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Abstract

Biodiesel is an attractive alternative fuel obtained from renewable resources and glycerol is
produced as a major byproductthme biodiesel industry. Upgrading glycerol to othexluable
chemicals will contribute tan economicsustainability ofthe biodiesel industry.Valuable
commodity chemicals such as fafbpanediol (1,2°D), 1,3Propanediol (1,3°D) and 1Propanol

(1-PO) could be produced by catalytic hydrogenolysis. Alglomuch work has been done
towards the conversion of glycerol to -EP and 1,3PD, the direct conversion of glycerol e

PO has not receiviemuch attentionFrom an industry point of view, the production ePO is

very interesting1-PO has potential ggications asa solvent, organic intermediate acan be
dehydrated t o propgahal forehe frgducéom wfipolypropyleneherefore, the
development of a new process for the efficient conversion of glyteedPO will contribute to

new Aogrereemi cals which wi |l benefit dsima@e envir

profitableas 1 kg of glycerol is produced for every 10 kg of biodiesel.

In this research, dterogeneous hydrogenolysis of glycerol t8#Q was carried out in a batch
reactorusinga bifunctional catalys{prepared by a sequential impregnatinathod in water, a
green and inexpensive liquid mediuihwas found that a Hunctionalsolid catalystconsistof a
nortnoble metal Ni for hydrogenation and an acidic function b€aungstic acid (HSIW)
supported on aluminaA(203) to be an active catalyst for theespot synthesis of -PO from
glycerol and Hin a liquid phase reactionA systematic study has been carried out to assess the
effects of operating conditions @imeglycerol conversion The catalysts were characterized using
BET, XRD, NK-TPD, TPR, TGA and FTIRechniques

The effect of dferent metals(Cu, Ni, Pd, Pt and Cs$upported 30HSIW/AD; catalyst
heteroatom substitutiofiHSiW, HPW and HPMopn NiHPA/AI 205 catalystsand 10Ni/30HSIW
supported on differerguppors (Al20s, TiO2 and MCM41) were studiedto determine to what
extent these components affaébe catalytic activity of the NiHP#&AI.Os catalystsfor the
hydrogenolysis of glycerolThe effect othe preparation process on the catedyactivity and the

structureof the catalystwas also studied.

It was found that 1%Pt is the best promoter for the productiorRa h a stainless steel batch

reactor (the selectivity to-BO was 59.26 at 45.3% coversion of glycerol).1%Ni, a much



cheaper metal, has fairly comparable reagtitit 1%Pt (the selectivity to-PO was54.%%6 at
39.2% converison of glycerol)t was reportedthat thecatalytic activity andthermal stability
towards decompositioaf the catalyst dependels on heteroatorsubstitution.Using NH-TPD,
XRD and FTIR i was found that while the lggin-structure of HSIW and HPW supported catalyst
is stable up toa treatment temperature of 4% the Kegin-structure ofa HPMo supported
catalystwas decomposed eveneadreatment temperature of 3% the decomposition of HPMo
into MoGs is likely to be responsible for the inactivity of the NiHPMo catalyst for glycerol
conversion.HPW and HPMo lost their acidity much more readily than HSand a HSIW
supported catalyst was the best candidate f8O1production.The catalytic activity and the
acidity of 10Ni/30HSIW supportedatalystare influenced strongly by supporting 10Ni/30HSIW
on different supports.

Using XRD and FTIRt was found thithethermal treatmerduring the preparation procassieed
affectedthe structureand the activityof the catalystto some extentThe loss in activity of the
catalyst, the decomposition in ggin-structure of HPAs occur if the treatment temperature is
higherthan 450C.

It is important to note thahisis the first report on a 10Ni/30HSIW suported catalyst developed
for the onepot hydrogenolysis of glycerol in a water media with high conversion of glycerol
(90.1%) and high selectivity to-RO (92.9%) aR4(®C and 580PSI hydrogen using a Hastelloy
batch reactor. The activation energy Ea of this reacsi@@4.1kJ/mol.

Reaction pathways for the hydrogenolysis of glycerol using a bifunctional catalyst
10Ni/30HSIW/AI2Os is proposedlt is believed that @dity plays an important role for the
dehydratiorandNi plays an important role for the hydrogenatitins suggested thatith acidic
catalyststhe main route for the formation ofPO from glycerol is via either the hydrogenation
of acrolein or further ydrogenolysis of 1D (and 1,3PD) where 2D (and 1,3PD) ard
acrolein are the intermediate spediethe formation of PO from glycerol. Tie formation of 1,2

PD and 1,3°D takes place through an initial dehydration of the primary or secondary hyldrox
groups on glycerol to give acetol ort8/droxylpropanaldehyde {BPA). The hydrogen activated

on the metal facilitates the hydrogenation of acetol -6tP2\ to release 1;PD or 1,3PD
respectively. However, dehydration ofHFPA on the acid sites formsacrolein. Further

hydrogenolysis of diols or hydrogenation of acrolgiaducesl-PO.



1,3-PD thatis a very high valueaddedchemicalcan also be obtained from hydrogenolysis of
glycerol using a NHSIW supported catalyst.o improve the selectivity df,3-PDit is suggested
that the catalyst should have high hydrogenation activity for the intermedidRA3 The
equilibrium between acrolein andHPA in the hydratiordehydration step is important, so it is
essential to tune the-hinctional catalyst anthe conditions of the reaction to form JB® from

3-HPA. A study of promoter effects for the activity of catalyst to formR[Bis recommended.
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Chapbre
GeneagfalBackground

1.1 Introduction

Fossil oll is still the main source not orfiyr energy but alséor most ofthe chemical products
used by modern societincluding plastics rubber perfumes and pharmaceutical&nergy is
essential not only in the industrial sector but also importaet all aspects of societyrhe
chemical industry is aornerstonef human development that influences all aspects of modern

society.

As a source of energy, fossil fuel is a@mewable, produces the pollutants that causes huge
environmental issues antis not easy to solve. It is important to use other alternative resources
effectively, bring down the reliance on fossil feedstocks and the environmental influence of the
production methods and products3JL The foreseen depletion of petroleum togethiéh an
increased public concern on environmental issues and global climate diemigereased the
interest in the replacement of fossdsed chemicals by biomasased chemicals [4]. It has
motivated many researchers to focus on the conversion of fosks to alternative sources of

renewable energy and shift the petrolelased society to green, environmentally friendly society.

In view of the fossHbased issues, the idea of green chemistry was developed6t he chemi ¢
industry needs to be dgsied in the way that can minimize or eliminate the utilization and
generation of polluted and toxic substarcés addition,the use of catalysts, which are selective

and recyclable, is one of the important principles of green chemistry.

Several substarati actions can be applied to utilize and modify renewable sources that could have
an enormous influence on human activities. Such implementation can exist in different industries
such as energy, polymer, textile, pharmaceutical, paints and coatings,tédddl &€ssentially,

they have given rise to a key research area for the replacement ebésssil raw materials by
biomass. Recently glycerol has emerged as a potential alternative téb&sssil raw materials
and fAgl yc e[6,d bdsleecomantimpgrtanteveloping sector that comprises replacing

petroleumbased resources with glycerol as a bio feedstock in the chemical, solvent and fuel



industries [8]. Glycerol, also called 1, 2pBpanetriol, is a simple sugar alcohol with three
hydroxyl groups.Generally,Glycerolcan beobtainedeither asa by-product from fermentatioar

as a byproduct in biodiesel production. Glycerol is considered by the US Department of Energy
as one of the 12 building block chemicals obtained from biomass thaeaatilized to produce
other high value biomadsased chemicals [9]. Glycerol could be used to produce many valuable
products via oxidation, esterification, hydrogenolysis and others [6]. Upgrading the value of

glycerol will reduce the cost of biodiesebguction and help the biodiesel industry.

For a successful bibased economy, developmentadmassbased chemicals and green catalyst
will be important in order to convert to a limited number of building blocksremge of secondary
productsfor different applications [101]. In the context of this thesis, glycerol was used as raw

material for C3 platform chemicals such asR[2 1,3PDand 1PO.
1.2 Glycerol production and markets

Glycerol is a three carbon polyol which is hygroscopic, colorlessless viscous liquid under
atmospheric condition. It is sweet tasting in its pure form and low toxicity. Glycerol finds a range
of applications in industry and commerce such as: food industries, pharmaceuticals, personal cares,
plasticizers, tobacco, ensifiers, antifreeze and so on. It is also a very important raw material to
produce many other chemicals [11]. Some physical characteristics of this compound are listed in
Table 11.

Glycerol that is currently available on the market can be obtained lmhémeical conversion of
propylene (synthetic glycerell0% of the market) or from oleochemical industry especially as a
main byproduct in biodiesel production (bglycerol- 90 % of the market) [11,2]. Biodiesel is
produced from renewable sources,dibgr with its biodegradability and néoxic nature has
become one of the most promising fuels for the future. The majprachuct of this process is a
glycerol. For every 9 kg of biodiesel produced approximately 1 kg of glycerol is produced as a
byprodict [13]. A recent surge in the production of biodiesel has created a glut in the glycerol
market. As a result, the value of both crude and refined glycerol has in general decreased over the
years. Dow Chemicah Freeport Teas in the only supplier of synthetic glycerol the US.
However, the flood of biodieselerived glycerol causes this plan to close in January 2006 [14]



Table 1-1 Physical properties of pure glycefal ]

Chemical Structure Ho\ji/OH
Chemial Formula C3HsOs
Molecular Mass 92.09 g-mot
Density (at 20 °C) 1.261 g-cr?

Caloric Value 18 kJ-g1

Melting Point 18.0 °C

Boiling Point (at 101.9 kPa) 290.0 °C
Electrical Conductivity (at 20 °C) 0.1 ¢Stkecn

Fig. 1-1 shows a forecast of the cruglgcerol production from the biodiesel industry in the United
States and other countries in the last ten years and for the next ten yearsigkdase of glycerol
productionresults in a saturation of the market causing prices of crude glycerol anedref
glycerol to drop. The price of refined glycerol varied from $0.2 to $0.7/kg and crude glycerol from
$0.04/kg to $0.33/kg over the past few years in the global market [15]. A flood in the glycerol
market has established [16].

It has been proposed thatce the glycerol price drops below US$ 0.23 per kg it would open up
the possibility of using glycerol as a biorefinery feedstock chemi@l Prior to the large scale
production of biodiesel, the use of glycerol from biodiesel for this purpose wasinmedtigated.
However, aslarge amount of crude glycerol is formed in biodiesel plants fatbvy a drop in
theprice of crude glycerol makeglycerol avaluableby-product which could be purified and sold

to increase the profitability of th@verrallprocesg18].
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Figure 1-1 Global and United State credlycerol production 2002023[7]*

*Reprintedfrom Ye X. P.et al, ACS Symposium Series; American Chemical Society: Washington, DC, 2014, Chaptet3, pp
80 with pernission fromACS Publications

1.3 Glycerol as a platform chemical

Platform chemicals are substances with functional groups and are used as building blocks that can
be converted to a wideinge of chemicals or materiaBio-based platform chemicals that are
biodegradable providegreat opportunity for decarbonising everyday products and ssakesty

more environmentally friendIj19]. Production and conversion bfo-derivedplatform chemicals

is a very promising approach poovidea sustainable market @meduction of biofuel production

cost [1,20]. Glycerol is a polyol molecule rich in functionalities, unique structure, biocabijutat

and biodegradability [Jlwhich couldbecome one of the most important platform chemicals for

the biobase@dhemicalindustry [19]. Glycerol is considered by the US Department of Energy as
one of the 12 building block chemicals obtained from biomass that can be utilized to produce other

high value biomasbased chemicals [9].

These daysjue togovernment policies to enarage the utilization of renewable resources and to
fulfill the rising energy demand, biodiesgtoductionhas rapidly increased.he expansionof
biodieselproductionmakes glycerol readily availableand in large supply The conversion of
glycerol into oher chemicalsreats new opporturtiesfor utilizing glycerol as the crude material

[17]. Furthermore sustaining a good price glycerol can boost other industries like biodiesel



which is struggling to gain a footholds a result pgrading the valuefalycerol will reduce the

cost of biodiesel production and help the biodiesel industry. Significant research has been focused
recently on its conversion to vakaelded chemicals as a bio platform chemical to replace
mainstreanpetroleum derived chemicdl$7, 21, 22]. There are several chemicals which can be
obtained fromthe hydrogenolysis oflycerol that have higher value than glycerol such.,as
propanediol (1,2°D), 1,3propanediol (1,3°D) andl-propanol(1-PO)

1.4 Converting glycerol into value-added products

Utilization of glycerol derived from the growing biodiesel industry is important to oleochemical
industries [23]. In the past, the high value of glycerol made it economically unattractive as a
feedstock chemical and the improvement of altiévagorocesses for glycerol utilization is not
properly considered [16]. Recently, an increase in glycerol supply and a dhapiice of crude
glycerol make glycerol an important building block for the production of a variety dbdsed
chemicals. Bodiesel, designated to be a future alternative fuetuces crude glycerol as a waste
byproduct. The conversion of this crude glycerol to value added products is a sustainable approach
compared to petrolewinasedproducts Besides, upgrading of crude gérol to value added
products affects a substantial effect on the economy of the biodiesel 8a@he past decades
significant research efforts have been focused on the conversion of glycerol esoatdsedstock

to other valuable chemicals andogucts. Because of the high functionality of glycerol (two
primary and one secondary hydroxyl group), reactions can proceed along multiple reaction
pathways to give mixtures of products. Several good review articles on glycerol conversion to
valueadded ckmicals and products have been published. In 2008 Zhou C. H. et al. shanved

a technical standpoirgeveral different reaction pathways to produce other chemicals from
glycerol(Fig. 1-2) [24].

In 2008 Pagliaro et al., recapped 22 different possibleoaphes that can be used to obtain
different valuable products from glycerol and their industrial applica{@sis In 2015 Bagheri

et. al. reviewed and highlighed many possiptocesses for the catalytic conversion of glycerol
into useful chemicals [6]. Various reactions that are available to derive value added chemicals of
commercial interest from glycerol such as hydrogenolysis of glycerol to propanediols, dehydration

of glycerol into acrolein, steam reforming of glycerol to produce hydrogen were reported



[16,24,26,27] Among the approachegdrogenolysis of glycerol into lower alcohols have been

reported as promising processes aaadl groduce higher value products such agplopanediol
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Figure 1-2 Processes of catalytic conversion of glycerol into useful chenjibés
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(1,2-PD), 1,3propanediol (1,3°D), and 3propanol (1PO). 1,2PD is used primarily for
commodity chemicals and is a green replacement for the toxic ethylene glycol for deicing aircratft.
1,3-PD is avaluable intermediate for theguction of high value polymers such as polyester and
polyurethane resins-RO is useful as a solvent, organic intermediate and could be dehydrated to
produce nAgreenii propylene for the production
chemicals is sbwn in Fig. 13 [28a].

It is clear that 1,3?D is the most valuable product among these alcohols, followedRy dnd
1,2-PD. Thus far, the most effective way to produce-R[3is through fermentation [2f;
however, the low metabolic efficiency and peompatibility with existing chemical plants make
it less favorable. In recent year the glycerol hydrogenolysis of glycerol t8[1,8as been
intensively developed; however, the selectivity of glycemiversionto 1,3PD is still limited.
Selective hydrgenolysis of glycerol into 1;8D is much more challenging compared with the
production of 1,2°PD or lower alcohols. The production of 1D has been studied extensively
since a high yield of 1,2-PD can be obtainedinder mild reaction conditions [29]. Fro an
industrial point of view, the production ofFO is also very interesting since it finds many
applications as an important industrial intermediate; however, the productiosPOffibom
glycerol has not received much attention. Therefore, the develupaiea new process for the
efficient conversion of glycerol into propanediols abdPO wi | | contribute to
chemicals which will benefit the environment and mé#kebiodiesel process more profitable.
Until now among these alcohols orthe prodict of 1,2-PD has been commercialized there is a
hugeopportunityfor the development of new process fePO.
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Figure 1-3 The market value of different vahkaglded products fromlygerol in2016 R84



1.5Usesof 1,2Propanediol, 1,3 Propanediol and1-Propanol

1.5.1 1,2Propanediol

1,2-propanediol (1,22D) which is a clear colorless viscous liquid is an important megdaioe
commodity chemical having a wide range of applications. It is used for making polyester resins,
liquid detergents, pharmacezdls, cosmetics, tobacco humectants, flavor and fragrance agents,
personal care items, paints, animal feed, antifreeze compounds, etc. There has been a rapid
expansion of the market for 22D as antifreezasa deicing agent due to the growing concern

over the toxicity of ethylene glycol based products to humans and animal®D1j8
conventionally produced by the hydration of propylene oxide [12]. The process based on a glycerol
feedstock has been recognized as an economically, environmentally stathatale method

compared with the commercial petrolednased route.
1.5.2 1,3Propanediol

1,3-propanediol (1,8?D) which is a colorless liquid with a freezing point-24°C and a boiling

point of 214°C has many uses. -BB is generally used as an indiat building block for
producing polymers and composite materials; it is especially used as a monomer in the synthesis
for new types of polyesters such as polytrimethylene and terephthalate. It has also found an
application as a chemical intermediatena manufacture of cosmetics, medicines and heterocyclic
compounds [30]. Many products that may also containPD3include adhesives, sealants,
laminates, coatings, paints, perfumes, fragrances, personal care products and laboratory scale
chemicals [31]. @e of the most successful applications ofR[3is the formulation of corterra
polymers [32] Industrial production of 1;®D is currently based on petroleum by
hydroformylation of ethylene oxide or hydration of Acrolein [33]. As petroleum feedstocks
become more limited and costs become higher, glycerol as-gedustock has become a more
attractive feedstock for 1,BD production. The production of 1D from bicbased glycerol has

the potential to become an alternative for current industrial prasudtased on petroleum
feedstocks. Bialerived 1,3PD not only offers good market opportunities but also provides a cost
effective method for its production. Many research groups have worked on the selective
hydrogenolysis of glycerol to 1;BD; however, dective productiorof 1,3-PD from biomass

derived glycerol is still a challenge.



