,O;
Promoter =~ NaOH Ca(OH), MgO Ca(OH), Ce*

Figure 13.Comparison of various metal catalysts for sorbitol conversion
(*: not reported by authors)
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A further comparison with previougpors was also carried out at 28G. As
shown inFigure 13, the TOFs for Ru/C (NaOH as the promoter), Ru/CNF
[Ca(OH)], RuRe/C (MgO) and RuRe/C [Ca(Offipre 16.6, 527.8, 480.0 and
2006.4 mol/mol/h, respectively. Obviously, our RuRe/C catalysts show superior
performances compared with previgusreported catalysts in terms of
conversion and selectivity under the same reaction conditions.
RuRe/Ca(OH) system(Entry#4 in Figure 13gxhibits best performance in

both activity andselectivity, thus been chosen for kinetic study DO of

sorbitol.

4.2 Reaction profiles
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Figure 14. Temperature effect on sorbitol conversion and selectivity to major products

at B,,= 3.5 MPa. Reaction conditions: sorbitol concentration: 0.272 krmiashvent,

H,O; catalyst loading, 6.7 kgfAnCa(OH) loading, 10.0 kg/r initial liquid volume,
15mL; reaction time, 1 h

Temperature effects on the conversion as well as selectivity of sorbitol were

also investigatedAs seen from Figuré&4, conversion increased from <20% to
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almost 70% when temperature increased from®D 230°C. An increase in
temperature resulted decreasing selectivity to LA (from 42% to 35%), while
that to 1,2-PDO, EG and alcohols increasemarginally with increasing
temperature. This implies that hmh reaction temperatures favor
hydrodeoxygent#on reactions and lead to further conversainl,2PDO and

EG to 2PrOHand EtOH, which also agrees well witte previous work’*

0.3 0.15
n  -#Sorbitol -—+-12-BDO -+ Glycerol = -8-MeOH EtOH .
=LA --1,2-PDO —+EG E
Ew ] ~+-2-PrOH -#-Glo-acid
£ £
302 201
2 £
£ £
E g
£ g
§0 1 20.05
£ 3
= =
o S
=
i
0% * T 0 * * —
0 2 8 10 0 2 4 6 8 10

4 6
Reaction time (h) Reaction time (h)

Figure 15.Concentratiortime profiles aR00°C andP,,: 2.0 MPa.
[Reaction conditions: sorbitol concentration: 0.R@®I/m?; solvent:H,O: catalyst
loading:6.7 kg/ni; Ca(OH) loading:10.0 kg/nf; initial liquid volume, 15mL.
Experiments at 1 h and 7 h weepeated, thenaximum errois 3.5% and4.2%
respectively]
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Figure 16. Concentrationtime profiles a00°C and R;;: 5.0 MPa
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(Reaction conditions same as Figure Esperiments at 1 h andi2wererepeated, the
maximum error is 10.9% ar812% respectively.

0.3 0.1

W -®Sorbitol -+-12-BDO -+ Glycerol -#-MeOH EtOH

=LA -=1,2-PDO —~EG —4-2-PrOH ~o-Glo-acid

.05 -

Concentration (kmol/m?)
Alcohol mncengatinn (kmol/m?)

0 1

2 3
Reaction time (h) Reaction time (h)

Figure 17. Concentrationtime profiles a15°C and R,: 2.0 MPa

(Reaction conditions same as Figife Experiments at 0.5, 1 h and 2 h weepeated,
themaximumerror is14.246, 8.8%and10.24 respectively.

Typical concentratioftime profiles of sorbitol conversion in # presence of
RuRe/C catalyst areshown in Figure 15~17 It is seen thatin sorbitol
conversion the concentration of LA1,2PDO, EG increasedith increasing
conversion of sorbitol. As reaction temperature incrégsem 200 °C to 215
°C), the hydrodeoxygenation rate incredssgnificantly, evidentfrom the
increase irglycerd, 1,22PDO and EGconcentratiorin the final product (from
0.20 kmol/ni to 0.25 kmol/m at the conversion level of 635%). It isalso
found that the concentration &PrOH and EtOH increask (from 0.002
kmol/m® to 0.01 kmol/m) as hydrogen pressuiecrease, a clear evidence of
further conversionof 1,22PDO and EG under relativelirigher hydrogen
pressurewhich is shown in Figure45 and 16. Furthermore, it is seen that
increasing hydrogen pressure (from 2.0 MPa to 5.0 MPa) eesuit the

increasan the overall hydrogenation rageigure 18)
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Effect of RuRe/C catalyst loading was also investigated (Fig@ydlt is found
that selectivity to LA decreaddfrom 46% to 40%) with increasing amosoff
RuRe/C loading, while the combined selectivibylt2-PDO, EG and alcohols
obvioudy increasd by approximately 8% withncreasingamount of RuRe/C

catalyst

0.20

e
O
T

=

(=1

th
T

Hydrogenation rate (kmol/m3/h)
=)
=

0.00 !
1 2 3 4 5 6 7
Hydrogen pressure (MPa)

Figure 18.Hydrogen pressure effect on hydrogenation ragdafC

(Reaction conditions same as Figure 15, conversion < 20%)
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Figure 19.Catalyst concentration effect on hydrogenation ragdatC

(Reaction conditions same as Figure 15, conversion < 20%)
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The reaction models are proposed in Scheme 4 based on the qualitative
description of reaction pathways in Scheme 2. Clearly, seveation
pathways can lead to the formation of &d G products.With regard to the
fact that G (1,2PDO, LA and glyceral are the major liquid products detedt

in the liquid phase, another reaction route;Qg cleavage, seems to be
dominant in sorbitol conversion. The formation of another unsaturatdue€
2-ketose will lead to &C; cleavage according to reteddolization mechanism.
GLA and dihydroxyacetone (DHA) will form as a result. As observed
previousy, GLA and DHA are not stable at all under our reaction conditions
and can be quickly converted to Lia DHD route, or1,2-PDO via HDO
pathway™ It is necessary to point out thalycerolis also detected (S < 10%)

in final product mixture. Another posde route of sorbitol conversion is
starting from hex3-ketose, which lead to€Cs cleavage or decarboxylation of
sorbitol. But it hardly happens according to our preliminary observation in
product distribution(shown in Tabled-2-1 of Appendix V) thus not added in
the proposed reactiomodel (Scheme 4)Additionally, it is observedhat the
activity of methanation is almostompletely restrained in RuRe/C&(OH)

system thus will not be taken into account for kinetic modéfing.