1.53 1-Propanol

1-Propanol (3PO) which is a highly flammable, volatile, clear, colorless liquid with an aleohol
like, sweet and pleasant od88] is a major component oésins and is used as a solvent in the
pharmaceutical, paint, cosmetics and cellulose ester indysg#48s]. Production and uses of 1

PO are associated with its transformation into related compounds such as propionic acid,
propionaldehyde and trihydroxyathyl ethane, all of which are important chemical commaodities.

It also finds applications in the manufacture of flexographic printing ink and tex3Be3¥], as a
dispersing agent for cleaning preparations and floor wax, metal degreasing fluids, afiBgisive

a chemical intermediate in tieanufacture of other chemicals|3More recently, it is being used

as a hand disinfectant by health care workers. Besides its industrial #&@9s ladded to foods

and beverages as a flavor (IPCS 1990PQA can beesterified to yield diesel fuels and be
dehydrated to yield propylene, which is currently derived from petroleum as a monomer for
making polypropyleng40]. In addition, like the more familiar aliphatic alcohols of methanol,
ethanol and butanol-RO is onsidered as a potential higihergy biofuel. The use ofdropanol
recently has shown potential as the rgameration gasoline to petroleum substi{@& which

has promoted interest in its productiorP® is considered to be a better biofuel thanrethsince

it has advantages over ethanol in terms of higher octane number, tends to have a higher energy
content, lower hygroscopicity, water solubility, energy density, combustion efficiency, storage
convenience. It is compatible with existing transpatainfrastructures and pipeling&l] and is
suitable for engine fuel usaf#?]. However, the production of propanol is more difficult than that

of other alcohols so up until now it has been too expensive to be a common fuel. In the
petrochemical indusgr 1-PO is currently produced via hydroformylation of ethylene to form
propanal followed by hydrogenation tePD[43]. It can also be recovered commercially as a by
product via the high pressure synthesis of methanol from carbon monoxide and hydrogen or b
the vapotphase oxidation of propane and from the reduction of pregeneed Acrolein. IPO
recently has been obtained from glycerol by conversion of glycerol +B0,Brst, with 12PD

being subsequently converted 16PO [44-46]. In comparison withthe process based on
petroleumderived ethylene, propylene, the production-6fQ based on bibased glycerol would

be preferential in terms of sustainability and environmental efficiency.



1.6 Researchobjective

Selective conversion of glycerol to greesdueable chemicals such as-PB, 1,2PD and 1PO

is promising. In recent years, although significant work has been done towards glycerol
hydrogenolysis to propanediols, the e hydrogenolysis of glycerol to-RO has received

limited attention. Theffere, the main focus of the research is to develop a selective catalyst for
the hydrogenolysis of glycerol to green sustainable chemicals, especially the one pot synthesis of
1-PO. The hydrogenolysis of glycerol requires an acidic site for dehydraticm methal site for
hydrogenation. HPAs are well known to be green, active catalysts for many of homogeneous and
heterogeneous acid catalyzed reactions, in particular alcohol dehydration. Hence it is chosen as an
acidic component for this research. The miaster price of Ni compared to noble metals is very
attractive for a hydrogenation. This research work is devoted to the glycerol hydrogenolysis with
the development of catalysts for the ¢u catalytic transformation of glycerol to high value

added chengials over a Nbased HSIW supported catalysts in a water media. Replacement of
homogeneous hazardous catalyst by using as a solid, green catalyst, the use of water as green,
cheap solvent will enable a greener chemical process. To my knowledge, thifirs timee a bt
functional catalyst of Ni and HSIW supported on Al203 was successfully prepared and used for

the onepot production of PO from glycerol in water media using a batch reactor.

Although HPAs have high acidity and high catalytic activitg, tiigh solublility in polar solvents

such as water, the low surface area and the tendency to lose active sites and deactivation under
thermal treatments leads to limitation their application. Therefore the effect of the thermal
treatment on the stabilitynd product selectivity in the glycerol hydrogenolysis is emphasized.

The addition of Cs+ to the catalsyt was also explored since Cs+ is known to modidfy the acidity
of the HPAs. The effect of oxide supports for the HPAs was also explored as the sumdrts ¢
affect the surface area and the acidity of the catalysts. The catalsyt development work for the

research project are elaborated in the following 3 projects described below.

In the first project, a 10Ni/30HSIW/AI203 catalyst (loaded with 10 wt% Ni addvt% on
Al203) was prepared and used for the hydrogenolysis of glycerol to lower alcohols such as 1,2
PD, 1,3PD and 1PO using a stainless steel batch reactor. The effect of different metals such as
Pd, Pt and Cu on the catalyst activity was studi@tte a balance of metal and acidity can improve

the performace of catalyst, Cs+ was used to tune the acidity of the catalyst.
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In the second project, the effect of different process parameters such as catalyst loading, H2
pressure, glycerol and water contration, temperature on the glycerol conversion and product
selectivity were investigated. Some chemicals, notably acids, can affect the the surface of stainless
steel reactor. Since a supported strong acid, HPA, was part of the catalyst used featlch,ras
Hastelloy reactor was used for the investigation of the effect of process parameters on the catalytic
performance of the 10Ni/30HSIW/AI203 catalyst.

In the third project, the affect of different factors on the properties of the heteropoliaelfis
such as different Keggin type heteropolyaicds, the thermal treatment and the support were
investigated.

Various characterization techniques such as BET, XRD, TPR, TPD, TGA and FTIR were used to
characterize the catalysts. The properties of thaysts were used to explain the reactivity of the
catalysts for the conversion and selectivities between the catalyst structure and the catalytic
performance. A reaction pathway for the hydrogenolysis of glycerol to various products was

proposed.

Finally, conclusions are drawn and recommendations are given for future work based on the results

of these studies
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Chapter Two

Literature Review

2.1 Introduction

The excess of waste glycerol produced in the biodiesel industry may be used for thegraducti
valueadded chemicals to avoid waste disposal and increase process economy. Various reactions
are available to derive value added chemicals of commercial interest from glycerol. Because of the
high functionality of glycerol (two primary and one sedary hydroxyl group), reactions can
proceed along multiple reaction pathways to give mixtures of products. Therefore, careful
development of catalysts and reaction conditions is of great importance to selectively obtain the
desired products. The biodiesldustry currently regards glycerol as a wasteplyduct;
however, with novel methods glycerol has the potential to be converted into othablea
products. Some of these valaddedproducts are 1;PD, 1,3PD and 1PO. A literature review

on reactionmechanism, hydrogenolysis of glycerol into these valdéed chemicals using

different catalystis discussed in this section

2.2 Reaction mechanism for the heterogeneous hydrogenolysis of glycerol to

lower alcohols

It is proposed that the hydrogenok/sif glycerol occurs via several parallel and consecutive
reaction pathways, leading to a range of products such-#4,,2,3PD, 1:PQ, 2-propanol, EG,

lactic acid, ethanol, methanol. Therefore, it is a great challenge to design catalysts that can give a
high yield of the desired products, especially-R[3. In order to develop efficient catalysts, it is

of great importance to understand the reaction mechanism since it can help to design further new

catalysts angrovideinformation for process optimizaih.

According to previous studies, there are some possible mechanisms for the production of lower
alcohols such as 1:RD, 1,3PD and 1PO. The production of 1D or 1,3PD was intensively
studied and some possible pathways were proposed: the dehydrayidrogenation mechanism

and the dehydrogenatioin dehydrationi hydrogenation mechanism. In addition, the direct

hydrogenolysis mechanism, the chelatiohydrogenolysis mechanism and the etherification

12



hydrogenation mechanism have also been propdseddehydratioi hydrogenation mechanism
involves the dehydration of glycerol to acetol othyiroxypropionaldehyde (BIPA) and
subsequent hydrogenation of these aldehydes tBD,@r 1,3PD (Scheme 21). The dehydration

T hydrogenation pathway is uslyafeasible under acidic conditions where acid sites exist in the
catalytic system47-51]. The dehydration step occurs at the acid sites, and the hydrogenation step
is catalyzed by the metal. According to this mechanism, most previous studies shove that th
reaction favors the formation of 12D. It was shown that generally the tungsten component is
necessary to promote the selectivity to-B[3 since it is probably beneficial to inducezBsted

acid sits that can cleave the secondar@H group in glyceuol.

O
HO\)‘\ +H, OH
HO\V/L\
CH - CH,

i 3 metal sites

OH o Acetol 1,2 - Propanediol
acid sites
-H,O
Glycerol a +H3
metal sites
3 - HPA 1,3 - Propanediol

Scheme 21 Dehydrationi hydrogenation mechanism for the hydrogenolysis of glydd&)l

While the dehydratioin hydrogenation mechanism is usually feasible in the presence of acid sites,
the dehydrogenation dehydrationi hydrogenation mechanisfsgheme 22) is more dominant

when the glycerol hydrogenolysis reaction is performed under basic conditions. The metal catalyst
serves both dehydrogenating and hydrogenating functions in the total reaction process. It has been
pointed out by Feng &dl. [52] that the production of 1;BD seems to be very difficult under basic

conditions.

OH OH oH

OH dehydrogenation dehydration O\/J\ +H, HO\)\
— — -
HO\)\/OH OWOH S CH, metal sites CH,

—-hydrogenation
Glycerol Glyceraldehyde 2 - Hydroxyacrolein 1,2 - Propanediol

Scheme 22 Dehydrogenatiof dehydratiori hydrogenation mechanism for the hydrogenolysis
of glycerol to 1,2PD[52]

Tomishige et al. developed a metahcid bifunctionalcatalyst system, which exhibited good
performance for the hydrogenolysis of glycefd¥, 50]. He proposed that the mechanism of
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glycerol hydrogenolysis using RMO,/SiO; and lif MOx/SIO, (M = Re,Mo or W) catalyst$49,

51, 53]. A model of the transitiorstate in the glycerol hydrogenolysis to -BB using Iri
ReQ/SiOz is shown inScheme 3. First, glycerol is adsorbed on the surface of a,Rd@ter at

the CHOH group to form a terminal alkoxide. Meanwhile, hydrogen is activated on the Ir surface
to form a hydride species. Next, the alkoxide located at the interface between ReOx and the Ir
surface is attacked by the hydride species, and tHeg@ips in the alkoxidareeliminated by
releasing a water molecule. Finally, the hydrolysis of the redukexide gives the diol products.

HO™ ™7 TOH . Ha
OH

e —o
H ) [ HO o [ ranve
o N
/
H.0
. /.

e, Re /"*
HO X
Ré—Ré ) //
|r—|r/—\r/—\|r —
L]

Hy

Scheme 23 Direct hydrogenolysis mechanism for the hydrogenolysis of glycerol t8,8ver
Ir-ReQ/SiO2catalyst [5]

Besides the direct reactiorechanism, Qin et al. [54] and Liu et al. [fpoposed a different dice
hydrogenolysis mechanism using W®upported Pt catalysts. This direct hydrogenolysis
mechanism is distinguished by the heterolytic cleavage of hydrogen molecules to profamsl(H
hydrides (H) at the interface of WOx and Pt. The strong interactietwben Pt and WOx
facilitates the heterolytic dissociation of hydrogen molecules. The proton formed will attack the
primary or the secondary Olgroup in the glycerol molecule by a protonatiotiehydration, and

form an intermediate oxocarbenium ion(l) oxocarbenium ion(ll), which is subsequently

attacked by a proton (jito form 1,2PD or 1,3PD, respectively (Scheme4).

OH

e T o o
~ CHs 1,3-Propanediol
/ 1,2-Propanediol
OH OH
HO OH H,O
\)\‘\/_< . HoO /_c(\ 2
L ci N HO AKOH ‘T‘
Y Hr oyt \ L2~ H

e\ ZPENH
WO, WOz

Scheme 24 Direct hydrogenolysis mechanism for the hydrogenolysis of glycerol to Praptned
over Pt/WQ catalyst{54,55
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Chaminand et al. i2004 B6] proposed a chelatioinhydrogenolysis mechanism. It is suggested
that the active metals (M) can be chelated by two hydroxyl groups from the glycerol molecule and
thus modify the selectivity dhe hydrogenolysis reaction. While iPD can be obtained via a 5
membereeting chelation transition state, 3D can be obtained via aldembereering chelation

transition state§cheme 25).

OH OH
hydrogenolysis /I\/OH
H;C

(HO_  _Owm)

OH M 1,2 - Propanediol
HO\)\/OH chelation
b
» \ OH
Glycerol .
hydrogenolysis
e HO__~__OH
H H
( )O\M/O( ) 1,3 - Propanediol

Scheme 25 Chelationi hydrogenolysis mechanisff6]

Wanget al. has proposed glycidol as an intermediate from the glycerol dehydration on acid sites.
Using Cubased catalysts Wang et #.7] and Huang et al.58] discovered evidence for the
formation of glycidol (3hydroxy-1,2-epoxypropane). Therefore, Fengatt [52] proposed an
etherificationi hydrogenation mechanism for the hydrogenolysis of glycerol to propanediols. As
shown inScheme 2, glycidol is formed by the intramolecular etherification of two adjacerit OH
groups in the glycerol molecule. Hydrogéna of glycidol via a ringopening reaction can
produce propanediols.

OH

)\/OH
H;C

OH o _
etherification Hy 1,2 - Propanediol
HOJ\/OH HO
acid site \/g —<

Glycidol HO\/\/OH
1,3 - Propanediol

Scheme 26 Etherificationi hydrogenation mechanisfb2]

1-Propanol (1PO) is another valble chemicalproduced fronmthe hydrogenolysis of glycerol;
however the direct conversion @gflycerol to 2PO remains essentially unexplor&me possible
ways for the conversion of glycerol tePIO have been proposetrough either propanediols or

acrolein as an interediate: furthetydrogenolysis opropanediol®r hydrogenation of acrolein.
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Miyazawa et al[59] studied the reaction scheme of glycerol hydrogenolysis and degradation over
Ru/C + Amberlystand Ru/Ccatalyst in the aqueous solutiohid assmued that-ROis formed
via 1,3PD (Scheme 2Z/).

CH,—C—CH, __RuwC CH;=CH—CH,
O OH +H, OH OH
Amberlys Acetol
ceto - i
1o 1.2-Propanediol CH,—CH, —CH,
o |
OH
Ru/C +H, 1-Propanol
O\\\ ~H,O
CH,~ CH—CH, Ruw/C C-CH,— CH, Ru/C CH,—CH, —CH,
OH OH OH -H,0 H OH +H, OH OH
w/C
Glycerol 3-Hydroxypropionaldehyde 1.3-Propanediol +H
Y Y Yprop: b 2 C,H,OH
CH,
Ru/C Rw/C C,H;OH
and/or TH
Amberlyst “H.O
EG 2
T
Cl1 we
+H,
CH,OH

Scheme 27 Reaction scheme of glyadr hydrogentysis and degradation reactionS9[*
*Reprintedfrom Miyazawa T. et al., J. Catal., 2006, 240, 2431 with permission frorilsevier

Gandarias etl.,[50] proposed the hydrogenolysis of glycerol over Pt supported on an amorphous
silica-alumina (Pt/ASA)Scheme B): glycerol is first dehydrated to either acetol éiBA which

is hydrogenated to 1-RD or 1,3PD respectivelywith further hydrogenolysis of 12D or 1,3

POto form 1-PO.

e
YOH i . -H,0 ~ ik \\'\

A — b
Q

—_—
-H,0 s .y SR
Acetol 1.2-PDO - H,O Acetone 2-Propanol
GHK/\OH \

a; “H,0 \\/'Q“a +H, e
Glycerol - H,0 / v
OHMD +Hy oW ™~_~""oH
J-HPA 1.3-PDO
Scheme 28 The hydrogenolysis of glycerol over Pt sugpdron an amorphous silicaumina
(PY/ASA) [50]

Lin et a. [60] useda sequentiateolitic packing anda Ni based catalysts as tWayer catalysts in

a fixed-bed reactoto study the hydrogenolysis of glycerol andicated most of the PO in the

produ¢ s was generated fr om -gnieylehgdrabokh yvdir @ gan ditsieqt
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mechanismwith most of 2PO @ming from the hydrogenation of acrolein that was produced from

the twatime dehydration of glycerol. Using sequential flager catalysts {gconium phosphate

layer was packed in the upper layer, the supported Ru catalysts were in the second layer) in a
continuousflow fixed-bed reactor for the conversion of glycerol t&?®, Wang etal. [61]
proposed the possible reaction route involvedyneagol hydrogenolysis. It was found that the two
sequentialayers catalystsystemcan convert glycerol to-POatcompleteglycerol conversion by

a dehydration hydrogenation route, where ZrP converted glycerol into acrolein while Ru/SiO

catalysttransbrmedacrolein into 1PO.