The initial ratesof HDO of sorbitol were calculated for a wide range of
experimental conditions (as seen in TaB)efrom the production rates of
various hydrodeoxygenated products in order to ensure that the batch data were

obtained in the kinetic regime. Those data wereed to evaluate the
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significance of mass transfer effect, including -Gi@sid, liquid-solid and
intraparticle resistance, based on the criteria proposed by Ramachandran and
Chaudhari*® The mass transfaroefficient diffusion properties and hydrogen
solubility data were used as obtained previoufilys found that the external

and internal mass transfer effagts negligible in our expenents (detailed

calculation shown in Appendiy.|

OH OH r on
HO
\)\HY\OH + H, T> 2 HO_X_OH
OH OH 1
OH OH ry OH
Ho\)W\OH — % » 2 )\IrOH + 2H,
OH OH k2 o]
OH OH s
HO\J\H\(\OH +2H, ——> 2 “"oH *+ 2H,0
OH OH ks OH
r4
OH + H, —> + H,0
OH ky OH
OH OH
HO. OH +3H L» |/\0H + OH + 2H,0
2 HO. 2
OH OH ks OH A
Te
OH + H, ——> “SOH + H,0
OH ke
ry o
(" OH —_— 4 + H;
OH ks HO” OH
I,
OH )
Ho_J_on * Hp T» Cl)/H\OH + —OH
8

Schemed. Proposed reactions for sorbitmnversion

4.3 Proposed reaction models

Table 2. Experimental parameters in kinetic modeling of sorldtmiversion

Sorbitol concentration (kmol/ 0.272

Catalyst concentration (kgfn 3.33-13.3
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T (°C) 200~230
Hydrogenpressure (MPa) 2.0-6.5
Solvent Water
Volume of initial liquid mixture () 15 10°

Reaction time (h) 0.25-6.0

Table 3. Reaction rate terms presentedsicheme 4

r=wd @Hz Coor = WCkz @Sor
r,=wa, €, C,, r,=wl, &, &, oo
r,=wa @, C,, re =wdk, @, @,

r, =wdx, @, r,=wa, &, &,

Wis catalyst charged (kgfin

Table 4. Material balancén a batch slurry reactor

dC.., _ dc,,
d_:_-rl-rz-r3-r5 %z%
dC . dC .
gy — - —tA = 20
p 20, - 14 at 1
dC.s. oo T dCeq
L ey - —= =TI -l - I+,
dt 2Q0,-r, dt 5 lg= 17Ty
dCEG =r dCEtOH =r
8 6
dt dt
dCZ— ProH — r CICGIo— acid — r
4 7
dt dt

Initially Cois 0.272 kmol/mat time=0
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Sorbitol conversiorexperiments were carried out at different catalyst loadings,
hydrogen pressure and temperatuf€able 2), in which all liquid products
were analyzed and concentration profiles were plotted as a function of time. In
these batch experimental studies, th&ction rate of each compong€mable 3)

in the isothermal and constarlume reactors are described by the material
balance presented in TallleThe hydrogen pressure was nearly constant during
an experiment as the amounthofdrogencharged was in laggstoichiometric

excess compared to the sorbitol substrate used.

Table 5. Henryés constant for hydrogen in water

Henty $constantH [atm/(kmol/nT)]

200°C 215°C 230°C

0.577 0.502 0.429

ATHENA Visual Studio (www.athenavisual.cojmwas used for parameter
estimationand optimization of reaction rate constamesults from ATHENA
software were plotted to simulate concentration~time profildgdrogen
solubility data, presented as Hefgyconstants, are shown in TalBeafter

appropriate correlation of relevant data from previous literdfdre.
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4.4 Parameter estimation
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Figure 20.Concentrationtime profiles and fitted values 200°C and Ry, 2.0 MPa.

(Other reaction conditions sarae Figure 15)
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Figure 21. Concentrationtime profiles and fitted values 200°C and R,: 3.5MPa.

(Other reaction conditions same as Figure 15)
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Figure 22. Concentrationtime profiles and fitted values 200°C and R;,: 5.0MPa.

(Other reactiortonditions same as Figure 15)
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Figure 23. Concentrationtime profiles and fitted values 215°C and R,: 3.5MPa.
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Figure 24. Concentrationtime profiles and fitted values 215°C and R,: 2.0MPa.

(Other reaction conditions same as Figure 15)
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Figure 25. Concentratiortime profiles and fitted values 280°C and R;,: 3.5MPa.

4.5 Results and discussion

(Reaction conditions same as Figure 15)

Table 6. Reactionconstants and activation energies

" Temperature®C) E. (k3/mol)
200 215 230
k( 10 322022 460 040 57% 0.22 38.33 0.33
k,( 10 253 0.02 5.0x 025 10.5 1.63 93.3% 2.34
k(! 10 244 0.18 49X 0.16 9.7x 0.38 75.98 0.68
k,(¢ 100 07@ 0.12 256 0.36 5.1% 057 125.98 1.33
Ks (] 10) 237 0.16 5162 0.28 9.98& 0.49 94.7& 0.73
ki( 10 051 0.04 1.5% 0.39 10.10m 3.11 195.8% 6.28
K, (| 104) 0.74 0.21 124 0.08 354 2.62 103.26x 13.32
k(! 100 0.87% 0.09 1.2% 044 271 0.49 74.64 1.99
Typical experimental and simulated results for concentration~time profiles

under different temperatures and hydrogen partial pressures are shown in
Figures20~25 The corresponding optimized reaction rate constants as well as
activation energies are preseth in Table6. It is found that the activation
energy for sorbitol reaction is in the range of 38~93 kJ/mol, which agrees well
with value predicted by Troncofil.Besides, arrheniusplot is also shown in
Figure26. The parity plot in Figur@7 clearlyshows the goodness of fit for our
experimental data under different reaction conditions. It is found that predicted
values fit very well with our experimental results except for MeOH

concentration at relatively high temperatures Begires23~259. It is highly
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possible that the presemof certain amount of MeOkth gaseous phase under

the reaction conditions will affect the prediction of its reaction rates.

1.96 2.01 2.06 2.11
'2 T T
ekl ok2 ak3 ekd4
4 - < kS ko - k7 k8
_— -6 §
=L :
A
£ b — e
8§ r A 3
G
-10 | ®
L] —
-12 °
1000/T (K)

Figure 26.Arrhenius plots of reaction rate constants
Important findings:

(1) C-C cleavage oforbitol at different positions. It is foundthat the reaction
barrier forry is only 38.33 kJ/mol in the catalytic system, while thatrfpis

94.78 kJ/mol, indicating that &3 cleavage reactions occur relatively more
easily compared with £C, on RuRe/C catalyst surface. As discussed in the
reaction Scheme 2,33 cleavage is initiated with the formation béx2-
ketoseon catalyst surface whil€,-C,4 cleavage is initiated with the formation

of hexaldose This means that the formation of ketose is more favorable than
aldose, which seems to be unlikely because DH of primary carbon is obviously

much easier than secondary position. Therefore it is higb$giblethat fast
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isomerization of aldose to ketosecars in our catalytic system, after whick C

Cs cleavage occurs.