Yu et al., investigated the hydrogenolysis of glycerol #8Q in aqueous solutions using the
catalyst of Ir/ZrQ [62] and confirmed in two separate experiments that the formatiorP& 1
directly from 1,2PD occurred at a conghbly higher rate than that from IB®, and verified
that PO was mainly produced by the formation ofP[2 as an intermediate during the reaction.
This pathway was also proposed by Sun e{&lh when they studied vapgrhase catalytic

conversion ofylycerol into propylene over WHICu/Al>Os catalyst(Scheme 2).

¥ T -HyO
-H0 1,3 - Propanediol
//" + H ] .
OH +|-|2 2 X\A\
HO\)\/OH o HO\/\OH
HO 'Hle/ 1-Propanol
Glycerol OH

T+ H,

+H2 “a
o -
CH,

1,2 - Propanediol

Scheme 29 Proposed reaction routes involved in glycerol hydrogenolysis over k/Zat@lyst
[63]

Nakagawa Y. et al.[64] explained the formation of-PO using the metahcid bifunction&
catalyst system where the acid function plays a iroldhe dehydration reaction and the metal
catalyzes the hydrogenation reacti@cheme 210). It is assumedhat the protonation of the
secondary OH in glycerol and subsequent dehydration producesra stable cationic
intermediate than the protonation of terminal OH produces. The deprotonation of the cationic

intermediates produces moreh@droxypropanal than acetol, although thermodynamically 3
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hydroxypropanal is less stable than acetol. $hsequet dehydration of dhydroxypropanal

produces acrolein and finallyRO.

® . H
- 2
- HO/Y H Ho/\( — wo Ho Y
/ OH OH o] OH
H20'  (jess stable) thermodynamically stable

HO/\/\OH H,0 kinetically unfavorable
OH Y
H* -H Ha

.
HO™ " oH Ho X-"Non — o7 7 “oH

thermodynamically unstable
kinetically favorabie

HO” ""oH
(more stable)
e
¥ Hy
= — Ho "

O/

Scheme 210 Elementary reactions in the dehydration of glycésd]*

*Reprintedfrom Nakagawa Y. et al., Catal. Sci. Technol., 2011, 1) 189with permission from the Royal Sotye
of Chemistry

An enormousnumberof catalysts have been reported for the conversion of glycerol to lower
alcohols. In this s#ion, the literature reporting different types of catalyst are reviewed. The

reported experimental results are listed in Tabla Appendix A.
2.3 Heteropolyacids

Heteropolyacids (HPAs) present several advantages as catalysts that make them economically and
environmenthy attractive [65,66]. HPAs are very strong Bnsted acids, stronger than common
inorganic acids (HCI, kF5Qsé ) and are even sometimes classified as super acids [50]. Morever
their acid base and redox properties can be t
Brgnsted character, approaching the superacidic region, HPAs represent a potential alernative t
other acid systems and become the most interesting ones from a catalysis and industrial point of

view.

Among the HPASs, the best known of these stru
Keggin type heteropol yaci dmla XMiPi"ovadrel Xyis thee pr e s e
central atom or heteroatom, M (with M=W, Mo, V..) is the addenda atom and X (with X=P, Si, Ge

or As) is the charge of the heteropoly anion itself (Fig).1The acidity of the HPAs strongly

depends on the nature of the adtleatoms. The Bnsted acidity strongly decreases with the loss

of constitutional water because all the residual protons are then localized%rig.He exchange
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of the protons of the heteropoly acid by cations results in a decreased number of Ba@idsted
sites. One important drawback of Keggype HPAs is their low specific surface area, a
disadvantage which can be overcome by dispersing the HPAs on high surface area supports. The
thermal stability is also influenced by the interaction between ttegdpolyacidsand the carrier
substrate [669]. When using supported heteropoly acids, the acidity also depends on the support
due to electrestatic interactions.

T‘g—.

\

@ o
@ rsiecec

‘ W, Mo, V, etc.

Yu Zhou et al, Catal. Sci. Technol., 2015, 5, 4324-4335

Figure 2-1 Crystal structure of a typical Keggtgpe heteropolyanion. (left) Badindstick

mocel; (right) polyhedral model [0
*Reprintedfrom Zhou Y. et al Catal. Sci. Technol., 2015, 5, 432835 with permission from the Royal Society of
Chemistry

Figure 2-2 Models proposed for the states of acidic protons and water in set/AA040[71]*
*Reprintedfrom Misono M., Chem. Commun., 2001, 114152 with permission from the Royal Society of
Chemistry
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Although HPAs have good thermal stability in the solid state, better than other strong acids like
ion exchange ress [69, the tendencyto decompose the Keggin structure under thermal
treatments always leads to the loss ofvacsites and deactivation [-75]. Several ways of
enhancement of the stability of the HPAs have been investigated. One way consists in the
aforementioned exchangé addenda metal atoms. The second way consists of the preparation of
HPA salts, which are known to be more stable than their parent acid due to the reduced number of
protons needed in the final decomposition step of the HPA. Some studies were focused on t
influence of the support on the thermal stability of the HPA. Apparently, Lewis acid supports (e.g.
alumina, zirconia) increase the thermal stability of the HRAelectrostatic interactions [}.6
Therefore, the properties of HPAs can be tuned via thpep selection of the central atom, the

addenda atom, the countsations and the support to make the catalysts feasible.
2 4 Catalyst for production of 1,3-Propanediol from glycerol

Several patents and papers have disclose®D,production by the catglc hydrogenolysis of
glycerol in the presence of homogeneous or heterogeneous catalysts. In this section the available

literature on the heterogeneous catalyséslter production of 1,8PD from glycerol is presented.
24.1 Promoting effect of Tungsteradded catalysts in the generation of Bsnsted acid

Several research groups have pointed out the importancegoktBd acid sites in 1-BD
formation and it has been found that the-R[3 yield is approximately proportional to the
concentration of the Bnsted acid sites since thedBisted acid sites favor the removal of the
secondary hydroxyl group of glycerol toh§droxypropionaldehyde, which subsequently is
hydrogenatetby mainly Ratinumto form 1,3PD [77-87].

It is reported that Tungsten (W) composrate widely used in various industrial processes such
as oxidations, acidase reactions, and photocatalytic reactions. The acidity of W oxide species
has been proposed as playing a key role in the selective productiorRiD [73,54,56,8288]. It

was bund that H atom spillover onto the W6pecies forming W"Ox (nH*) as Bransted acid
centers under the reaction conditions.cén restore the Bnsted acid sites by reduction of WO
species or by formation of acidicXWOs species. H atoms formed by kissociation become
involved not only in desorption of adsorbed intermediates, but also in the generation and
maintenance ofhe Brgnsted acid sitef83, 89, 90, 91]. In 2010 Gong et al. [Drepared Six
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supported Pt/WITIO> catalysts. It was found thadid main role of W®is to regulate acidity of

the catalyst by introducing Bnsted acid sites, which were shown to be essential feP,3
formation. The optimal loadings of Ti and W as oxides were 10% and 5%, respectively, and the
glycerol conversion antl,3-PD selectivity reached 15.3% and 50.5%, respectively.

Heteropolyacid (HPAS) that possess unique properties such as Br@nsted acidity, uniform acid
sites and easily tunable acidity [$2/] compared to conventional solid acid catalysts such as
oxides @ zeolitesmake them economicallyenvironmentally attractive [65,§6Morever their
acid base and redox properties cHPAshawfoandned b
many applications in the field of catalysiad the best known of these sttuetes 1 s t he Ke
type heteropolyacel Among the HPAs, silicotungstic acidH&iW) has been intensively
investigated for the conversion of glycerol to propanediols since in the presence oHSal¢r,

having a lower oxidation potential and higher hydiglgtability, is superior to other HPAss a
catalyst in a water mediuf@5]. HSiW is reported to be responsible for inducing the presence of
Brgnsted acid sites [77,9&P In 2012 Zhu etal. [77] reported that supportingSiW on Pt/SiQ

has increased &nacid sites, especially @nsted acid sites and it is obvious thapiisted acid sites

are indispensable in order to produce-R[3 selectively. With the optimized catalyst of Pt
HSIW/SIO, and optimized conditions, glycerol conversion andRL[Bselectiity reached 81.2%

and 38.7%, respectivelfpr reactions carried out inaqueougphase In 2013, Zhang etl. [83]
developed a new method to synthesize mesopordW dkides and investigated how tungsten
oxide species affect catalyst texture. It was regabthat the presence of strongsBsted acid sites

was suggested to be responsible for the superior performance for selective hydrogenolysis of
glycerol to 1,3PD. The excellent performance was attributed to the presence of a large amount of
acid sitesjn particular the Bonsted acid site. The catalyst 2P§W10 exhibited high selectivity

to 1,3PD of 40.3% and promising catalytic activities (18.4% glycerol conversion) &C1805

MPA of hydrogen. In 2013 Zhi&t. al. [79] carried out the hydrogendig of glycerol over zirconia
supported bifunctional catalysts containing Pt and HPAs. Among the tested supported HPAs
catalystsHSIW exhibited superior performance. AdditionH$iW to Pt/ZrG catalysts improved

the catalytic activity (24.1% conversioahd 1,3PD selectivity (48.1%) remarkably because of

the enhanced Bnsted acid. In the same year Zhuadt[86] reported that addition of alkaline
metals Li, K, Rb and Cs was a powerful approach to tune the acidic propei®j\Wfin terms of
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Brgnsted aid sites and Lewis acid sites and to control the catalytic performance in glycerol

hydrogenolysis.
2.4.2 Noble metal based catalysts

Since hydrogenolysis uses hydrogen as a reactant for the hydrogenation, the hydrogenolysis
catalyst must have an ability tictivate hydrogen molecules. Noble metals are well known to be

able to activate hydrogen molecules and are widely used in hydrogenation catalysts.
24.2.1 Rh based catalyst

Supported Rh catalysts show some activity in the reforming of aqueous glydr@IRD. In
2004, Chaminad et gb6] showedthat when using a catalyst of Rh/C with 8N4 additive the
selectivity to 1,3PD was 12% at 32% conversion after 168h anePD)AL,2PD molar ratio of 2
from a sulfolane solution of glycerol at a temperanfrd53K and pressure of 8 MPa hydrogen.
In 2005, Kusunoki et af47] also reported that the addition ob\WWMO4 to Rh/C enhanced the
glycerol conversion and the selectivity to -BB, however, the activity was not so high. The
selectivity to 1,3PD was 2% at a conversion of 1.3% using 20w% glycerol agagod initial

H2 pressure 8.0 MPa at 453K. In 2006, Miyazawalef59] tested the activity over M/C and M/C
+ Amberlyst catalysts (M = Pt, Rh, Pd, and Ru) for the reaction of glycerol. Among thalystca
Rh-based + Amberlyst catalyst gave the highest selectivity t&D,8f 9% at a conversion of 3%
under the condition of 393K and 8MPa hydrogen. In 2007, Furikado et8hlcdmpared the
activity of various supported nobieetal catalysts (Rh, R&t and Pd over C, Si@nd AbOs) for
the hydrogenolysis of aqueous glycerol at a much lower temperature of 393K. Among the catalysts
tested, Rh/Si@gave the highest glycerol conversion and selectivity tePD37.2% and 7.9%

respectively).
24.2.2 Pt based catalyst

Supported Pt catalysts are some of the most active supported catalyst for the hydrogenolysis of
glycerol to 1,3PD and have been intensively studied by many researchers for the reforming of
glycerol to 1,3PD. In 2010 Gandarias et §0] reported the hydrogenolysis of aqueous glycerol

over a platinum catalyst supported on acidic amorphous-silicaina. At 493K and 4,5 MPaxH
pressure, the selectivity to 1D was 4.5% at a conversion of 19.8%. In 2010, Qin §54].
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applied Pt/WQ@?ZrO: catalysts for the hydrogenolysis of aqueous glycerol. Both the amounts of
W and Pt greatly affected the performance. The highest activity was 46% f8D1s8lectivity

and 72% of the glycerol conversion was obtained with the catalyst of 3w%Pt and 10w%W. In
2011, Ohet al. [84] reported very selective 2BD formation using a Pt sulfated zirconia. Using
this catalyst under the condition of 443K for 24h with an initiapkéssure of 7.3 MPa, an 84%
1,3-PD selectivity was observed at 66.5% glycerol convarsidl,3dimethyt2-imidazolidinone

(DMI) solvent. In 2012, Mizugaki eal. [98] investigated the addition effect of a secondary metal
on a Pt/WQ catalyst. Among the additive metals tested (Al, V, Cr, Mn, Fe, Zn, Ga, Zr, Mo and
Re), Al showed the bestfett in performance for glycerol hydrogenolysis to-B3 (44%
selectivity at 90% conversion after 10h at 453K and 3MPa hydrogemater without any
additives. It was suggested that the positive effect of Al was related to the high performance of
Pt W caalysts on the Abased supports. In 2013, Dam et[8P] tested the effect of various
tungsteAbased additives for glycerol hydrogenolysis over commercial catalysts (Rd/SiO
Pd/AlLOs, Pt/SIQ and Pt/AbOs) in water at 473K. The highest conversion arléawity (49%
conversion, 28% selectivity) to 2D was achieved by using a PB4+ HSIW catalyst at 473K

and 4MPA hydrogen after 18 hours. In 2013, Arundhathalef100] reported a very good result
using Pt/WQ on a boehmite (AIOOH) support. The3®PD yield reached 669% after 12h at
453K and 5MPa hydrogen from aqueous glycerol and these values are the highest reported up until
now. In 2013, Delgad@l01] studied the influence of the nature of the support on the catalytic
properties of Rbased atalysts for the hydrogenolysis of glycerol. It was found thatPD3is
formed only under Hand should be produced froraHB?A hydrogenation; the aldehyde being
easily hydrogenated and never observed under their experimental conditions. It is important to
mention that a noticeable formation of biccurred under a Natmosphere, providing aqueous
phase reforming of glycerol on the Pt sites. Althotiginia is the best catalyst for the production

of 1,2PD under the reaction conditions studied, aluminahé most active catalyst for the
production of 1,8PD under a hydrogen atmosphere. It has been reported that untter &dlumina
supported catalyst yielded the highest amountfHd this catalyst can also give the most 1,3
PD under H (at a conversin of 10%, the selectivity was 12.1%). Longjieadt[55] prepared a

Pt catalyst supported on mesoporous IN@ich gave 39.3% of 1;BD selectivity at 18%
conversion. The activity and selectivity were much higher than those of Pt/commerctal WO

catalystq29.9% selectivity and 4.5% conversion). In 2013 Zhalef78] reported that catalysis
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of 2Pt 15HSIW/ZrO, for glycerol hydrogenolysis. Although this study focused on the production
of propanols, good 1;BD selectivity was obtained (~40% selectivity-80% conversion at 433K
5MPa, 10wt% of aqueous glycerolh 2014 the samgroup [1@] prepared a series of SIO
modified Pt/WQ/ZrO: catalysts with various Sgxontent for glycerol hydrogenolysis to improve
1,3-PD selectivity. Among them, the 5PtW/Zr&talyst showed superior activity and provided
maximum 1,3PD selectivity,of up to 52.0% at a conversion of 54.3% atd86.0 MPa. Rt
HSIW/ZrO; was further improved by modification with alkali metals (Li, K, Rb and [Z8).
Among them, RtLIHSIW/ZrO. showed a higher activity and 1D selectivity than the
unmodified catalyst, attaining 43.5% conversion and 53.6%D,3electivity at 453K. In 2014,
Deng et al[103] investigated the particle size effect of a series of carbon nanotubes (CNTS)
supporte PtRe bimetallic catalysts for glycerol hydrogenolysis. It was found that the scission of
the secondary 1@ bond of glycerol was favored over larger sizedRBACNTSs catalysts, leading

to the formation of 1;8#D. Under a temperature of 1and 4 MPA hgrogen, after 8 hours, the

conversion was 20% and the selectivity to-R[3 was 13%.
2.4.2.3 Ru based catalyst

In comparison to Pt and Rh, Ru added catalysts aseales/e for the conversion ofygerol to
1,3PD. In 2014, Vanama P.K., et al.(4 repoted on the catalytic behavior of RuU/MGM.
catalysts for the hydrogenolysis of glycerol in the vapor phase 4C280was found that the
conversion of glycerol was 62% and the selectivity teFIBvas 20% with a ruthenium loading
of 3 wt%.