(2) Formation of EtOH and 2-PrOH. A very interesting finding is the
activation energy ofrs and re (Scheme 4). The valuef corresponding
activation energy for these two reactions is 126mkJ and 196 kJ/mol
respectively on RuRe/C catalyst. The reaction barrier for-PDO
hydrogenation is slightly higher than EG conversion. But it is important to
mention that these two values are much higher compared with predicted results
from glycerol caversion (as shown in Table *A)lt was found that 1,PDO

and EG are easily hydrogenated t*2H and EtOH on RuRe/C catalyst,
which are further converted to gaseous alkanes such as propane, ethane and
methane via hydrogenation and € cleavage. Therefore the gas phase
selectivity was about 36% under relativeharsh reaction conditionslt is
however not true in our case with Ca(Qld}¥ the base promoter. First of all the
gas phase product selectivity is negligiloh our system. The high values of the
activation energy for these two reactions indicate that HDO ePD@ and EG

to alcohols is not favored in the presence of CagOH)erefore consecutive
methanation and € cleavageo form gaseous products areaatgstrained on
RuRe/C catalyst. This experimental finding confirms the role of Ca{@®H)
selective HDO of sorbitol to valuable liquid products rather than less valuable
gaseous products. The addition of solid base promoters improves the overall

performamres of RuRe/C in sorbitol conversion.
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Table 7. Comparison of RuRe/C aRuRe/C+Ca(OH)in HDO of 1,2PDO and EG

-H0 Ha RuRe/C RuRe/C+Ca(OH)
X\ H, k (200°C) 3.17 10% 7.67 10°
NNoH T "oH
1,2-PDO to 2PrOH Ea(kd/mol) 25.11 125.98
RuRe/C RuRe/C+Ca(OH)
- H20 H2
froH ——= Zon O 1 (200°C)  0.103 514 10°
EGto EtOH
E. (kJ/mol) 34.78 159.8
0.3
+ Sorbitol 1,2-BDO
%\0.25 s GlyCEI‘Ol < LA
=S * 1,2-PDO EG : ;
E 0.2 EtOH 2-[’1‘()]‘1>< ath
g - Glo-acid " -
7] »
=0.15 - P o
w S
- o o
-= * X *
201 N 25
|5} w "
.é T
50.05 r ¥ oae
z
e
o
0 ;@ | | 1
0 005 0.1 015 02 025 03

Experimental data (kmol/m?)

Figure 27.Parity plots of experimentakfitted values

(3) C-C cleavage of glycerol.lt has already been demonstrated that the

presence of a solid base.§. MgO, Ca(OH)] restrairs the GC cleavage of

glycerol to some extent compared with the case without a solid base. And HDO

rate of glycerol is enhanced thus the selectivity towardd®?D@ is higher in

the presence of a soliddm It is found that activation energy forCcleavage
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of glycerol is actually not lowered by the addition of Ca(@HBut considering
the fact that the activation energy for the formation of glycerol is very low, it is
highly possible that the higteactivity of glycerol precursoe(g.GLA) and its

formation at significant rates on catalyst surface contribute to the overall

reaction rate of € cleavagdk,/k, & 50) on RuRe/C catalyst.

5. Conclusion

TheHDO of xylitol and sorbitol in aqueous phase was studied on admixtures of
carbon supported Ru, Rh, Pt, and Ir catalysts. All catalysts were active for the
formation of liquid products MeOH, EtOH, EG, 1,2PDQ, glycerol, LA,
erythritol, and 1,2BDO) following an increasing order of activity of Ir/C <
Pt/C < Rh/C < Ru/C. Furthermore, the addition of a second metal (Re) not only
increases the activity of Ru catalysts but also enhances the selectivityod C

C; polyols.

A detailed kinetic modeling of sorbitélDO usingRuRe/C catalyst was studied

in multiphase slurry &ctors. It is found that RuRe/Ca(OH) system shows

the best performance in sorbitdDO compared with the presence of other base
promoterslt is also observe that sorbitol conversion occursttv complicated
parallel and consecutive reactions, which $etthe formation ofl,2-BDO,
1,2PDO, LA, EG, alcohols and other acids. Experimental data under different
reaction conditions including temperatures, hydrogen pressures, catalyst

concentrationsvere obtained and relevant kinetic parameters were estimated
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and optimized. The reaction parametersH@dO were determined in kinetic
regime and mass transfer effect was found to be insignificant according to our
calculation. The proposed RuRea{OH) sydgem showg high selectivity to
deoxygenated products and generate negligible gaseous products based on our
experimental data. The kinetic data will be further used fooptienizationof

catalyst design and process development.
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Chapter 3 Hydrogenolysisof Sugar-Derived Polyols to
Renewable Glycols and Alcoholsn Bi-functional Supported Cu

Catalysts

1. Introduction

It has been demonstratdtht noble metabased catalysts such as Ru and Pt are
active for catalytic conversion of sugaerived polyols to glycols. Thhigh
cost and low selectivity to glycolsstill remain a major drawback ofthese
catalysts. Thesustainabledevelopment of bionss conversion technologies
demands rational design of active, selective and-effsttive catalysts.
Therefore, in thischapter,results ona new family of bifunctional Cu based
catalysts supported on Cak,0; will be proposed.lt is shown thatthe
proposed Cibasedcatalysts are very selective in the hydrogenolysis (HDO) of
xylitol, sorbitol and mannitol in aqueous phas&hile conventional Cu
catalystsonly display limited activity for @) cleavagegvenat harsh reaction
conditions(T > 200°C, Ry, > 4 MPa),it is shownfor the first time that the new
Cu catalysts show high activity for bafhiC and GO bondcleavage of polyols
The surface morphology (lattice spacing, phase diagram), activity, selectivity
and structurgerformance correlatienof the proposed catalystaill be

discussedParticularly, the following aspects will be addressed:
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(1) Development of reliable synthetic procedures @r catalysts on MgoO

Al,03, ZnO-Al,03 and CaGAl 03 supports

(2) Evaluation of these Clased catalys in HDO of xylitol, sorbitol and

mannitolto 1,2propanediol (1,22D0), ethylene glycol (EG) and, G alcohols

(3) Understandinge interaction between the cations in solid suppagsH’,

Mg**, Zr?* and C&") and Cuspecies

(4) Structureactivity correlation based oexperimental catalyst performance
studies andurface characterization using scanning electron micros&id),
transmission electron microscop€TEM) and temperature programmed

reduction (TPR}echniques.
2. Experimental Section

2.1 Catalystspreparation

2.1.1 Supported Cu on metal oxides

Cu-based catalysts omwarious solid basesupports were preparedsing
concurrentprecipitation (CP) methodccording to the following procedure (as

shown in Figurel). Requied amount ofCu(NG:)2.25H,0 ( purum, O 98 %,
Sigma), Ca(N@..4H,0 (O 99. 0 %, SizgdH®) (@dmud um) ( DO
98.0%, Sigma) were mixedavith deionized water(DI water) denoted as

solution A. The total concentration of Gij C&* and AP* was about 0.2

kmol/m®. Then calculated amounb f NaOH (reagent gr ade, O¢
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anhydrous, Sigma) and Ma0O3.10H,O ( pur u m, O 9 9 miReth, Si gma)

with DI water (denoted as solution B)The concentratian of NaOH and
Na,CO; were 0.25 kmol/nt and 0.8 kmol/mi respectivelyIn another 50amL
beaker (C), 50mL of deionized water was introduced under vigorous stirring
(>800rpm) at 60 °C. In the rext step solutions A and B were added dropwise
simultaneouslyconcurrently as shown in Figure 19 beaker C (apprximately

2 drops every 3 seconds). Blue slurry mixture was then formed. The pH of the
solution inthe beaker C was kept at 4D1 throughout the preparation process.
The resulting slurry was stirred @0 °C for 16 h. Thenthe mixture wadiltered

and the solids were washed with 2000 of DI water at90 °C to remove N&

ions. The solidcakeobtainedwasthen dried overnight in a vaem oven atl20

°C.

Solution A: Cu?', Ca?*, A** and NO5~
Solution B: Na*, OH" and CO;* Stirred at 60 °C, pH=10~11

Washed with excess amount of

hot (90 °C) deionized water /_»
—= % ———

Ready for calcination Dried in a vacuum
and activation oven overnight

, Vacuum
Filtration

Figure 1. Synthetic procedurfor Cu/CaQAl 05 catalystvia CP method
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Figure 2. Calcinatbn of solid catalyst samples Barnstead/Thermolyne 48000
furnace(right) anda typical temperature curve during calcination (left)

The dried solid catalyst sampleas charged to a porcelain bowl, which was
then transferredo a calcination furnace (Barnstead/Thermolyne 48000) with
flowing air (flow rate: 5 criymin/g catalys}. The furnace was then heated at a
rate of 1°C/min to 400 °C, for 5 h of dwelling time Then the contents in the
furnacewere cooled naturally by flowing air (Figurg). CalcinedCu catalyst

as preparedwere denoted as CuO/Cafd,0s-1 (Cu loading = 43w%
CuO/CalAl,05-2 (Cu loading = 28w%),CuO/CaBAl,03-3 (Cu loading =
43w%, ramping rate 5 °C/min instead ofl °C/min). The catalysts were then
activated by a procedure dedad in Chapter 2. The reduced Cu catalystre
denoted as Cu/Ca@l,0s-1 (Cu loading = 43w% Cu/CaQAl,03-2 (Cu
loading = 28w%),Cu/CaQAl,03-3 (Cu loading = 43w%, ramping rate

°C/min instead ofL °C/min).

The same procedumsas followed for the preparation o€u/ZnO-Al,O3, and

Cu/MgO-Al ,Oscatalysts. Zn(NOs),.6H,O (reagent grade, 98%, Sigma) and

Mg(NO3),.6H,O0 (purum, O 99. 0 %prep&rationloBolutiowe r e
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A to replace Ca(Ng)..3H,0O during preparationThese catalyst samples were
denoted as CuO/Mg@l,03, CuO/ZnQAI,O5 for calcined catalystswhile

Cu/MgO-Al,03, Cu/ZnOAI,O3; represent thecorresponding reduced Cu

catalysts.
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Figure 3. The temperature profile during catalyst activation and schewfatic
activation apparatus

2.1.2Cu catalyst on HZSM5

CuMH-ZSM5 sampleswere preparedia insipient wetness impregnation (IWI)
method’® A typical synthetic procedure of IWI approach was deschias
follows: About 5 g of ZSM5 in ammonium form (NHZ.SM5) was pretreagd
under calcinatiomonditionswith aflow of air to remove NH the conditios of
which were identical tothose inFigure 2. The ammoniunon was removed
during calcination thus ZSM5 is now in the form of23M5. Calculated
amounts ofCu(NGs)2.2.5HO ( pur um, O was adred toSASNIGNa )
solid in a 50 mL ofevaporating flask (Chemglasd)jhen small amounts of DI

water were added. The resnfjislurry was stirred at500 rpm for at least 4 h
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at room temperature in order to obtain well dispersed $igliid slurry. The
solvent(watel) in the slurry wasthenremovedusing rotary evaporator at 56

(bath temperature) and 2500 mmHg vacuumThe solid sample (blue color)

was well dispersed on the inner wallafevaporating flask. Next, the sample

was dried at 12C in a vacuum oven overnight to further remove the
remaining water in the sample. Calcinatioaniping rate =1 °C/min) and
activation processes are identical to the procedures described in Figures 2 and 3.

The sample was denoted as CZZEM5.

2.2 Catalyst activity tests

Performance @aluation of Cu catalystbor HDO of sorbitol and xylitolwas
carried out in a 300 mL Parr reac{@igure 3 of Chapter)2The procedure was

already briefly described ifi2.2 Catalyst performance evaluatiin Chapter 2.

2.3 Analytical methods

The analytic procedure and definition of conversion, selectivity, vyield,
conversion rate (CR) are identicalthose described fi2.3 Analytical methods

in Chapter 2

2.4 Catalyst characterization

2.4.1Temperature programmed reduction (TPR)
TPR was carried out in Autochem 2910 Instrument. The equipment flow sheet

is shown in Figure 4. The TPR procedure dsscribed below:Cu-based
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catalysts in oxide forme(g. CuO/CaQAl,O3) were used for TPR studies. The
size of Cu catalystwasin the range of 50~100 mesh. Certain amounts of Cu
catalyst samplevere introduced to the shape tube (see Appendix Il for
detals). The Ushape tube was then connected with Autochem 2910 Instrument

and fingertightencarefully.