2.4.2.4 Nonrnoble metal based catalysts

For the hydrogenolysis ofygerol to 1,3PD; since 3HPA is an unstable intermediate that easily
further dehydrates to acrolein it is often preferred to use noble metals for the hydrogenation of 3
HPA to 1,3PD. Nonnoble m¢als are rarely used for the hydrogenolysis of glycerol teP)3

and there are only a few papers that have been published on this topic. In 2009 Huang L. et al.
[105] prepared a QUHSIW/SIO, catalyst and applied it for the vapoinase hydrogenolysis of
glycerol. At optimum conditions (483K, 0.54 MPa,Hvithout water), conversion and 1D
selectivity reached 83.4% and 32.1%, respectively. It was found that the presence of water
decreased both the activity and-BPB selectivity of the GIHSIW/SIO, catayst. In 2011, Feng
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et al. [106] studied the gas phase hydrogenolysis of glycerol using a series of Cu/ZpO/MO
catalysts (M@=AI;0s, TiOz, and ZrQ) at 240 300C under 0.1MPa of i The Cu/ZnO/TiQ
catalyst favored the formation of 3D with a maximum selectivity of 10% at a high reaction
temperature of 28C. The results showed that the selectivity toR[Bincreased with increasing
reaction temperature. Wtas suggested that the weak acid sites favor the dehydration of glycerol
to 3-hydroxypropana3-HPA), resulting in the formation of 1-BD and the strong acid sites favor
the dehydration of glycerol to hydroxyacetone, which can be hydrogenated-Ri.1\ore
reported numerical results regarding this process are listed in Tgbla Appendix A.

2.5 Catalysts for production of 1-Propanol from glycerol

The initial goal of the present work was the investigation and development of heterogeneous
catalysts fothe hydrogenolysis reaction of glycerol to-BB. During the development, a catalyst

was discovered surprisingly to catalyze the reaction with high yieleR$d from glycerol. PO

was identified as a side product during the overhydrogenolysis reattycerol to diols and so

far not much work has been carried out on this topic. In 2007 Furikado[48]edchieved high
selectivity of 41.3% to ‘PO over Rh/Si@at 120°C and 8.0 MPa in the presence of Amberlyst
during glycerol hydrogenolysis. In 2006&irosaka et al[88] reported a significant amount of 1

PO (28% vyield) was formed using Pt/W&rO; in 1,3-dimethyl2-imidazolidinone at 130°C and

4.0 MPa hydrogen; probably because of the severe reaction conditions employed. In 2010 Quin
L.Z. et al. [54 reported that a 56.2% yield ofFO was obtained in a fixed bed reactor using the
catalyst 4.0Pt/WZ1(Qcontaining 10 wt% tungsten and calcined atf@@at 130C and 4 MPa ki

It was assumed that the production é?@ could increase if the reaction pressure and calcination
temperature were increased. The deoxygenation of glycerol is proposed to occur by an ionic
mechanism, involving proton transferdahydride transfer steps. The excess amount of protons
and hydride ions may enhance the consecutive deoxygenation of propanediols to propanols. In
2010, 2011 Tomishige et b3, 107] reported that-PO can be obtained with a yield of 20.72%

and 23.9% rgzectively by using Ir/Si@modified with a Re species and sulfuric acid additive at
120C and 8MPa hydrogen. In 2011 Thibault et[HD8] obtained a 18% yield to-BRO from
glycerol hydrogenolysis at 200°C and 3.45 MPa hydrogen using a homogenous Ru amdplex
methane sulfonic acid in a waitsulfolane mixed solvent. In 2011, Ryneveldat[75] reported

that a 42.8% vyield of-PO could be obtained for the conversion of glycerol using commercial
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Ni/SiO. catalysts at 3AC and 6MPa hydrogen. In 2012, Zhua. [77] obtained a 32.7% vyield

of 1-PO in the hydrogenolysis of glycerol to I8® over PtHSIW/SIO, at 200C and 5MPa
hydrogen. It was found that tiselectivity of1-PO increased linearly with increasing temperature
as the higher temperature faciled the overhydrogenolysis of propanediols. Following this paper,
in the same year Zhu S. published a paper on thestepehydrogenolysis of glycerol to
biopropanols using PHSIW/ZrO. catalysts providing a high yield ofRO and 2PO at 200C

and 5MPa (8% yield). It was found that with respect to the selectivity, the increase of hydrogen
pressure favored the sequential hydrogenolysis of propanediols to produce propanols. Using Ni
instead of Pt, Zhet. al.reported that the yield of-RO was rather lowgnly 4%[78]. Generally,

the catalysts that are effective for the selective hydrogenolysis of glycerol-RD1iave a
potential for the production ofBRO from glycerol. However, these systems need a high pressure
of hydrogen and Rbased or Pt based adtsts are expensive. Although Ni, a nonprecious metal
can also be used for hydrogenation reacti@®sJ09-117, the use of supported Ni catalysts for
the chemical transformation of glycerol to -EB® and 1PO has appeared less frequently in the

literature and the yield of-PO is still lowevenunder severesactionconditions.

The PO is usuallya by-product of glycerol hydrogenolysis to 1IPD and 1,3PD and the yield

of 1-PO is rather low. Recentlhere are a few reports dhe conversion of glyceralerived
propanediols to-PO; however; not much research has been done on the conversion of glycerol to
1-PO directly. In 2010 Amada Y et al reported that using Rk, (Re/Rh % 0.5) catalyst
can obtain high yields of PO (66%) by the hydrogenolgsof 1,2PD at 393 K and 8.0 MPa initial

H> pressure [8]. In 2014 Peng etl reported a process for the conversion ofA[o 1-POover

a ZrNbO catalyst with the selectivity to propanol reaghapproximately 39% at 85.0% 12D
conversion at 290°C ued 1 atm N; the weak Brgnsted acid sites may play a crucial role in the
conversion of 1,PDto 1-PO[113]. In an attempt to elucidate the role of propenediols as the
intermediates to-PO in the hydrogenolysis of glycerol Ryneveldaktfound that usig Ni/Al2Os

and Ni/SiQ catalysts in the hydrogenolysis of 8®, 1-PO was produced as the main product
[30]. Recently, the sequentialo-layer catalysts for the hydrogenolysis of glyceratamtinuous

flow fixed-bed reactowas studiedor the productin of PO but the selectivity to-PO is still

low with maximum selectivityat 69%][ 60, 61 63]. More reported numerical results regarding this
process are listed in Table®in Appendix A.
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Chapter Three

Experi mental Apparatus and N

In this chaper, the procedure of catalyst preparation and loading of different composition are
introduced. The analytical methods employed in this work are odiintéuding the quantitative
analysis of liquid products by gas chromatography. The specifications dfatich autoclave
reaction for glycerol hydrogenolysis to produce lower alcohol and the procedures of liquid
sampling are explained. The detailed catalyst characterization techniques are described including
temperature programmed desorption (TPD)Ray difraction (XRD), Thermogravimetric
analysis (TGA), BET surface area apourier TransformnfraRed spectroscog§TIR).

3.1 Materials

Gl ycerol (-FOr9®p &m®di diPrégadedid @9%), ar-Rr8panol (anhydrous

99.7%) were obtained from Sigaldrich. Ni(ll) nitrate hexahydrate (Ni(N§».6H20,
crystalline, 099. 0%), Copper ( :125HON i t ©%8 0 W)er
Platinum chloride (EHPtCk.6H.0), Palladium acetate (Pd(OAc) ©O9 8 %) |, al umi nun
( cor un-AleOs,99%|J100mesh) and Tungstosilicic acid hydrate s8W:2040.nH20,

anhydrous basis) were purchased from Sidydich, Canada. High purity grade hydrogen and

nitrogen were purchased from Praxair Canada and were used directly from the cylinders.

3.2 Catalyst Preparation Methods

In this section, the procedures of preparing catalysts via different preparation methods including

the methods of loading different promoters are introduced.
3.2.1 The preparation of metal heteropolyacid supported catalyst by impregnation

Different metals and supports of the HPAs catalysts were prepared by the incipient wetness
impregnation method similar to that previously descriljg@4].The catalyst support was
impregnated with a desired amount of HPAs aqueous solution by slowly addingysardlties

of the HPAs solution to a well stirred weighed amount of support at room temperature. The mixture
was blended well to ensure the support remained dry throughout the solution addition process
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(until all the desired amount of HPAs is impregnatéid)en the powder was dried at 393 K
overnight and calcined at 623K for 5 h in air. The HPAs/support samples obtained were further
impregnated with an aqueous solution of the metal precusor following: the same procedure as the
previous step to obtain an@ppriate amount of metal loading. After drying at 393 K, the samples
were calcined in air at 623K for 5 h. The catalysts are labelled Ad¥MAs /support, where X, y
represents the nominal weight loading of metal and HPAs respectively. Before carnyiug ou

experiment the catalyst was reduced in hydrogen for 5 hours.
3.2.2 Loading Cs on10Ni/30HSiIW/AI 203 catalysts by ionexchanged method

The 10Ni/30CsH4xSiW/AI>O3 catalysts were prepared via ion exchange. A set of cesium
exchanged HSiWwere preparetly an ionexchange method with a variation of cesium content.
A known amount of cesium chloride (CsCl, Sigidrich) was dissolved in distilled water then
the desired amount @DNi/30HSIW/AIOs was added to this solution and aged for 4 hours without
mixing. After that, the round bottle with the aged solution was evaporated on an oil bei@@ at 70
until the solvent evaporated completely. Then the catalyst was dried in an ovetCab\tdihight.
Finally, it was calcined at 380 for 5 h to yield thd ONi/30CsH4xSiW/AI20z.

3.3 Autoclave Experimental Apparatus

In this section, the experimental apparatus for the experiments carried out in an awtoelave

introduced including the catalyst reduction and reaction systems.
3.3.1 Catalyst reduction goparatus

Before each experiment was carried out, the catalyst was reduced in a quartz tubular reactor. The
reactor is enclosed by a furnace controlled by a temperature controller as showr8ith. Hige
preweighed catalyst particles were placed on a catalyst beé fnrom quartz in the tubular reactor

and the reactor was placed into the furnace; a thermocouple was placed into the tube below the
catalyst bed. The reactor was heated to the designated temperature under a continuous high purity
helium flow. After the émperature was reached, the thneey valve was adjusted to let a
continuous high purity hydrogen gas flow upddnrough the catalyst bed fohdurs. Then the

furnace was turn off and the catalyst particles were cooled to room temperature under a helium

flow.
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Figure 3-1 Diagram of the catalyst reductioparatus

3.3.2 Autoclave gparatus

Two mini bench topeactoranade of two different materials whidsillustrated in Fig 3-2 were
used for the catalyst activity tesh this thesis. One is 300ml Parr Instrument 4182 Series
constructed of Stainless Steel T3&6d another is a 300mL Parr Instrument 4560 Series
constructed of hastelloyhe reactors are sealed with a PTFEM seal. The maximum operating
conditions were ttad to be 360°C and 308l An impellerwasconnected to a magnetic drive
for mixing. The reactor temperature was monitosgith a thermocouple and the temperature was
controlled by a Parr Instrument 4848 Series (for hastelloy reactor) and Parr Ins#8dzBeries
(for Stainless Steel T316) reactor controller. Guesssure protection was provided by a rupture
disk made from Au and rated to fail at 2500 psi purchased fronCeie A sampler was equipped

for taking liquid samples at different time intals during the reaction.
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Temperature &
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Figure 3-2 An autoclavereactorsystem
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3.4 Products Analytical Apparatus and Method

In this section, the apparatus for products analysis and the mathematic analytical anethod
introduced.

3.4.1 Gas Chromaography (GC)

Reaction product samples were taken at different time intervals during the reaction, cooled to room
temperature, and were firstly centrifuged using an IEC CL31 multispeed centrifuge purchased
from Thermo Electron Corp. at B000RPM for 10 mesuto separate thHarge catalyst particles

from the liquid product samples. Then the centrifuged liquid samples were filtered through a
pol yethersulfone syringe membrane with 0. 2¢gm
remaining in the liquid samples. These sample®wealyzed by an Agilent Technoloies 6890N

Gas Chromatograph equipped with a flame ionization detector (FID). All the samples were
injected automatically by an Agilent Technologies 7863 Seriesiamtg ect or wi t h a 5
A J&W Scientific DBWAX megdbbor e capill ary column (30m x (
thickness) was used for separation of different speties.GC method parameters were list in

Table 31.

A solution ofl-butanol with a known amount of internal standard was prepared a priori and used
for analysis. 1utanediol was chosen as the internal standard since it is not one of the product
species and it exhibits similar properties to the components because it contains two hydroxyl
groups. An internal standard solution was prepared by addind Bg-butanediol into 1L of 4

butanol. The standards were purchased from Sigmal Aldridge Co. Canada. Before the
experimental samples were injected into the GC, a calibration for each sample standard was carried
out. The samples were prepared for analisi adding around 120 mg of product sample to 1 mL

of prepared solution in a 2 mL glass vial. A
column. Fig. 33 depicts of chromatogram of one calibration standard with all possible products,
the speciesnian unknown sample can be determined based on the retention time of standards as
listed in Table 2.

Using the standard calibration curves that were prepared for all the components, the integrated
areas were converted to weight percentages for each ocemiparesent in the sample. For each
data point, the theoretical selectivity of products was calculated.
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Table 3-1 Detailed GC mthod

Volume Injected 1 ¢L
Inlet Temperautre 300 °C
Inlet Carrier Gas He
Inlet Pressure 5 psi
Total Flow 100 mL/min
Initial Temperautre 100 °C
Hold 2min
Oven Temperature Profile Ramp1 L0°C/min to 133°C
Ramp2 1°C /min to143°C
Ramp3 10°C /min to 200 °C
Hold 15 min
Detector Temperautre 300 °C
H> Flow 40 mL/min
FID Detector Air Flow 450 mL/min
Makeup Gas He
Makeup Flow 45 mL/min

A multiple-point internal standard method was used for the GC calibration. 6 calibration standards
which contained different amunt of each product species (50mg, 100mg, 150mg, 200mg, 250mg,
600mg) in 5mL of internal standard solutions were prepared forsasden the response factor

of each component can be calculatsthgEquation 31. The calibrated response factor ofleac

species is listed in TableBand the calibration curves are shown in Appendix B.
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Figure 3-3 A typical chromatogram of a GC calibratictasdard

L K; A Equation 3-1
rT-]I.S. A.S.

where,

mi, Ai -- mass and area of daspecies respectively

mis, Ais. -- mass and area of internal standard respectively

ki -- response factor of each species

Table 3-2 Retention Time and Response Factor for Each Compound

Compound 1-PO 1-Butanol Acetol 1,2-PD EG 1,3PD 1,4-Butanediol GL

Retention
_ _ 2.129 2.788 457 9.165 10.09 15.61 22.35 32.23
Time (min)
Response

0.791 - 1518 1.242 1.668 1.215 1.0 1.645
Factor

Equation 32 was used to calculate the mass of each species in the sample. The glycerol conversion,
1-PO selectivity and yield of each product were calculated on a carborirbasiEquation 33 to
Equation 36.

Equation 3-2
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Equation 3-3

Gl | . § mole_of _all _carbon_based product
cerol_conversiors — -
y - a mole_of _all _carbon_based product+mole_of _glycerol_remain

Equation 3-4

1_PO_selectivity = mole_of _1_PO
a mole_of _all _carbon_based product

Equation 3-5

13_PD_ selectivity = — mole_of 13 PD
a mole_of _all _carbon_based_product

Equation 3-6

Vield. % = mole_of _ product i
' § mole_of _all _carbon_based product+mole_of _glycerol _remain

*100%

3.5 Methods and Procedures for Catalyst Characterization Techniques

In order to study the physicochemical propersiesh as surface area, structure and acaditihe
catalysts and the relationship betweendatalyst structures and catalytic activibyunderstand
the performance of the catalysbme catalyst characterization experiments were carriedoait.
different techniques used included: temperature programmed desorption (LPI@mperature
Programmd Reduction (TPR), powder -Ky diffraction (XRD), BET surface area analyis,
Thermal Gravimetric Analysis (TGA9nd Fourier Transformed Infrared (FTIR) spectroscapy.
this section, the methods and procedures for the catalyst characterization tectneidpuiesly
introduced.

33



3.5.1 AmmoniaTemperature Programmed Desorption (NH-TPD)

NHz Temperature programmed desoption is one of the most widely used and flexible techniques
for determining the amount and strength of acid sites of the catdiyst® the snplicity of the
technique. Determining the quantity and strength of the acidogitdsecatalyst surface is crucial

to understanding and predicting the performance of a catalyst.