(W]
™
o pery oy
A
O—T—F @
(]
@
D N CDO
sss nD D 0 DD
b2 3 2 eee ==
1T 123
Caicr Looo

(a) (b)

Figure 4. Autochem instrument, (a) schematic flow sheet and (b) equipment
TPR programming: Small amounts of ice amatopanol (2PrOH)wereplaced
on the cooler to condense the vapor content generated from the solid sample
during heating. Then the sample temperature was increased from room
temperature to 300C at a rate of 5°C/min. The temperature was then
maintained at 300C until the baseline of the instrument was stable. After the
baseline stabilized, the instrument was coatedoom temperaturat a rate of
20 °C/min. Carrier gas was then switched to hydregegon (10.%6 hydrogen
in argor). Once the baseline was furth&abilizedat room temperature, data

recording was started by thermal conductivity detector (TCD) at a frequency of
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one second. And temperature was increased at a rate’6friih until 500°C,
at whichthe recording was stopped. The carrier gastivas switchedo argon

and thecontentscooledto room temperature.

2.4.2Transmission electron microscopy (TEM)

Experimentabetailsandinstrumentdor TEM weresimilar to Chapter 1.

2.4.3Scanningelectron microscopy (SEM)

Figure 5. Dual beam SEM

SEM-EDX Measurement:A Versa 3D dual beam Scanning Electron
Microscope/ Focused lon Beam (FEI, Hillsboro, OR, USA) with a silicon drift
EDX detector (Oxford Instruments,-Max, UK) was used to measure the
surface morphology, elemental composition and distribution of metals. All the
SEM data reported were obtained at an acceleration voltage of 15kV, spot size
3.0 and the images were collected with an ET (Everhart Thornley) detector. The
elemental mapping a@nenergy spectrums were acquired with Aztec tools

(Oxford Instruments, UK).
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3. Results and Discussion

3.1Catalyst evaluation

Table 1. HDO of orbitol over different Cucatalysts

Selectivity (%)

; a
# Catalysts T(lrr]r;e (f;o)
1,2PDO LA glycerol EG C,g Others
1 6 54.1 29.1 19.0 4.9 12.8 3.2 7.7
CuMgO-Al,03
2 12 80.6 31.6 11.5 5.7 10.2 5.5 12.9
3 6 55.9 38.3 11.0 2.2 122 144 3.8
Cu/ZnO-Al,04
4 12 94.9 35.9 11 6.3 11.7 29.0 10.5
5 3 57.1 39.0 16.6 14.3 143 6.4 6.9
Cu/Ca0Al 051
6 6 98.1 46.1 1.8 11.8 154 6.5 14.5
7  CuMH-ZSMm5° 6 85.7  Anhydroglucitol: ~30% Isosorbide: 46%

a Conversion a9.8 kg/n¥, Cu/Md™*, Zr*, C&* molar ratio: 5.4sorbitot 0.18
kmol/m®, T: 230°C, Py,: 7.6 MPab. C,_stetrols, triols, diolsetc c. Mainly MeOH
andEtOH, trace 1propanol(1-PrOH), 2-PrOH, methane and carbon dioxidsc.

The performances o€CuMgO-Al,O;, Cu/ZnO-Al, O3 and Cu/CaQAl,0Os-1
catalystswere firstevaluatedfor sorbitol conversion the results ofwvhich are
shown in Tablel. Entry#1 showsthat 54.1% of sorbitol was converted over
CuMgO-Al,0Oscatalyst aflf = 230°C andPy, = 7.6 MPain 6 h reaction, main
products beind.,2-PDO (S = 29.1%), lactic acid (LA in Tablel, S = 19.0%),
glycerol (S= 4.9%) andEG (S = 12.8%). After 12 h redon (Entry#2)
approximately 81% conversion of sorbitol was achieved under the same
conditiors. It wasalso observed that the selectivitiiglycols(1,2-PDO and EG)

was almost unchangeduring the conversiorCs products(1,2-PDO, LA and
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glycero) selectivitywas found todecrease slightlyThe increasing selectivity
to ethanol(EtOH) and methano(MeOH) implies further conversion ofCg
productsvia C-C cleavage andHDO reaction to form G, products. These
initial results ndicate that Cu catalystshow high potential for @C bond
cleavage of polyol molecules, whidmoweverwas not reported in earlier

Work.38'39’61’102

Compared to CMgO-Al,O3catalyst, CuZnO-Al,0O; displayed slightly higher
conversion (55.9%) after I6 reaction(Entry#3) It is worth noting that after 12
h (Entry#4),95% conversion waachievedwith more G-s polyols (including
tetrols, triols, diols, about 29% in selectivity) compatedCuMgO-Al,O3
catalyst (<6% in selectivity). Selectivity to G-z products was lower on
Cu/ZnO-Al 03 than CuMgO-Al,O; catalyst The difference inthe product
distributionimplies that more €@ bond breakagy of sorbitol molecules occar
over CunO-Al,O3; than CuMgO-Al,O3; under similar reaction conditisn
Product distribution oi€u/Zn0O-Al,O3 catalyst is consistemnwith the previous

report byBlanc and ceworkers'®?

They found that Cu catalystfavored the
formation of G- tetrols, triols and diols (about 56% in selectivity) rather than
C-C bond cleavage in sorbitabnversionwhen ZnOwas ugd asa promoter

although complete material balance wasrepbrtedn their report

The difference of theorbitol conversion and product selectivity ov&mO-Al -
203 and MdD-Al,O3 supports indicas that the activity and selectivity of Cu

particlesmight be influenced by the types of catidesy.Zn**, Mg?*, C&* and
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H") in catalystsupports. Therefor@ther catalysts such &u/Ca0-Al,0z-1 and
CUWH-ZSM5 were testedand comparedit is observed thaCu/CaD-Al,03-1
catalyst showsignificantly higher conversioncompared withCu/ZnO-Al,O3
than CuMgO-Al,O3 catalysts. As shown in Entry#5, sorbitol conversion
reached 57.1% in only 3 h. The combined selectivity,BPDO, glyceroland
EG wasalso higher than the first two catalysFurthermoreasthe conversion
increased (Entry#6, 98.1% in 6 h), the total selectivity towgkgtserol, glycols

and linear alcoholwas foundo increase from 68% to 84%.

It is also interesting to note that G4ZSM5 catalyst showedcompletely
different product digibution compared tathe other three catalysts Clearly,
major productformed wereanhydroglucitol and isosorbide widtpproximately
~30% and 46% selectivity, respectively at a conversion of 85% under similar
reaction conditiog, instead ofglycols withshort carbon chains. It reflects that
dehydration(DHD) is favored® but retrealdolization andHDO arerestrained

over Cucatalysts oracidic support.