Preparation: Samples are usualggassed at 100 for one hour in flowingheliumargonto
remove water vapor and to avoid pore damage from steaming which may alter the strubture of
support. The samples are then temperature programnaecettain temperature and held at that
temperature for sometime to remove strongly bogpeties and activate the sample. Finally the
sample is cooled to 120°C in a stream of flowing helargon

Adsorption: The sample is saturated with the basic probe at 120°C; this temperature is used to
minimize physisorption of the ammonia. For ammoni& techniques are available to saturate

the sample: pulsing the ammonia using the loop or continuously flowing ammonia. Pulsing the
ammonia allows the user to compare the quantity of ammonia adsorbed (via pulse adsorption) to
the quantity desorbed for treibsequent TPD. After saturation with ammonia, the sample is
purged for a minimum of one hour under a flow of helium to remove any of the physisorbed probe.

Desorption: The TPD is easily performed by ramping the sample temperature at 10°C/manute to
giventemperature. It is a good rule of thumb that the end temperature during theh@&bBnot

exceed the maximum temperature used in the preparation of the sample. Exceeding the maximum
preparation temperature may liberate additional species from the soéthted to the probe
molecule and cause spurious results. During the TPD of ammonia, thia iidtmal conductivity
detector (TCD) will monitor the concentration of the desorbed species. For the reactive probes
(propyl amines), a mass spectrometereguired to quantify the density of acid sites. For these

probes, several species may be desorbing simultaneously: ammonia.

NH3z Temperature programmed desoption was used to determiaenthentand strength of acid

sites of the catalystd.ower temperaturelesorption corresponds to weak acid sites and higher
tempereture to medium, strong acid sifEise catalyst was saturated under a flow of ammonia
after which the temperature of the sample was gradually increased and the amount of ammonia

desorbed was reoted as a function of time. The temperature at which ammonia desorbs is
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associated with a particular type of acid sitkamira AMI-200 Catalyst Characterization System

was used for the TPD experiments. The catalyst powder was screened theient tomake

surethatt he parti

cles with a size between

250em an

In a typical experiment, approximately 120mg of catalyst was weighed and placed in a gquartz U

tube reactor. The catalyst sample was packed in one sttle tktube reactor on a quartz wool

bed that was made of a small amount of quartz wool placed on both ends of the catalyst sample.

The Utube was then secured to the sample station and enclosed by a furnace integrated with a

thermocouple. Prior to the TPRudies, the catalyst sample was reduced under a flow of5% H

(balanced Argon) at a volumetric flow rate of 30ml/hr at 300°C for 1h. After reduction, the catalyst

was cooled down to 50°C and was saturated by passing S4bisldnce Argon) at a flow ratd o
30ml/min for 1h and subsequently flushed with an Argon fladm({&min) at50°C for 1h to remove

the physisorbed ammonia. Then TPD analysis was carried out by heating the catalyst from ambient

temperature to 750°C at a heating rate of 10°C/min fog dsrption. After the catalyst TPD

experiment, 5 pulses of a known volume (i.e. the sample loop volume of [524dd 5% NHz

(balance Argon) were injected directly into the TCD without passing through the U tube for

calibration; the number of moles of ammammjected can be calculated from the ideal gas law.

The ammonia concentration in the effluent stream was monitored with a thermal conductivity

detector and the area under the peak was integrated using software to determine the amount of

desorbed ammonidhe flow diagram for this system is shown in.Rgl.

[B= AMI Catalyst Characterization System
Utilities  Experiment  Access

ories  Exit

Saturator 1770°C
Oven 23°C

Treatment Gases

Experiment
not running.

l:an ier Gases

h\

-028° TCD (Cul+D to zoom)

. 22.95 1*€
Fumaee] 2273 €

Ramp Rate £)| 20.00 *CZmin

Funace SP 0ff 25 (=€

2:50:49 PM

ALTAMIRA INSTRUMENTS funace orr 127572008 |

Figure 3-4 Diagram of the Altamira AMR0O0 Catalyst Characterization System

35



The number of moles of Ndtlesorbed durindesorption step cebe calculatedsingEquation 3

7 and Equation 3.

0.524ml 3 5.16%NH,
mean_calibration_area

Calibration_Value= Equation 3-7

analytical _area® calibration _value

Uptake mmole/ gcaf) = sample weight® 24.5

Equation 3-8

3.5.2 H2 Temperature Programmed Reduction (TPR)

Temperaturd’rogrammed Reduction (TPRjas used to reve#the number of reducible species
present on the catalystirface and the temperature at which the reduction of each species occurs.
The TPR analysis begins by flowing an analysis gas (typically hydrogen in an inert carrier gas
such as argon) through the sample, usually at ambient temperature. While theayasgs the
temperature of the sample is increased linearly with time and the consumption of hydrtgen by
adsorption/reaction is monitored. Changes in the concentration of the gas mixture downstream
from the reaction cell are determined. This informatiwids the volume of hydrogen uptake.

this research, TPRxperiments have been carried outdieterminethe appropriate reduction
temperature for each cataly$he catalyst was loaded and reduced as described in section 3.4.1
for NHs-TPD. In a typicalexperiment, approximately 60mg of catalyst was weighed and placed
in a quartz Wtube reactorThe catalyst is reduced while the temperature is increased to find the
optimum reduction temperaturEhe catalystvasfirstly heated to 200°C and kept at 2000€ 60
minutes under 3@1/min Argon flow to remove all the moisture and other species absorbed on the
catalyst surface. Then the catalysis heated under 306l/min 5% H balanced with Argon at a
heating rate of 5°C/min untd00°C and then the temperatuvasheld at @0°C for 15 minutes

3.5.3 Brunauer Emmett Teller (BET) Surface Area

The BET technique is a common technique used to measure the specific awgdascta material
by adsorbing gas molecules on a solid surface. The concept of thth&&Y s an extension of
the Langmuir adsorption theory from monolayer to multilagdsorption. Adsorption is the

phenomenon of gas molecules sticking to the surface sdlid. The concentrations of gas
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(adsorbate) will be different on the solid (adsorbantker different conditions, and this effect can

be used to determine the area of solaterials.

In a gas sorption experiment, the material is first heated and degassed by vadoerh gas
purging in order to remove any contaminants, volatile organiceanrolled amount of inert gas
such as nitrogen @) argon (Ar), or krypton (Kr) is theintroduced, which adsorbs on the surface

of the material. The sample is placed ungsctuum at a low temperature, usuahthe boiling

point of liquid nitrogen{195.6°C). Thesample is then subjected to a wide range of pressures. The
amount of gas moleculesisorbed will vary as the pressure of the gas is varied. When the quantity
of adsorbate ora surface is measured over a wide range of relative pressures antonst
temperature, theesult is an adsorption isotherm. The resulting adsorption isotherm is analyzed

accordingo the BET method. The BEJurface areaan becalculated via equation@

Z — Equation 3-9

where P, B, ¢, n, m, are the adsorption pressure, the saturation pressure, a constaniotire
adsorbed (weight of adsorbate) at the relative pressused@ the monoiger capacity (weight

of adsorbate constituting a monolayer of surface coverage), respefiivlyThrough the slope
and intercept of a plot of P/[n{fP)] against (P/§), nm can bedetermined. The crossectional area
(ACS) occupied by one Madsorbatenolecule is16.2A2. The BET surface area can be calculated

usingequation 310:

0o — Equation 3-10

WhereNai s t he Avogadrniéthe nmolarmiass of \N28g mal. Tihé specific

surface area is then calculated by dividing the area A by the sample weight.

In this thesigesearchthe BET surface area asdeterminedusinga Micromeritics Gemini VII
instrument with nitrogen physisorption at R7taking 0.162nn¥ as the cross sectional area for
di-nitrogen.The analysis was carried out on calcined catayatalyst samplewere desgaed
underitrogen at 300°C in 3 houts desorb the moisture on the catalyst surfaea cooled down

to room temperature and wegghbeforeproceedin@ET analysis.
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3.5.4 Thermal Gravimetric Analysis (TGA)

Thermo Gravimetric Analysis(TGA), an analytic technique that measures the weight loss (or
weight gain) of a material against temperature or time techniqueregeide information on the
thermal stability of the compound in the solid state and the amount of crystal waters present. TGA is
ananalytic technique that measures the weight loss (or weight gain) of a material against temperature
or time. As materials are heated, they can lose weight from drying, evaporation and decomposition.

Some materials can gain weight by reacting with the air.

A TGA Q500 was used for TGA thermal analysis. The panel was filled with around 10mg of
catalyst sample. Then the sample was heated under 100ml/min air flow from room temperature to
900 °C

3.5.5 X-Ray Diffraction (XRD)

XRD was used to study tlmempositonof the catalysts. It is also useful to determine if the material
under investigation was crystalline or amorphous. The calcined catalyst was attackealybyakX
various angles. Intensity of the reflecteda¢s depends on the relative arrangementarha in

the crystal. The angle of-Kays reflected from crystal depends on the dimensional characteristics

of the lattice. Each material has a uniqueaX diffraction pattern.

The XRD patterns were obtained on a Bruker D8 Focus mblelconfigurationricluded power

of 40 kV, current intensity, 1.0 mm divergence slit, 1.0 mm-seditering slit, 0.1 mm detector

slitand 0.6 mmreceivingsliCu kU radi ati on wave |l ength was s
at 20-80° with a ramp 0.02per minute.The catalyst was crushed well gooducefine particles

before doing experiment

The average crystallite size was calculated using the Schegeatian. If there is no

i nhomogeneous strain, the crystallite size D ¢
formula:

D = ka/B(2d)cosd
where or ag wWaeelXengt h, B is the full width of

the diffraction angle, and k is the Scherrer constant which is of the order unity for usual crystal.
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3.5.6 Fourier transform infrared spectroscopy (FTIR)

The use of FTIR as a characterization technique is based on the vibrational frequencies of the
chemical bonsd. The vibrational motions of the chemical bonds in a material have frequencies in

the infrared regime. In the infrared technique, the intensity of a beam of infrared radiation is
measured before (10) and after (I) its interaction with the sample astafuatlight frequency.

The plot of 1 /10 versus & Byausng MR, yforinadionvldowe A i nf
the identities, surroundingnvironmentsand concentrations of the chemical bondghamaterial

can be obtainedlly. FTIR specta are capable in revealing information about the functional
group present within a molecul e. I nfrared spe
the compound made showing the typicalvbond vibration peaks, where M can be the addenda

or the heteraam. FTIRspectroscopy waserformed in order to observe any significant changes

in the chemical structures tife Keggin anion of the catalyst.

FTIR analyses of the catalysts were recordsihg aNicolet 6700 FTIR spectrum from Thermo
Electron Corporatio using a KBrdisc technique and working with resolution of 4 ¢rim the
middle range. The spectra were recorded with 32 scans between 400 and Z4@hca
resolution of 4crt. For the FTIR analysis, the samples were analyzed after dilutigiBiiras
follows. Approximatelysmg (2.5wt%) sample is well mixed into 200 mg fine alkali halide (here
KBr is used) powder and then finelyogind and put into a pelldorming die. A force of
approximately 10 tons is applied under a vacuum of several mm Hgvinakeninutes to form
transparent pellets. Before forming the KBr powder into pelietsas pulverized to 200 mesh
max. and then d@d at approximately 110C for three hours. When performing measurements, the
background was measured with an empty pdéitdter inserted into the sample chamber. The
chemical bonds present in the structure of the materials were identified by this analysis technique.
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Much work has been done towards the hydrogenolysis of glycerolelghd 1,2PD, however,

routes to lower alcohols, such a$*® have been lesseequentlyreportedA literature review
showed that various heterogeneous systemsdmglRh, Ru, Pt, PtR@usystems and Raney Ni

are studied for the hydrogenlyis of glycerol to lower alcohols. Surprisingly, the use of supported
Ni systems as catalysts towards the chemical transformation of glycerol, especially towards the
formation of bwer alcohols, has appeared less frequently in the literatberefore the main
purpose of this chapter was the production of lower alcohols, primig8iPD and1-PO from

glycerol usingLONi/30HSIW/AI 2Oz catalysts in @&tainless steddatch reactor.

In this chapterthe effect of metalsf Pt, PANi and Cu andhe effect of Cssubstitutionof H" on

the activity and selectivity of the catalyst for theltogenolysis of glycerol in a bdteceactor was
investigestedThe catalysts were synthesized irr ¢ab viaan impregnation methodandthen
crushed and sieved to |l ess than 250em before
Prior to each experiment, the catalyst was reduced in a quartz tubular reactdiCata35&h.
Reactions were performed in3@0ml Parr Instrument 4182 6es constructed cfainlesssteel

T316 After sealing the reactor the reaction mixture was purged wigadlseveral times and then

with Hz gas while stirring gently at 50 RPM to removeth#oxygen from the headspace and any
dissolved oxygen in theolvent. The reactor was then pressurized to the target pressure and heated
to the required temperature. When the reactor had just reached the required temperature, the
stirring speed was increased to 700 RPM at which point the first sample at 0 hoakevasite
progress of the reaction was followed by sampling at regular intesualsg the reactionThe

reactor was maintained at 2@during the reaction.
4.1.Effect of metals on the hydrogenolysis of glycerol

Since hydrogenolysis requires hydrogenhydrogenation, the hydrogenolysis catalyst must have
an ability to activate hydrogen molecules. In this sectiifferent metad supported on
30HSIWI/AI>Os catalysts were studied for the hydrogenolysis of glycé&toble metals are well
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known to be abléo activate hydrogen molecules and are widely used as hydrogenation catalysts.
Pt supported HPAs catalyst is one of the most active supported catalysts for the hydrogenolysis of
glycerol and has been intensively studied by many researchers for the ugpgradiypcerol to

other valueadded chemicals7[/-79, 86]. Although research has been carried out towards the
hydrogenolysis of glycerol to 1-RD and 1,3°D, hardly any work has been reportaulthe one

pot direct conversion of glycerol taRO. For the onversion of glycerol to-PO, noble metals

such as Rh, Ru, Pt are often used but the selelctivityR® Tan reach only as high ais80%.

[45, 78 116. A nonnoble metal such as Cu has also been intensively investigated for the
upgrading of glycerolg3, 105, 117 but the catalysts does not show their effectiveness toward
selectivity of 2PO. Ni-based catalysts show acceptable activities and selectivities at moderate
costs of manufacturing, especially as compared to the costs associated with daaalydten

noble metals. Nbased catalysts can also have high catalytic activity and selectivity for the
hydrogenation of aldehydes especially in convertittgPR (3-hydroxypropionaldehyde) to 1,3

PD [112 118121]. However, to date Ni supported catalylts/e not been reported for the ene

pot hydrogenolysis oflycerolto produce 4PO. The production of -PO either was carried out
under high temperatu@20°C), high pressure of H6MPAa) in fix-bed reactoor the catalyst

was packed ia sequential twbayer catalyst§l22] and the selectivity of-PO is still low

In the presensection bi-functional catalystsvere synthesizedith different metals (i.e. Ni, Pd,
Pt, Cu) and HSIW supported on28k as bifunctional catalysts by a sequential impregnation
method for theonepot hydrogenolysis of glycerol to lower alcohols, in particular, #8Q. The
catalysts were characterized using XRD an&{VAD techniques. A comparison of the reactivity
and the product selectivity of the Ni catalyst with the PayigtCu catalystwerecarried out Rate
constants for the conversion of glycerol, -PR and 1,3PD, 1-PO was determined for a

10Ni/30HSIW/AI20s catalystand a reaction pathway was propased
Experiment condition

The effect of metals on the overall reaatiis studied by carrying out the hydrogenlolysis of
glycerol using different metals loading under the same reaction condRioor. to each
experiment, the catalyst was reduced in a quartz tubular reactor°&t. 35@ experiment was
performed at 24, 700RPMunder880 H; pressure usindgg of metal supporteB0OHSIW/ALO3
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catalyst,30gof glycerol,70g deionized watén 8 hours.The properties of the prepared catalysts

were characterized usimgHz-TPD, XRD techniques.
Results and discussion
Characterization of catalysts

The catalysts were characterized by XRD and:fWRD techniques to study the relationship
between catalytic activity and catalyst properties in particular the acid concentration of the

catalysts.

XRD patterns of all catalysts are showrfig. 4-1 and 42. It can be seen that the XRD patterns

are similarfor all the catalyst with 1 wt% Pt, 1 wt% Pd, 1 wt% Ni supporte@@#SiW/Al20s.