The results over different Ceatalysts showhat the interaction with supports
significantly affected activity of metallic Cu catalysts and reaction pathways
during HDO of sorbitol. The order of thesize (radius)of those cations is
C&*>Mg?">Zn?*>H" **° which is consistent with the results showeré in

terms of the activity of € bond cleavage.

As mentioned above, QD&O-Al,0Os-1 catalyst, whichwasnot reported irany

previous literature, shaad significantly high conversion and selectivity
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compared to conventional QugO-Al,O3 and CuZnO-Al,O3 catalysts during
sorbitol conversion The presence of €ain the structure of the basic support
selectively facilitated € cleavage of one sorbitol molecule to twg C
intermediatesin the presence of external hydrogen. Thosg itermediates
were four to be further converted intb,2-PDO and EG under our reaction
conditions. This phenomenon reflects that @W-Al,0s-1 has ahigh GO
cleavage activity even without introducing any liquid base promoters.
Furthermore, Yet al recentlyinvestigated HDQf sorbitol onNi/Al ,03+CaO
catalysts® They found that the addition of ¢eto Ni/Al,Os+CaO catalytic
system substantially enhanced tmivity of Ni metals, which again suppsrt
our hypothesisthat the presencef cationswill tune the activity of metal
catalysts. However, the selectivity of glycols at the same time dropped
significantly (approximately 15%) and gaseous products (mainly methane and
carbon dioxide) were increased by nearly 108dNiCeAl,O3+CaO catalysts
This suggests that methanation awdter gas shift WGS) reactionswere
enhanced at the same time in the presence Bf(CeQ,). In contrast, CuZa0-
Al;,0s-1 catalyst displagd not only high conversion of sorbitol but also
significantly low selectivity of gaseous products (selectivity of methane and
carbon dioxide <1% in all case€ur results indicate that the presence of'Ca
in the structure of the basic supports enhar@«ti and CO cleavagesctivity

of Cu metal catalystather tharpromote side reactions such as methanation and

WGS.
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Figure 6. Comparison of Cu/Ca@®@l,0; catalyss with previous workior sorbitol
conversioff*8991.94100102.19(c o nditions:T: 230°C, Ry,:  4~8 MPa*: results not
reported or cannot be calculated based on given details)

In addition, the catalytic performance comparison of the Cu catalysts in this

work with othersupportedmetal catalysts proposed by previous researchers

was carried out ée Figure 6). Ru/C catalyst and bimetallic RuRe/C studied in

Chapter 2 showrelatively high catalytic activity compared Ni and Cu based

catalysts, while the selectivity to glycatsonly in the range of 45~53% at 230

°C. In comparison, NiPt/NaY catalydisplays improved selectivity to glycols

(S ~ 82%)° Although NiCe/ALO; catalyst exhibits enhanced activity for

sorbitol conversion, the selectivity to gase products (methane and carbon
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dioxide) is also high on the Ni catalysts (S > 10%8)Cu0O/ZnO atalyst
displays poor activity for sorbitol conversion compared with Ru and Ni
catalysts, with low selectivity to glycols and other lower prodtfétur
proposed Cu/Ca@\l,0; catalyst shows improved catalytic activity compared
with CuO/ZnO catalyst. Morémportantly, the overall yield of glycols and
alcohols is much higher compared with other metal catalysts under similar
reaction conditions (T = 236C, Ry, = 4~8 MPa).The interaction between
cations and metal particles aitslinfluence on catalysts activity and selectivity
has also beeimvestigatedurther. The detailed reaction mechanism will be also

discussedn the following sections.

3.2Cu loading effect
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Figure 7. Effect of Cu loadings on sorbitol conversion

(Reactiontime: 6 h, other conditions same as Table 1)

In order to understand the effect of Cu content on the activity and selectivity of

Cu catalyst, severalCu/CaD-Al,03-1 catalyss with various Cu loadings were
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prepared and tested in sorbitol conversion (sgarEi7).Firstly, it is clear that
CaD-Al,03 support with no Cu addition achievel only 6% of sorbitol
convesion in 6 i as shown in Figure @ith LA as the major products, S >
76%). When Cu loading is 28w% approximately 18% of substrate was
convertedunderthe sameeaction conditiog, with selectivity of G products as
high as 81%, which was the highestlue ever observed compared with

literature I,eport§8-90,94,100,107,151,152

Surprisingly theactivity of Cu catalyst wagcreased by almost fouold for

the catalyst witha Cu loading of 43w% (CR = 1.2 mol/g atom/h, FigurgirY)
comparison with the one with 28w% loading (CR = 0.24 mol/g atgm/h)
although the selectivity of £ products decreasedo about 6%6. This
observation is different fronprevious results since higher loading of metal
content usually leads to a decrease in catalytic activitgse results iply that

the formulation of Cu on the support and the interaction between Cu &hd Ca
have a strong influence dhe activity and readion pathways of solid base
supported catalystsTherefore, TPR, TEM and SEM characterization was
carried out to providéurther insights into theurface chemistry of Cu catalysts

andunderstandhe metalsupport interaction.
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3.3 Catalyst characterization

3.3.1TPR
Cu/MgO-AlL 0,
=
£
£ | Cu/Zn0-Al0,
=
=
S
=)
Cu/Ca0-AlLO;-1

0 50 100 150 200 250 300 350
Temperature °C

Figure 8. TPR of CuO/MgO-Al 05, CuO/ZnO-Al ;03 andCuO/Ca0-Al ,0s5-1 catalysts

CuO/MgO-Al,03, CuO/ZnO-Al,0;3 and CuO/CaD-Al,0s-1 catalysts were
characterized by TPR. As shown in Figure 8, the hydrogen reduction peak of
CuMgO-Al,0; catalyst showed at 180C position, which is the normal
reduction temperaturier Cu'O species to CuCu/znO-Al,0; sample showed
similar reduction behavior witltCuMgO-Al,O; catalyst. This phenomenon
implies that interaction between & species antigO-Al,05 andZnO-Al,05
supports is not strong> TPR profile forCuO/CaD-Al,0s-1 sample exhibited
different reduction behavioithe reduction peak o€u'O species shifted from

180 °C to 225~23(°C position. The difference indicates that finéeraction
between Cu species and GADOs is very strong compared with other two Cu

catalysts. Considering the fact thauO/Ca0-Al,Os-1 displayd higher GC
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cleavage activity tha@uO/MgO-Al 03, CuO/ZnO-Al O3 catalysts, the support

interaction is the key to activate metal sites during sorbitol conversion.

3.3.2TEM

Figure 10.TEM data ofCu/Ca0-Al ,0s-2 catalyst

The surface morphologies ofCu/CaD-Al,0s-1, CuO/CaD-Al,03-2 and
CuO/CaD-Al,03-3 were investigatedby TEM characterization. As shown in
Figure 9 (a) and (b)Cu/CaD-Al,Os-1 displays highly crystallized structure,
unlike the conventionalCuO/MgO-Al 03 and CuO/Zn0O-Al .03 catalysts, which
exhibit Cu paticles of 50~200 nm in siz&°2%3'?" The CulCaD-Al,05-1

catalyston the other handoes not show any Cu particles with detectable sizes.
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In other words, Cu element is well dispersed and forms hypatieswith
Ca0D-Al 03 support. TEM figure oCu/lCaD-Al ,0s-1 is consistent with the shift
of reduction peak of Ci© species shifts from 18 to 225~23(F°C position
shown in Figure 8, indicatingstrong interaction between Cu species @ald-

Al ;O3 support.

Figure 11. TEM data ofCu/CaD-Al ,05-3 catalyst

EDX analysis of bulk composition oCuO/CaD-Al,03-1 [Figure 9 (c)]
confirms that Cu, Ca and Al elements are well distributed in the catalyst sample.
Similarly, highly crystallne structureswvere also observed d@u/CaQAl,0s-2
(Figure 10) sample. Beside§u/CaQAl,03-3 (Figure 11) exhibits ordered
structured lattices as well, but there seems to expsiase separation, which is

slightly different fromCu/CaQAl,Os-1 sample.

3.3.3SEM
SEM characterization confirms the walistributed Cu, Ca and Al in Cu

catalysts. Figure 12 presents the distribution of Cu, Ca, Al and O elements on
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Cu/CaQAl,0s-1 catalyst surface. Element analysis on the selected catalyst

particle shows that all four elements are well dispersed.

Cu/Ca0-Al,0;-1 Cu-K Ca-K

2.5pm 2.5um 2.5um

Figure 12.SEM images o€u/CaOAl,Os-1 sample

(a) CuAlO ! - W 2c0
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Si
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Figure 13.Phase diagram @u/CaQAl,Os-1 sample

As shown in TEM images (Figure 9), Cu, Ca, Al and CCun/CaQAl,03-1
form hybrid structureand hencehe size of Cu particles is not detectable. The
hybrid composition is however not known frothe elementanalysis. Phase

analysis was therefore further conducted in order to reveal the chemical
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composition of Cu catalysts. Figure 12 shows that CuAlO is the major phase,
while Ca is concentrated on suréathus CaCuAlO is dominant at surface of
Cu/Ca0Al,0s-1 samplelt was countedfor 693 thousand points in the region
shown Figure 13. The molar ratio of the two phases is about 18/1. Therefore it
is clear that the highly crystaie structure mainlyrepresentsCuAlO and
CaCuAlO phases. The existence of CuAIO and CaCuAlO phases confirm the
strong interaction between Cu and metal oxide supports, which is consistent

with TPR and TEM images.

Cu/Ca0-Al,0,-2 Cu-L Ca-K

10pm

(e —

T0am T0um

Figure 14.SEM images o€Cu/CaQAl,Os-2 sample
It is known that CUuAIO easily forms a CufD, spinel structure, which is
believedto be the major active phase for HDO reactiohé:>® Based on the
EDX analysis for CUAIO phase, the chemical content for Cu/Al/O molar ratio is
roughly 0.6/1.1/2.5 (or 1.8/3.3/7.5)hweh is consistent with the composition of
spinel CuA}O, or its dimer (dicopper aluminum oxide, £4,0;) structure.
The chemical composition for CaCuAlO phase is abBaiCuwsAlgO;7. Cu

species in both phassaggesstrong interactioswith other elements, therefore
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reduction of Cli wasshifted to 225~236C from 180°C, as already shown in

Figure 8.

Figure 15.Phase diagram @@u/CaOAl,Os-2 sample

SEM images ofCu/CaQAl,03-2 sample are shown in Figure 14.is found

that Ca, Al and O are well distributed throughout the sample region, while Cu
species displas/only a slight phase separation. Compared v@inCaOAl ,03-

1 sample (Figure 12, Cu loading = 43w%), Cu content in this one is much lower
(Cu loading = 28w%). fie red color region (Figure 14) is not as sharp as in
Figure 12. The difference in SEM images clearly indicdted the active
phases in the two samples are distinct from each other. Phase diagram of
Cu/Ca0Al,03-2 sample was thus carried out. As shownFgure 15,it has
beencounted for more than 708 thousand points for theoneghown and
found that major phases foICu/CaQAl,0s-2 sample are CuO/Cu and

CaCuAlO. In sharp contrast, CaCuAlO is the dominant phase (98.1%) in this
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sample compared witBu/CaO-Al,0s-1 (Ca Cu Al %). CaO/@&u is only < 2%

in this sample.

Cu/Ca0-AlL0,-3 Cu-K Ca-K

T0pm T0pm

W 1 ACuCa0

Ca
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Figure 17.Phase diagram @u/CaOAl,0s-3 sample

Figure 16 presents the distribution of Cu, Ca, Al and O elemen@utbaO
Al,Os-3 catalyst surface. Element analysisaselected catalyst particle shows
that all four elements are not well dispersedsiHbws a trend o&lemens
segregationon the catalyst surface. It is important to point out that the
composition ofCu/CaQAl,Os-3 catalyst is almost identical witEu/CaOAl-

203-1 catalyst. The pretreatment conditions are however different from each

other. As mentioned in the experimental secti@u/CaOGAl,Os-1 sample
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underwent a 1°C/min ramping rate during calcination (under flogi air),
while Cu/CaGAl,0s-3 experienced a 8C/min ramping rate. The uniformity
and crystallinity ofCu/CaQAl,0s-3 is not as good au/CaOAl,03-1 sample.
Figure 16 shows that AD; is a dominate phase. Therefore it is highly possible
that fast heating rate results in the phase separation. Phase diagarcCad

Al,03-3 sample further confirms our hypothesis.