In all the samples, no diffraction lines due to Ni, Pd and Pt were observed. Hence the XRD patterns
suggesthat at a low level of metal loading of 1 wt% that the metal oxide species is present in a
highly dispersed amorphous state. In HeR, the XRD patterns show that when Ni loading
increases from 1 wt% to 10 wt%, the diffraction peak of NiO was obseieds the nickel oxide

is present in a highly dispersed amorphous state at 1wt % Ni in the sample and as a crystalline NiO

phase at a 10 wt% Ni loading.
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i L Y L NiO NiO
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Figure 4-1 XRD patterns of 1 wt% metal Figure 4-2 XRD patterns of 1wt% and 10 wt¥%
loading on HSIW/AIOs catalys Ni loading on HSIW/A}Osz catalyst

TheNHs-TPD measurements were carried out to compare the acidity of different metal supported
30HSIW/AI>0s. The NHs-TPD profiles are shown in Figd-3 and 4-4. The TPD data was
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deconvoluted into 3 peaks (hamely weak, mediuna strong acid sitgsising a Gaussian fitting

method. The results are shown in Table.

NH,-TPD patterns of different metals loading
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Figure 4-3 NHsz-TPD patterns of different
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Figure 4-4 NH3-TPD patterns of 1 wt % and :

metals Ni, Pd, Pt) loading on 30HSIW/ADs wt% Ni supported 30HSIW/AD;3 catalyst

catalyst
Table 4-1 Total acidity of catalysts

Weak acid site  Medium acid Strong acid Total acid

Catalyst mmol/g site mmol/g site mmol/g amount,

/(Temp.) [(Temp.) [(Temp.) mmol/g
30HSIW/AI ;03 0.149/ (155C) 0.379/ (24%C)  0.461/ (439C) 0.989
INi//30HSIW/AI ;05 0.228/ (167C) 0.308/ (255C) 0.330/ (466C) 0.866
1Pd/3HSIW/AI ;05 0.205/ (172C) 0.242/ (254C) 0.425/ (442C) 0.873
1Pt/3CHSIW/AI .05  0.235/ (178C) 0.194/ (281C) 0.441/ (428C) 0.869
10Ni/30HSIW/AI .05 0.124/ (162C) 0.233/ (246C) 0.215/ (427C) 0.572
10CuBOHSIW/AIOs  0.108/ (162C) 0.201/ (236C) 0.347/ (345C) 0.657

As it can be seen from Tablel, 1wt% metal loading decreases the total acidity of the

30HSIW/ALOs catalyst by approximately 10%. A decrease in acidity may possibly be due to the

covering of acid sites by metal, or from the direct anchoring of metaproton sites, and or from

blockage of the access to the acid sides by metal particles. However, the total acidity of the 1wt %

of Ni, Pd or Pt supported 30HSIW/A; catalystss quite similar. Although the total acidity of
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the catalyst does not demkon the type of metal loading, the distribution of the strength and
amount of the acid sites appear to be dependent on the type gfhmataVerthe variation is not

very significant.

Fig. 4-4 shows that an increase in Ni loading from 1wt% to 10 wt%sléae significant decrease

in the acidity of the catalyst. This suggests the possibility in covering the acid sites by adding
metal or direct anchoring on proton sites, and from blockage of acid channels by metal particles.
The addition of 10 wt% Cu caes a significant reduction in the strength of the acid sites of the
catalyst. As can be seen from Talié, the amount of weak and medium acid sites diminishes,
and interestinglyhe amount of strong acid sst@creases but the peak shifts to a lowergerature

(345C compared with 42 for the catalyst with 10% Ni) indicatirejower acid strength.

Activity test results

To establish the role played by the metallic sites of the catalyst in the hydrogenolysis of glycerol,

a series of metal (Pt, Pd, Ni and Cu) souped 30HSIW/AI2Os catalysts were prepared and used

for the conversion of an aqueous solution of a 30wglycerol initial concentratiomnder an

initial H2 pressuref 880PSlat room temperature . The main products observed in the liquid phase
were: acail, 1,2PD, 1,3PD, acroleinAcr), 1-PO and ethylene glycol (EG). Some other products

(OP) such as methanol, ethanol were also obtained. In addition, some other products were detected
but not identified (UIP).

The conversion and product selectivity datathe catalysts are shown in Tadl2. The first set

of experiments were performed with 1% metal loading of Ni, Pd and PBOHBIW/Al.Oz and
compared with the parent catal3HSIW/AI>Os. The data shows that these metals affect both
the glycerolconversion and product distribution. It is interesting to observe that the addition of Pt,
Pd and Ni increased the glycerol conversion which could be attributed to the higher hydrogenation
activity of these metals. The dehydration of glycerol to form docet® HPA shown in Schemé

1 is reversible. Hydrogenation of the intermediates formed from the dehydration of glycerol will
shift the equilibrium to 1D or 1,3PD and increases the conversion of glycerol. Besides
differences in glycerol conversiorhe product distribution of the parent catalyst is also quite
different than those with added Ni, Pt, Pd. The parent catalyst yields a higher selectivity to acrolein

but no 1,3PD is detected. Dehydration of the secondary alcohol group in glycerol willge &
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HPA which could either be further dehydrated to form acrolein or hydrogenated to produce 1,3
PD. Since the parent catalyst is the most acidic catalyst in this study but deficient in effective
hydrogenation sites, hence acrolein was obtained in leigictsvity and interestingly no 1-BD

was detected. Addition of 1 wt% of Ni, Pd, Pt significantly increases the conversion of glycerol
due to the hydrogenation of the dehydration intermediates acetéiBA3o produce 12D or

1,3-PD respectively. Funer hydrogenolysis of 1;RD or 1,3PD produces-PO. While addition

of 1 wt% Pt to the parent catalyst increases glycerol conversion with a higher selectivitiP® 1,3
and PO, it is interesting to observe addition of 1 wt% Ni also promotes thedsmblysis of

glycerol to 2PO with activity and selectivity similar to that of Pt and Pd.

The nominal weight loading of Ni in Ni/30HSiIW/ADz; was increased to 10wt% in an attempt to
promote the hydrogenolysis and conversion of glycerol. The reactivéyaisa compared with a
catalyst with 10wt% Cu loading on 30HSIW8k under the same reaction conditions. As can be
observed from Table-2, by increasing the Ni loading from 1 wt % to 10 wt% Ni there was a
decrease in the conversion of glycerol; howeitancreases the selectivity to 1,2 PD an@Q

and reduces the selectivity of the unidentified products (UIP). A higher Ni loading apparently
increases the selectivity to lower alcohols possibly due to the increased hydrogenation activity. As
discuss abwve, a higher loading of Ni decreases the strong acidic sites of the catalyst4{Figd4

Table 41) which caused the decrease in the conversion of glycerol as the first step for glycerol
conversion is the acid catalyzed dehydration. Since Ni, an insxegnansition metal has activity
comparable to Pt, the activity of another inexpensive transition metal was also investigated.
Surprisingly, the catalytic activity of the 10 wt% Cu loaded catalyst decreased remarkably. The
selectivity to lower alcoholsuch as 12D and 1PO is low; also no 1;BD or EG were detected

using a Cu supported 30HSIWA; catalyst. Interestingly acrolein was obtained. The product
selectivity suggests that Cu is not effective for hydrogenation under this reaction coritigo

worth notng that the strength of the acid sites of the Cu loaded catalyst is much less that the other
metals (Fig. 44, Table 41). Whilst the strength of acid sites affects dehydration which is reflected

in lower glycerol conversigrihelower lectivity to the desired products is attributed to the lower

hydrogenation activity of Cu compared to Ni, Pd and Pt.
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Table 4-2 Effect of metal loading on catalytic performance

Conv Selectivity, mol%

Entry Catalyst
mol% 1 3pp 12PD Ac EG 1-PO Acr MeOH EtOH UIP

1 30HSIW/AIO3 145 0.0 0.0 6.0 00 305 19.7 53 9.1 29.4*

N

INi/30HSIW/AIO3 39.2 3.0 4.1 33 00 547 34 34 29 252
3 1Pd/30HSIW/ALOs 34.1 5.4 4.7 41 00 514 19 41 87 217

4  1Pt/30HSIW/AI.03 45.3 10.5 5.7 25 18 592 19 00 51 13.%

ol

10Ni/30HSIW/AI03 33.2 7.9 105 38 44 607 15 18 48 4.6

6 10Cul30HSIW/AI:O3 18.0 0.0 4.2 53 00 31 126 00 8.2 429*

Reaction conditiort M/30HSIW/ALOs catalyst (M: Pt, Pd, Ni, Cu), 240, 880PSI initihH>, 30g
of glycerol (30wt%), 70g of DI watedg catalyst, 8 hoursJ.l.P.: unidentified products (*: one

heavy product, **: some light and heavy products)

In order to elucidate the reaction pathway for glycerol conversion, the hydrogenolysisPdd, 1,2
1,3PD, PO over 10NBOHSIW/AI>O3 was also evaluated under conditions similar to that of
glycerol and the results are presented in Td8e The pseudo first order rate constants for the
conversion of glycerol, 1;PD, 1,3PD and 1PO under the same k®n conditions were
calculated andrepresented in Fig.-8. As can be sedhe conversion of 1;8D was lower than
that of glycerol and 1;PD, the pseudo first order rate constants for the conversion-&f1 and
1,3-PD shows the rate constants fioe conversion of 1;PD is 15 times faster than for 1.
Therefore,1-PO is mainly produced from XD with a high conversion of 22D and high
selectivity to 2PO. Since the conversion ofRO was much lowethanthat of 1,2PD and 1,3

PD, it canbe assumed thatRO is stable under the reaction condition and becomes the final
product in the hydrogenolysis of glycerol using 10Ni/30HSIWUIAI It is interesting to note that
ethylene glycol was obtained in the glycerol hydrogenolysis, howewvesihot detected in the
hydrogenolysis of 1;D and 1,3PD suggesting that ethylene glycol was produced directly from
glycerol by a €C bond cleavage reaction. In the reaction of glycerol andPD,2ethanol was
observed which can be formed via seqiatiitydrogenolysis of ethylene glycol or decomposition
of 1,2PD.

46



Table 4-3 The hydrogenolysis of 1D, 1,3PD and PO

Reactant Glycerol 1,2PD 1,3PD 1-PO
Conversion, 33.2 98.1 6.4 8.5
mol%

Selectivity, mol%

Acetol 3.8 06 0.0 0.0
1,2PD 7.9 i 0.0 0.0
1,3PD 105 0.0 i 0.0
1-PO 60.7 90.8 77.4 -
EG 4.4 0.0 0.0 0.0
MeOH 18 0.0 0.0 0.0
EtOH 4.8 21 150 20.7
Acr 15 0.0 0.8 0.0
Propanal 0.0 4.5 0.0 79.3
uIp 4.6 26 6.8 0.0

Reaction condition 10NV30HSIW/ALO3 catalyst, 240C, 880PSI initial H, 30g of glycerol
(30wt%), 70g of DI waterdg catalyst, 8 hours

1.8E-04
1.6E-04 1.53E-04
1.4E-04
1.2E-04

< 1.0E-04

w

A" 8.0E-05
6.0E-05
4.0E-05

2.06-05 1.80E-05 1.09E-05

- 3.78E-06
0.0E+00 .
Glycerol 1,2-PD 1,3-PD 1-PO

Figure 4-5 Pseudsdfirst-order rateconstants fothe 10Ni/30HSiIW/AI>Os catalysts using different
starting materialReaction condition: 240°C, 880PSI K 700RPM, 4g catalys80g of glycerol
(30wt%), 70g of DI water

It is interesting to note that the rate constant for the conversion-8f1,% the highest, followed

by glycerol. The conversion of XD is slower than the glycerabeversion while the conversion
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of 1-PO is the slowest. These rate constants provide important formation on the proposed reaction

pathway for glycerol hydrogenolysis and also the product selectivity.
Summary

Ni, Pd, and Pt promote the activity of tR@HSiIW/Al.Oz supported catalyst for the conversion of
glycerol to higher value chemicals such asR[B 1,2PD and in particular-PO. Among these
metals, Pt is the best promoter for the production ofPD3 a very high value intermediate for
valuablepolymers. Although it is reported that Cu possesses good hydrogenation activity that is
comparable with Ni, Cu does not show activity for the production ePD3under this reaction

conditions. Interestingly Ni, a much cheaper metal, has fairly compagesutvity to Pt.

The much lower price of Ni compared to Pt is very attractive for a new green process development
for the conversion of glycerol to sustainable higher value products. To obtain a desired product
selectively, the control of reaction cotidns and catalyst properties such as acid strength, the
amount of appropriate acid sites and metal hydrogenation activity will be needed. Optimization
of the catalyst preparation techniques and a balance of Ni and HiSiW loading on various supports
couldlead to high yields of valuadded chemicals from glycerol. Due to the inexpensiviedsed
catalyst and the high selectivity, an economical production of green and sustairéblédm
glycerol hydrogenolysis may be feasible for future commercial dpredat. 1-PO is mainly
produced from 1D with a high conversion of 22D and high selectivity to-PO and 1PO is

stable under the reaction condition and is assumed as the final product in the hydrogenolysis of
glycerol using 10Ni/30HSIW/AD:.

4.2 Effect of Cs" on activity of 10Ni/30HSIW/Al .0z catalyst

In this section effect of C$ exchanged Hin the 10Ni30HSIW/AIO3 catalystwas investigated

for hydrogenolysis of glycerol

Although HPAs are useful solid catalysts, the specific surface area okthigsmaterials is very

low making low dispersion, agglomeration or leachingdBfAs stilla crucial limitation. In order

to increase the efficiency of HRéatalyzed processes these disadvantages have to be overcome.
One of the possible solutions is syrgizeng salts of them since the protons in Keggin HPAs can

be readily exchanged, totally or partially, by different cations without affecting the primary Keggin

48



structure of the heteropoly anion. It is reported that the presence of counter cations ssich as C

Rb, K" in replacement of protons can modify the physicochemical properties (reduces water
solubility and simultaneously increases specific surface 4&8 ¢f heteropolyacid$ therefore

the method to control these properties can be establishedchgrge of protons by various

alkaline metals in different concentratio®%]] . I n t hi s way, a parti al n
these cations is achieved and insoluble salts
their catalytic activityby increasing the HPA dispersiot?]. It is evident that the protons in the
heteropolyacids are the source of catalyst activity because most of the completely cation
exchanged salts were inactive in abmke catalysis. It has been reported that ac¢itBoN

promotes the condensation of formaldehyde and methyl formate to methyl glycolate and methyl
methoxy acetate whereas completely cation exchanged compounds are ind6{ivddiber et al.

[126) st udi ed the synthesi s antlalsmsuppartedthemlonsgicaof HI
and tested them in dehydration of ethanol and hydration of ethylene. It was reported that the
structure of salts of heteropolyacids were affected by the type of counter cation present. Salts with
small cations like Fe, Gd\i or Na resembled the parent HPA, as they were water soluble,
nonporous and had low surface areas. On the other hand, salts of HPA with large monovalent
cations such as Nf K*, and C$ were water insoluble, had rigid micro/mesoporous tertiary
structue and had high surface areas [12%7]. Kozhevnikov stated that when in the form of salts,

thermal stability of heteropolyacids is higher than their acid fof®8] [

The moststudied insoluble salt of HPAs is Cs salt that is a-etwn acidic catalysin which

the residual protons are more acidic than the homogeneous acid catalyst33€&yy. Partial
substitution of protons of HPAs by Cresults in a higher thermal stability. When in the form of
salts, thermal stability of heteropolyacids is higtigan their acid forms. It is reported that
properties of HPAs such as solubility, crystalline structure, porosity, surface area, amount of water
of crystallization and thermal stability are sensitive to the amount 6fsGisstituted [24,
129,130]. Alkaline substituted of CHPAs catalysts have also attracted much attention due to
their high surface area and tunable porosity which enable them for the use in dehydration reaction.
[131-133]. Okuhara et al.][34] concluded that the pore size of the acidis@lts (CgHz.xPW12040)

was controlled by the Cgontent, the shape selective catalysis was observed and the acidic Cs
salts were strongly acidic and when compared to the zeolita$/80? they were more

catalytically active for decomposition of estarsd alkylation in liquidsolid reaction system. In
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1995 Essayem etl. confirmed that the Cs salts o&PW:12040 exhibit a much higher surface area

than their acid analog and the enhancement of the surface area results obviously in a strong increase
in specific catalytic activity in the conversion of methanol to dimethyl ether. The amount of acidity
and the acid strength depends differently on the Cs cori#sjt [n 1998 Bardin et all36] tested

the heteropolyacid #PWi20s0and its Cs salts Q3 xPWi2040 (X = 1, 2, 2:5, 3) for isomerization

and it was found that incorporation of Cs into the heteropolyacid decreased the acidic protons
available for catalysis, increased the specific surface area, and increased the thermal stability. In
2013 E. Rafiee etl. investigated the activity of @d3xPWi2040 (X =0, 1, 2, 2.5 and 3) catalysts

in the synthesis ob-ketoenol ethers1[37]. It was reported that activity; acidity, solubility and
consequently, recoverability of these catalysts are related to Cs content. Shaimaa M. lbrahim also
mentioned in his work that the catalytic activity and selectivity towardsydiation and
dimerization processes of the catalysts are much affected by the number of substituted acid protons
by alkali metal. The surface area of the supported Cs or K salts of HPW increased progressively
by increasing the number of protons substéduig CS or K* whichresultedto anincreagin the

catalytic activity L38. Narasimharao eal. investigated the relations in structiaetivity and Cs

doped heteropolyacstatalysts for biodiesel productioh3d. It was found that the total acidesit

density decreases with Taxchange. All samples with x > 1 are resistant to leaching and can be
recycled without major loss of activity in particular,@do.7PW12040 can be used without loss of
activity or selectivity. Pesaresi.adl. [140 used Csdoped HiSiW12040 catalysts for biodiesel
applications and it is found that low loading8.8 Cs per Keggin, (trans) esterification activity
arises from homogeneous contributions. However, higher degrees of substitution result in entirely
heterogeneous catalysis, with rates proportional to the density of accessible acid sites present
within mesopores. In 2015 Sujiao. @l. [141] studied CgH3*.xPM012nVNOao catalysts (10, 1, 2,
x=0.5-3.0) in the direct hydroxylation of benzene reaction. It is found that the leaching of catalyst

decreases significantly with increasing the Cs content.