3.4 Structure-activity correlation

Table 2.Product distribution of Cuatalysts in sorbitol conversion

Selectivity (%)

# Catalysts X(%)
1,2PDO LA+PAD glycerol EG Othes
1 Cu/CaOAl,0s-1 98.1 46.1 1.8 11.8 154 21
2 Cu/CaOAl,0-2 17.9 12.9 64.3 4.3 9.5 -
3 Cu/lCaOAl,0:-3 12.1 8.4 75.2 15.1 1.1 -

Catalyst charged.8 kg/ni, sorbitot 0.18 kmol/m, T: 230°C, Ry,: 7 MPa, reaction
time: 6h. PAD: pyruvaldehyde

The conversion of sorbitol on the three Cu cataly§ls/CaOAl,Oz-1,
Cu/Ca0Al,0s-2 and Cu/Ca@Al,0s-3 was investigatedn the 300 mLParr
reactor.As shown in Table 2Cu/CaOAl,Os-1 catalyst displayed almost 100%
conversion of sorbitol in 6 h, whilu/CaQAl,03-2 and Cu/Ca@Al,03-3 only
showed < 20%onversionunder the same reaction conditions. The selectivity
towards 1,2°PDO, LAHPAD and EG is completely different on the three
catalystslt is foundthat the combined selectivity to 1FZDO, glycerol and EG

was about 73% ofu/CaOAl,0s-1 catalyst, but this value was only 20~32%
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on other two catalysts. In contrast, the selectigity. A+PAD was only < 2%

on the activeCu/CaQAl,0Os-1 catalyst, the number on the other two catalysts
was as high as 64~76%. It is believed thatOg cleavage occurs after
dehydrogenation (DH) of sorbitol leads to the formation glyceraldehyde (GLA)
and dihydroxyacetone (DHA), which undergagearrangemento form LA or
HDO reactions to generate IPDO as shown in Scheme 1. Therefdrean be
seen tht Cu/CaOAl,0s-1 are active for DH and HDO reactions while only DH

occurs ornCu/Ca0Al ;05-2 andCu/CaOAl ,05-3 catalysts.

I 2 ae LN

C;-C;cleavage Glycerol
Sorbitol tH, | HDO
OH OH
/JW/OH /K/OH
(o]
LA 1,2-PDO

Scheme 1Formation of 1,2PDO, glycerol and LA from €intermediates

Further, the selectivity towardsz@roducts (1,2°DO, LA and glycerol) is
83~98%, which implies that £C; cleavage is dominant oGu/CaOAl,03-2
andCu/CaQAl,0s-3 catalystslt is already fond thatCu/CaQAl ,0s-2 sample
has almost one phase, CaCuAlO, witle/CaGAIl,03-1 shows CaCuAlO and
CUuAIO phasesSo it is highly possible that CaCuAlO is the active site for DH

reactions of sorbitol, while CuAIO (spinel Cuydl,) species are active for HDO
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reactions thus 1;PDO, glycerol and EG are dominant @u/CaGAl,O3-1

catalyst.

HDO reactions consumes@termediates species formed from DH of sorbitol
on Cu catalysts, which in turn favors the chemical equilibrium towards DH
reactions. Therefor€u/CaOAl,0s-1 catalyst shows a much higher conversion
level. But Cu/CaOAl,03-2 andCu/CaQAl,0Os-3 catalysts daot have active
sites for HDO reactions, thus the conversion lewel these catalysts are poor,

since DH reactions are obviously not favoattligher hydrogen pressure.

Another important finding is about-C cleavage of €species. As found in
Table 2, the selectivity to EG (S > 15%) is much highelCornCaQAl ,0s-1
catalyst compared witlCu/CaQAl,0s-2 (S < 2%). This implies that -C
cleavage of gspecies to gis also significant orCu/CaQAI,O3-1 catalyst.
This is beause of the existence of spinel structur€ohl,O,, which is known

to be active for €C cleavages at relatively high reaction temperattfres.

From the discussion above, it can be seen fttratin optimum activity and
selectivty of Cu/CaQAl,0O; catalyst it should have both DH (CaCuAlO phase)
and HDO (spinel CuAD, phase) sites. This & possibleeason thaCu/CaQ
Al,Os-1 catalyst displagd higher activities for both @C and GO cleavage for

catalytic conversion of sorbitol comparedothercatalyss.
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3.5 Reactionprofiles

Since, Cu/Ca0Al,0s-1 showedsuperior performance compared with other
catalysts, aletailed concentratieme profile was also investigated-igure 18
shows a typical plot of theubstrate and different produ¢iscluding1,2-PDQ,
EG, glycerol, butylene glyco{l,2-butanediol, 1,2BDO), etd concentratiorvs
reaction time Complete conversion of sorbitol washievedin 6 h at 230 °C
and 4.9MPa of hydrogen pressure [Figure 18 (afjoncentration of 1;2DO,
EG and glycerolincreasd linearly with reaction time, while that of LA+PAD
(pyruvaldehyde) firsincreasd and then decreasedt prolonged timeslt is
known that LA and PAD can b&urther hydrogenated to 1;RDO in the

presence of hydrogeriwhich explains hcrease inl,2-PDO with reaction time.

The concentration of linear alcohols (others in Figure 18) increased sharply
with reaction time, whiclis clearly a result of significant consecutid®O of
1,22PDO and EG to propanols (PrOH) and EtOM.linear dependence of
conversion of sorbitolvith time and in some cases even uatinost 100%
conversion[Figure 18 (b)]showed a weak dependence of the HDO rates on
sorbitol concentration The concentration of glycerol antl,2-PDO also
increasd lineatly with reaction time while that dfA+PAD initially increase

but then decreasesharply at prolongedreaction time The trend of the £
products concentration profilalso indicatesa parallel conversion of these

intermediates ttdVleOH andEtOH.
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Results at lower temperature[210 °C, Figure 18 (c)]showed that the
concentration of sorbitodecrease nearly linearly when reaction timavas
prolongedfrom 5 h to 20h. Different trends of concentration profile of
different products were obtained. The declincancentration of ¢products
over reaction timavas not obviously observed when conversion was higher
than 33%, which is different from the trend2&0 °C. It is also found that the
concentration oEtOH andMeOH in liquid products was much lowat 210°C

at similar conversion. The altered concentration profile implies that the
consecutive € bond cleavage of L£products was restrained at lower

temperaturg¢210°C).

In addition, the selectivity for secondas.q.1,2-PDO, 1,2BDO and alcohols)
ratherthan primary €.g.glycerol and EG) €D reactions (combined selectivity
for HDO products) was 67%, while this value was only in the range of 30~82%
on much more expensive Ru and Ni catalysts under similar reaction
conditions®®90:94.100.107.154155, yain, the trace detection of gaseous products
(mainly methane an€0,, S ~0.3% evenat 230 °C) indicates the methanation
and WGS arenegligible over Cu catalystsConsidering the fact that the
proposedCu/CaQAl,Os-1 catalystshows high activity and selectivity for both
C-C and CO cleavagean excellentselectivity of liquid products above 98%

has been achievddr sorbitolconversion
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(b)

(€)

Figure 18.Concentratiortime profiles of sorbitol conversion d@u/CaQAl,0;-1
catalyst(a) T: 230°C, Ry,: 7.6 MPa; (b) T: 236C, Ry»: 4.9 MPa; (c) T: 216C, Ry
4.9 MPa
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