Although considerableesearch has studied the effect of Cs substituted HPAs catalyst to improve
the catalytic activity in reactions, there ardy afew reports orthe effect of Csexchanged HPAs
catalyst for the glycerol conversiomlhanash etal. [85 denmonstrated that the watarsoluble

Cs heteropoly salt, GsHosPWi2040, possessing strong Brgnsted acid sites and high water
tolerance is an active catalyst for the dehydration of glycerol to acrolein. The catalyst exhibits high

initial activity, with a dycerol conversion of 100% at 98% acrolein selectivity. Recently, Atia et
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al. [72] investigated a series of Li, K and Cs modified HSiW catalysts for glycerol dehydration
and found that addition of alkaline metals Li, K and Cs has greatly improved theddasiolein
selectivity and activity. The incorporation of alkaline metals into HPAs helps to regulate to some
extent the dispersion of active species on the support surface, strengthen thelerateze and
simultaneously adjust the acidity, resultingmcreased activity and stability, particularly in polar
water medium. In 2012 Haider. el. [147 found that Csdoped HSiWsupportedn a mixture of

theta and delta phases of alumina was stable for up-kor8fction time and gave a maximum
selectivtyof 90% acrolein at 100% glycerol conver si
term stability is related to the strength of the partially doped silicotungstic acid on the alumina
support. Doping with Cs maintains the Keggin structure of HSiWjtreg in longterm stability

andthe high acrolein yield observed. The binding strength of the partially doped silicotungstic
acid on the alumina was found to be crucial to sustain the supported Keggin structure and hence
the acidity of the active sitessulting in a high acrolein yield. Zhu, at. reported that the addition

of Cs by ion exchange tunes the acidic properties of HSIW and hence could affect the catalytic

performancdor glycerol hydrogenolysis [§6

From our previous work, it is reportetiat the 10Ni/30HSIW/AI-Os catalyst is a potential
candidate for 220 production. It is therefore valuable to investigate the effect of Cs+ substitution
to improve the selectivity and stability of the HSIW supported catalysts and to control the acidic
propeties for glycerol conversion. In the present work, we exclapgeors with theCs ion for

the hydrogenolysis of glycerol to lower alcohols, in particular,-ROL A series of different Cs
content of Keggirtype HPAS10Ni/30H4 1 GsSIW/AI 203 (x=0-4) were prepared and the activity

test of catalysts for the hydrogenolysis of glycerol was carried owgtairdess stedlatch reactor.

The catalysts were characterized using BET, FTIR, XRD ang ™MD techniques. The effect of

Cs" exchanged Hon the activiy of Ni-free 30HSIW/AI;O3 (30CsHaxSiIW/AIOz) (x=0-4)

catalysts were also studied for comparison.

4.2.1Experimental conditions

Catalyst preparation

The 10Ni30CsH4xSIW/AI20z (or 30CsH4xSIW/AIOz3) catalysts were prepared via ion

exchange. A set of smmexchanged HSiWwere prepared by an ie@xchange method with a
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variation of cesium contenfA known amount of cesium chloride (CsCl, SigAldrich) was
dissolved in distilled water themadded toa desired amount ofLONi30HSIW/AIO3 (or
30HSIW/AI>O3 was added to this solutiprand aged for 4 hours without mixing. After that, the
round bottle with the aged solution was evaporated on an oil bath°’@turdil the solvent
evaporated completely. Then the catalyst was dried in an oven®& @térnight. Fially, it was
calcined at 35% for 5 h to yield the.ONi30CsH4xSiW/AI203 (or 30CsH4xSiW/AlI2Os). Before
carrying out an experiment the catalyst weduced with hydrogen at 3%Dfor 5 hours.

Experimental condition

The effects of the different cesiumg¢ content on catalytic performance was performed in a
300ml Stainless Steel Parr batch autoclave using 30g glycerol, 70g DI water, 580PSI Hydrogen at
240°C. 700 RPMand 4g of catalystdONi/30CsHa4 1 SIW/AI203 (x=0-4). The main products
observed in the liquid phase were: AcetolRrdpanediol (1,2D), 1,3Propanediol (1,3D), 1
Propanol (1PO) and ethylene glycol (EG). Some other products such as meihe0OH),

ethanol (EtOH), acrolein(Acr) were also obtained and named as other products (O.P.). The
properties of the prepared catalysts were characterized &&ig TPD, XRD and FTIR

techniques
Results and discussion
Characterization of catalysts

Acid properties of the catalyst with differens@ontent were explored by NH'PD from 50 to

750€ to determine the guantity of acid sites on the catalyst surface and the distribution of acid
strength of the catalysh order to find a comprehensive correlation betweer €&mtent with
catalytic activity and acid property of tHENi/30HSIW/AIO3 caalysts. Fig 4-6 shows the
profiles of NHs-TPD desorption from the catalysts. As can be seen, all samples presented a broad
profile between 100 and 5410 revealing that the acid property and surface acid sgeswidely
distributed and indicating thergsence of different acid sites with different strengths. The TPD
data was then deonvoluted into 3 peaks (namely weak, medium and strong acid sites) using a
Gaussian fitting method and the results are shown in Badle
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Table 44 showed that generallfCs" exchanged H decreases the total acidity of the
10Ni/30HSIW/AI>Os catalyst. When the Cdoading is less than 1, the acidity is very similar to
the parent catalyst with four protons, on further increase‘ito@ding from 1 to 3, the acidity
decreses almost linearly and gradually tails off at @ading of 4 when all therptons are
replaced nominallyRig. 4-7). The exchange of Calsocauses a modification in the distribution

of the acid strength of the catalysts wasfound that the strggth of medium acid sites was
significantly affected by adding Cs With a Cs" content from 0 to 2, 3 peaks of weak, medium
and strong acid sitegere observednd withfurther increasing of C¢o 3 and 4, the medium acid
sites significantly diminisheda only 2 peaks of weak and strong acid siéesained|t is noticed

that the exchange of 3 and 4 C®sulted in a complete removal of medium acid sitesabut
increase of the strength of strong acid site as the peak shifts to a higher temperatie. of e 2
above results clearly showed that these catalysts possess different acid sites, while catalysts with
0Cs, 1Cs and 2C5have medium acid sites, catalysts with 3&sd 4C8do not. With an increase

of Cs" content from 0 to 2, the acid strengthadif acid sites (weak, medium and strong) of the
catalysts decreased gradually, and the desorbed ammonia peaks of catalysts'witE9@ad

2Cs shift to lower temperature. It is noticed that there is a significant drop in medium asid site
when 3 préons weresubstituted by 3Csor all the 4 protons was totally substituted with 4Cs
(the amount of medium acid site almost drop to nearly Ommg/g respectively). These results
illustrated that Cssubstitution decreases both the amount of acidity and ttestiength of the
catalysts. It is believed that Caliminates the acid sites of catalyst by replacing the proton source
and an inverse relationshipable 47) is observed between Csontent and acid concentration on

the catalysts.

Surface area of 10RB0CsH4 1 SIW/AI2O3 (x=0-4) catalyst was determined by BET and presented

in Table 44. As can be seen the surface area of the 10Ni/30HSp®4Ahtalyst increased with

the increasing of Cscontent, which was similar to the repoitsthe literature [14Bwith an
exception of the catalyst with the full substitution of protons where the surface area significantly
decreases. This impact of Cs+ ions on surface area has also been reporteekch@ged HSIW

on silica ad aluminosilicate supports [1}44t is noticed that, although the substitution of proton

by Cs+ increases the surface area slightly, it does not increase the acidity of the catalyst to any

extent.
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Figure 4-6 NHs-TPD patterns for different Cs Figure 4-7 Effect of different Cscontent on

exchanged acidity of catalyst

Table 4-4 Surface area and total acidity ONi/30CsHa4.xSi W/AI2O3 catalyst

BET Weak acid site Medium acid Strong acid  Total acid
Catalyst ; ’ mmol/g site mmol/g site mmol/g amount,
m
= [(Temp.) [(Temp.) /[(Temp.) mmol/g
10Ni/30H4SiW/AI 203 18.3 0.075/(166C) 0.172/(264C) 0.090/ (429C) 0.337
10Ni/30CsiH3sSIW/AI,Os 22,5  0.056/ (153C) 0.152/ (258C) 0.108/ (400C) 0.316
10Ni/30Cs:H-SIW/AI,Os  27.5 0.031/(152C) 0.075/(218C) 0.076/(382C) 0.182
10Ni/30CsH1SIW/AI O 29.1  0.027/ (152C) - 0.050/ (442C) 0.077
10Ni/30CssSiW/AI 03 17.6  0.025/ (158C) - 0.015/ (442C) 0.040

Heteropoly anions (primary structure of oxoanions) can be determined 4 ETat is an

informative fingerprint of the Keggin hatopoly cage structure to confirm the structural integrity

of the Keggin unit of these catalysts. The FTIR spectra of Keggin anions present in the catalyst

should appear between 700 and 1100§a#5.
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Figure 4-8 FT-IR spectra of (a) 30HSIW/AIO3, (b) 10Ni/30HSIW/AIXOs,  (C)
10Ni/30CsH3SIW/AI03, (d) 10Ni/30CsH2SiIW/AI2Os, (e) 10Ni/30CsH1SIW/AIOs and (f)
10Ni/30CsSiW/AIO:s.

Fig. 48 shows the infrared spectra of the catalyst with diffe@s content after calcination at
35(°C. The fingerprint bands of the HSiW Keggin anion appeared at 978, 915, and 798 cm
which could be assigned to the typical antisymmetric stretching vibrations of W@, &8id W

Od W (Wi Oe- stretch vibration of WO octahedrons that share a vertex or an edy&] was
observed which provided the evidence for the retention of the Keggin ion structure on the surface
of HSiW supported catalysts. These results indicate that the Keggin structure of catalyst remains
undtered after substitution of thy Cs on 10Ni/30HSiW/A}O3 catalyst.

To help elucidate if the structural transformations accompariyd@ging, the10ONi/30CsHa-
xSIW/AI 203 samples were also examined by powder XRD. The XRD pattern*afdd&nt was
depicta in the Fig4-9.

Fig. 49 provides clear evidence that recrystallization of the 10Ni/30GSiW/AI Oz catalyst
accompanies Csloping, consistent with proton exchange. As seen from the XRD pattern without
adding C&the diffraction peaks that have besssigned to the protons of the secondary structure
wer e obser &% 9.3 28.5228.8. Withbincreasing Cssubstitution, a variation in

the diffraction peaks was observed. It can be seen that when the amount of hydrogen protons
decreasedhe intensity of the diffraction peaks assigned to the hydrogen protons decreased also.
This result is consistent with that published by Guo et. al where an increase* afor@mnt

increased the surface area of the HPAs while the acidity decreased sdibstitution of protons
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by Cs [146. Meanwhile the diffraction peaks that are assigned tosGbstituted HSIW were
oberved with 2d di°18.% a3t 26.8, 80.4h35.6 dnd 39aThe irtedsity7

of these increased with increasing"@sntent. As a result, Cgontaining catalysts had better
crystal stability than those without CdMoreover, the grear content of Cscorresponded to a
more stable crystal structurg43 147] due possibly to the modification of the crystal structure of
HSiW by the larger Csradius. There is no evidence of new peaks that suggest changes in the

Keggin structure.
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Figure 4-9 XRD patterns for th&ONi/30CsHa4xSiW/Al20s catalysts with different Cxontent

Activity test results

To investigate the effect of Csn the catalyst performance in the hydrogenolysis of glycerol, a
series of different Csexchanged ONi/30CsH4xSiW/Al203 (x=0-4) catalysts were carried out in

a batch reactor for the conversion of an aqueous solution of a 30 wt% glycerol initial concentration
under an initial H pressure of 880 PSI. The main products observed in the liquid phase were:
acetol (Ac) 1,2PD, 1,3PD, PO and ethylene glycol (EG). Some other products such as
methanol (MeOH), ethanol (EtOH) and minor Acrolein (Acr) were also obtained in these
experiments. Catalytic performance of #@Ni/30CsHa 1 SIW/AI2Oz catalysts is shown in Table

4-5 and Fig 4-10.
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Table 4-5 Effect of CS on catalytic performance in the hydrogenolysis of Glycerol

Conv Selectivity, mol%
Catalyst
mol% 1,3PD 12PD Ac EG 1-PO EtO MeOH
10Ni/30HSIW/AI ;03 28.6 8.0 158 24 54 651 3.3 0.0

10Ni/30CsHsSiW/AI 203 21.0 12.1 185 20 65 581 28 0.0
10Ni/30Cs:H2SiW/AI 203 21.3 11.2 306 23 109 424 26 0.0
10Ni/30CssH1SIW/AI 203 22.6 0.0 58.2 14 217 125 51 11

10Ni/30CssSiW/Al 03 23.1 0.0 514 1.7 295 47 9.8 2.9

Reaction Condition: 10Ni/30CsHa4 1 SiW1d/Al203 (x=0-4) catalyst, 240°C, 700RPM, 4g catalyst,
30g of glycerol (30wt%), 70g of DI watand 880PSI of & 7hours.

As seen in Table-8, significant difference in product distribution with respect to different Cs
substituted catalysts was s#yved, although Csas little effect on glycerol conversion. When
1H" was substituted by 1Csthe glycerol conversion decreases from 28.6% to around 21%;
however no significant decrease in the conversion of glycerol was observed for higher
concentratiorof Cs" exchanged catalysts (x=2,3,4). The pseudo first order rate constant for the
conversion of glycerol also indicates the same reactivity trend [Fi@H}. This reactivity trend

was similar to the trend in the strength of weak acid sites. Howeser ih a clear correlation
between product distribution and the number d6feidchanged by Cs The increase in the
selectivity of 1,2PD and EG was observed for all the catalysts containingl@ss result suggests

that the formation of 1;PD and EG mabe due to a competitive cleavage between th@ C
bonds and ©C bonds in the rate determining steps. Increasing the numbersaftidtituted by

Cs' increased the selectivity to EG and-PR while the selectivity to 1;BD and PO decreased.

The selectiity to 1-PO was observed to decrease (from 65% to 4.7%) by increasihg Cs
substitution from O to 4, while that of the 8D and EG increased from about 20% to 52.1% and
from 6.3% to 29.9% respectively. This result indicates that selectivigpPO favaably occurred

at low loading of Cs At high content of Csthe elimination of proton of the heteropolyazid
apparently suppress the further hydrogenolysis ofPDQ2to 2PO. Such changes in selectivity
could be attributed to the changes in the aciditgatalysts. It is clear from Table4that an
inverse correlation is observed betweer @mtent and the acidity distribution and amount over

a HSIW supported 10Ni/AD3 catalyst. It was also noticed that the fully substituted
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(10Ni/30CgaSiW/Al>03) catdyst (i.e. 4H substituted by 4 C¥ with low amount of acid sites is
essentially inactivéor the produdion of 1-PO (selectivity to PO was 4.7%). It is important to
point out thatat a high level of C§ substitution (at 3 and 4 Csubstitution), no B-PD was
detected. Therefore the hydrogenolysis of glycexwhf1,3PO requires Br@nsted acid sites.

Fig. 410 shows the catalytic performance tbe 10Ni/30CsH4xSiIW/AI>Os catalystfor the
hydrogenolysis of glycerol as a function of reaction time.alt be seen that as the reaction
proceeds, the conversiongifcerol and the selectivity ofRO gradually increase. The selectivity
of 1,2PD (the intermediate for-BO) increases at the beginning of the reaction and then slightly
decreases with the re#on time. Interestingly, 1;#D was not detected at the first hour of
sampling but observed during th& 2hour of sampling indicating that it is produced from an
intermediate such astBPA. 1,3PD does not convert toRO readily and hence remainsrlifi
constant after it is produced [219]. Increasing thed@stent in the catalyst increases not only
the selectivity to EG but also the formation rate of this prodhetmore Cssubstituted H, the
sooner EG was formed [Fig-¥G]. Clearly, the dectivity to 1,2PD and EG essentially
increased witlanincrease in Cs Hence it can be inferred that acidity gay important role in

the hydrogenolysis of propanediols t&O.
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Figure 4-10 Effect of C$ on Glycerol Hydrogenolysiand products selectivity as a function of
time; A) Glycerol Conversion; B,C,D,E,F,G) Selectivity of acetol;R[2 1,3PD, PO, other
producs and EG, respectively; H) ThedudeFirst-Order rate constant Reactionconditions:
10Ni/30CsHa4 1 SIW/AI03 (x=0-4) catalyst, 240°C, 700RPM, 4g catalyflg of glycerol
(30wt%), 70g of DI wateand 880PSI of & 7hours

—=—1Cs —#—4Cs

One possible explanation of the*@&ffect on EG selectivity may be due to the promotion of the
retro-aldol reaction. The formatioof 1,2-PD and EG from glycerol under alkaline conditioves
reported by many authors [14%1], This reaction route involves a reversible dehydrogenation of
glycerol to glyceraldehyde (GA) on the metal surface. The product of the dehydrogenation reaction
can then undergo ai O scission by dehydration or a C scission via the retraldol mechanism

in the aqueous phase to form-BP or EG respectively.

As shownfrom the experimental data, apparently thef@ée (LONi/30HSIW/AI;Os) catalyst
favored the CO bond breakage leading to the formation ofR[2 1,3PD and 1PO instead of
EG. However, the catalysts with higher'Gsabstitution favored the cleavage of thHeQbond to
produce EG attributed to the decrease in the acidity of the catalyst. Mordwédrigh EG
selectivity was obtained over high Csvhich might originatdrom the decrease in acidity of the

catalyst.

59



To reveal the effect of Cslone on the catalyst without the Ni hydrogenation function, a series of
different Cs exchanged Nfree 30HSIW/AI 203 (30CsHa 1 SIW/AI203) catalysts were prepared

and the activity of the catalysts were studied in a batch reactor for the conversion of an aqueous
solution of a 30 wt% glycerol initial concentration under an initiapkessure of 880 PSI.

The catéytic performance 080CsHa 1 SIW/AI203 catalysts modified by different Csubstituion
arepresented in the Table6! As can be seen from Tables4the support A3z alone is not active

for glycerol conversion. The Nree (30HSIW/A}Os) catalyst is nbactive for the production of

diols such as 1;PD, 1,3PD or EG. Furthermore the catalyst was deactivated significantly after 2
or more H weresubstituted by Cs The conversion of glycerol decreased from 15.3% to only 1.1
% when all the Hwas substitted by C3. This was also observed by Haider et. al. for the catalytic
dehydraion of glycerol to acrolein [142 It was found that over a 0.05 M Gdoped HSIW
catalysts, a selectivity of acrolein of 96% at 100% glycerol conversion was obtained. However,
the catalyst was deactivated when the concentration ofif€seased to 0.35M and that of
selectivity to acrolein of 0% at 2% glycerol conversion was obtained. This loss of catalytic activity
may be due to hydrocarbons deposited on the active sites alalfksge ofthe catalyst pores.
Without Ni for hydrogenation of the dehydrated or dehydrogenated intermediates shown in
Scheme 1 and 2, only further cracking or oligomerization to light and heavy products will occur

and cause catalyst deactivation.

Table 4-6 Effect of Cs on catalytic performance @0HSIW/AI>Oz catalyst in the

Hydrogenolysis of Glycerol
Catalyst Conv. Selectivity, mol%

mol% 1,3PD 1,2PD Acetol EG 1-PO Acr OoP

Al,O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30HSIW/AI 203 15.3 0.0 0.0 6.0 0.0 30.5 248 36.7**
30CsiHsSIW/AILO;  13.2 0.0 0.0 6.0 0.0 354 26.8 31.8*
30CsH,> SIW/AIO; 4.8 0.0 0.0 13.8 0.0 21.9 479 16.1*

30Cs:H1SIW/AILO3 2.6 0.0 0.0 19.1 0.0 31.5 48.0 1.5%

30CxSiW/AILO3 11 0.0 0.0 27.5 0.0 40.4 310 1.2*
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Reaction Condition: 30CsHas 1 SiW10/Al203 (x=0-4) catalyst, 240°C, 700RPM, 4g catalyélg
of glycerol (30wt%), 70g of DI watemd 880PSI of b 7hours* OP: MeOH, EtOH, Unidentified
light products}** OP: MeOH, EtOH, Unidentified light and heavy products

Summary

Results of the runs with different Clbading suggested that Tisas little effect on the glycerol
conversion; however it shows a significant effect on the product distridutae to reduction of
acidity. ThelONi/30HSIW/AI>Os catalyst was found to be &ffective catalyst for the production

of 1-PO, whereas, Cexchanged catalyst becomes effective for the production ¢f2,2nd EG.

With anincreasen Cs" content, the selectivitfor 1-PO decreases but the selectivity to-B[2

and EG increases. Aegiter quantity of acid sites of a certain strength corresponded to a higher
selectivity of 2PO. Although the substitution of proton by*@an improve the surface area of the
catalystto some extentit does not enhance the catalyst activity; besidesetlvas an inverse
correlation between Cand the quantity and nature of acid sites. XRD data shows that hydrogen
protons in the secondary structure may be replaced bih@tscorresponds to the decrease in the
acidity of the catalyst. Although the adiglof catalyst decreases significantly, the Keggin structure
of catalyst remains unaltered after substitution of protons bgiCEINi/30HSiIW/Al,Os. Among

the catalysts tested, 1Csatalyst showed the best catalytic performance foiPD3and 1PO;
howe\er, fully substituted ONi/30CsSiW/Al Oz is catalytically inerfor productionof 1-PO as it
possesses very low acid sites. Ni plays an important role for the production of lower alcohols due
to its hydrogenation activity. Without Ni, the substitutionHifby Cs decreases the activity of
30HSIW/AI20s significantly.

4.3 Conclusions

Amongthe metad (Cu, Ni, Pd, and Pt) supported 30HSiIW/ALQOs, Pt is the best promoter for

the production of 18D from glycerol usingNi a much cheapenetalhas fairly @mparable
reactivity to Pt.Although it is reported that Cu possesses good hydrogenation activity that is
comparable with Ni, Cu does not show activity for the production ePD3under this reaction

conditions.
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Cs' has little effect on the glycerol comg@on; however it shows a significant effect on the product
distributioni due to reduction of acidity. ThEONi/30HSiIW/AI.Oz catalyst was found to be an
effective catalyst for the production ofPIO, whereasthe Cs" exchanged catalyst becomes
effective br the production of 1;2D and EG. A greater quantity of acid sites of a certain strength
corresponded to a higher selectivity 6PO. XRD data shows that hydrogen protons in the
secondary structure may be replaced by Cs+ that correspoadietneasen the acidity of the
catalyst. Among the catalysts tested, 1€xatalyst showed the best catalytic performance for 1,3
PD and 1PO; however, fully substituted NigSiW12040 is catalytically inertfor the production

of 1-PO as it possesses very low aciesit

Ni plays an important role for the production of lower alcohols due to its hydrogenation activity.
Without Ni, the substitution of Hby CS decreases the activity 8DHSiIW/AI>Os significantly.

To obtain a desired product selectively, the contrakattion conditions and catalyst properties
such as acid strength, the amount of appropriate acid sites and metal hydrogenation activity will
be needed. Optimization of the catalyst preparation techniques and a balance of Ni and HiSiW
loading on variousupports could lead to high yields of valagded chemicals from glycerdk

PO is mainly produced from 12D with a high conversion of 22D and high selectivity to-1

PO and 1PO is stable under the reaction condition and is assumed as the finalt pnothec
hydrogenolysis of glycerol using 10Ni/30HSiW8k. Due to the inexpensive Miased catalyst

and the high selectivity, an economical production of green and sustairBRlrbm glycerol

hydrogenolysis may be feasible for future commercial dgveént.
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Chapter Five

Conversion of glycerbli H&i WgOdée r
cat alayHasd | oy reactor

With some chemicals, notably acids, metal loss over the entire surface from the steel reactor may
occur and affect the entire experim@ihie 10Ni/30HSIW/AIOs catalyst isa potentialcatalystfor

the production of higher sustainable chemicals from glycerol. However the leaching of heteropoly
species in a polar medisian issue. Due to the high acidity of the heteropoly acidparosion
resistantHastelloyreactorwas used for thistudy on the effect of process parameters on the
conversion and selectivity.Ni and HSiW supported alumina can serve as bifunctional catalysts

to effectively convert glycerol in a water mediumder ehydrogen atmosphere. The strong acidity

of the supportedHSiW facilitates the dehydration of glycerol while the moderate hydrogenation
activity of Ni allows selective hydrogenation of the aldehyde groups in the intermediate products.

In this study, we study theffect of different fact@on the catalytic performance.

5.1 Repeatability of10Ni/30HSiW/Al .03 Catalyst

A repeatability study of the catalyst wifldNi/30HSiIW/AI>Os has been carried out using 95%
confidence interval to ensure the experimental ag@ceptable Three experiments with this
catalyst were conducted under the sagationconditions. The 95% confidence interval (C.1.)
and the standard deviatign) is calculatedusingEquation5-1 and Equatiorb-2 and the results

are shown in Table-5.

e- s - s g :
95%C.l. = ax- 1.96% — ,x+1.96% — Equation 5-1
g Jn nu
a . -2 6
s =§/M8 Equation 5-2
n 0

¢
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Table 51 Repeatabilitystudy on10Ni/30HSiIW/AI.O3 catalyst

Glycerol - 3 OP
RUN y . 1-PO Sel 1_PO Acetol 1,2-PD
Conversion Yield Sel Sel. Sel
o] 67.43 93.2 6285 0.72 1.35 4.71
'y 65.43 91.22 5968 0.78 1.53 6.48
o3 67.42 91.0 6149 055 1.71 6.54
° 66.76 9188 61.34 0.68 1.53 59
] 0.94 0.% 1.30 0.10 0.14 0.85
S
—_— 054 0.55 0.75 0.06 0.08 0.49
Jn

95% C.I. 66.%6+1.06 9188+1.07 61.34+147 0.68:0.11 1.53+0.16 5.91+0.96

Reaction condition 10Ni30HSIW/ALOs catalyst, 248C, 880PSI initial H, 30w% (309)
Glycerol, 2g catalyst, 7 hours.

As shown in Table 8, the selected catalyst exhibit perfect reproducibilitthen hydrogenolysis
reaction and the 95% confidence interval fePQ selectivity using th@&ONi/30HSiIW/AI>O3
catalyst is [9.80%; 9295%)]

5.2 Effect of experimental parameters

5.2.1 Effect of RPM

Due to the existence of a thrphase reaction, gadsjuid, liquid-solid, and intra particle diffusional
resistances may influence the rate and selectitile chemical reaction [1$2t is thought that

the increase in stirring rate can increases the mass trahggeses into liquid and also from liquid
to sdid surface that leaito increas in the dissolution rate dfi.. Here the effect of the stirring

speed orthereaction rate of hydrogenolysis of glycerol was investigated.

Experiment condition
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The effect of agitatospeedon the overall reactiowas examed by varying the agitation speed
overthe range of 30R8PMto 700RPMunderotherwisesame reaction conditisnThe experiment
was performed at 248G under 580PSI of +pressure using 2g dfONi/30HSIW/ALOs catalyst,
30g of glycerol (30wt %) 70g of DI water over 7hours. Twocatalystsreduced at different
temperaturevere studied. One was reduced at°85@nd another was reduced at 45@or 5

hours.
Results and discussion

First the catalysts reduced at 36Qvere studiedTheresults obtained from the tisogenolysis of
glycerolat different agitatiospeecare presenteah theTable5-2 (Entry 1 to 3)and plottedn Fig.

5-1 andFig. 5-2. The main products observed in the liquid phase were: acetdP,,2,3PD,
acrolein (Acr), PO and ethylene glycdEG). Some other products (OP) such as methanol,
ethanol were also obtainethe data shows thatsingthe catalyst reduced at 3&Dthe agitation
speed did affect theonversionof glyceroland the distribution of productsvhen the speed of
agitatorwasincreasd from 300RPM to 500RPMheconversion of glycerol increased from 65%
to 84% and the selectivity to-RO increased from 87 to 91.8% respectivelywhere as, the
selectivity toacetol, 1,2PD andAcr as intermediate specidecreased further ingease in stirrer
speed to 700 RPM did naffectthe conversion and selectivity. This indicated that at 500RPM

externalmass transfer effestvereeliminated

Table 5-2 Effect of agitator speed on the reaction rate and the distribution to products in the
hydrogenolysis of Glycerol

Red. RPM Conv Selectivity, mol%
Temp mol% 13PD 12PD Acetol EG 1-PO  Acr OP

300 64.9 0.0 1.3 0.9 0.0 87.2 5.1 5.6
350 500 84.3 0.0 0.0 0.5 0.0 91.8 3.8 3.9
700 81.1 0.0 0.0 0.6 0.0 90.6 3.7 5.1
300 41.2 0.0 3.0 1.9 0.0 80.4 9.6 5.0
700 43.8 0.0 2.9 1.2 0.0 80.9 5.4 9.5

450
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ReactionCondition: 10Ni/30HSIW/ALLOz catalyst, 240°C{00RPM,2g catalyst30g of glycerol
(30wt%), 70g of DI wateand 580PSI of B OP. By-products included methanol and ethanol

Fig. 5-1 depics the concentration profile as a functiohtime of the catalyst reduced a5(°C.
From Fig 5-1, it can be observed that as the reaction proceeds, the concentration of glycerol
decreaseand the concentration ofRO increasg Since the concentration oetol 1,2-PD and
Acr was too low tde observe from Fig. 5-1, the concentration profile of acetdl,2-PD andAcr

aredepicted separately inig= 5-2 to find the correlation betwea the intermediate species and the
speed of agii&on.

300 RPM, catalyst reduced at 350°C 500 RPM, catalyst reduced at 350°C 700 RPM, catalyst reduced at 350°C
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Figure 5-1 Concentratiomprofiles of different productsusing 10Ni30HSiIW/AlLOscatalyst
reduced at 35C. Reaction onditions: 240°C, 580 K 30y of glycerol (30wt %) 70g of DI
water,2g catalyst
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Figure 5-2 Concentratiomprofiles of acetgl12-PD andAcr using 10NV30HSIW/ALOs catalyst
reduced at 35C. Reaction onditions: 240°C, 580 K, 30g ofglycerol (30wt%), 70g of DI

water, 2g catalyst
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As can be seen Fig. 52, the concentration of acetahdAcr , intermediateto 1,2PDand PO
respectivelyincreases at the beginning of the reaction and then decreases with the reaction time
and did not depend on the agiteitspeed. However, the pattern of -BP concentration is not
similar to acetol concentration. When the agiatspeed is lowat 300RPM, 1,2P is still
detectable and the concentration of-B[2 as the intermediate ofFO increases at the beginning

of the reaction and then decreases with the reaction time. However, when theagsieeckased

to 500RPM 1,2-PD became undetectabfeurthemoreanincreasan the agitation speed to 700

RPM did not result in an increase in the conversion of glycerol; however it still affected the product
distribution slightlyand 1,2PD was also undetectablehe selectivity to 4PO slightly decreases

while the glectivity to by products increases. This decrease in4#@ &electivity could be due

to the formation of byroducts such as methanol and ethanol through side reactions.

Results showethata speed of 500RPM is sufficient &dlow furtherhydrogenolyisof 1,2-PD or
hydrogenation of Acto 1-PO but not increase the side reacsiomproduce by products. There
are always other bgroducts formed during the reaction time. Peeudefirst-orderrate constant

also providegvidence of the effect of sting speed on the reaction rdteg. 5-3).

Catalysts reduced at 4%D were also studied to see if the stirring speed still affects the
hydrogenolysis of glycerol. The datgpresented in théable 52 (entry 4and 5). It is evident that
increasing the reduoin temperature decreases the catalyst activity significantly; howeger
performance of the catalystas independenf agitation speedverthe range of 30&PMto 700
RPM, andthe reaction rate is almost identi€gig. 5-3). It is noted thathe agitéion speed did not
result in a change both the conversion of glycerol and the distribution of prodtinésconversion

of both catalysts is around 42%.

Normally, if aprocesss controlled by diffusion, the reaction rate would also linearly increase wit
increasing stirring speedhereasf the process was controlled by chemical reaction, reaction rate
will no longer change when the stirring speed reaches a certain[¢8R}eln the case oivhen

the catalystis reduced at 35, as can be observedin the data when the stirring speed was
lower than 500 RPM, the reaction ratenstantk increases with stirring speed increasing, the
glycerol concentration decreased fasteb@®700 RPM compared with 300 RPM (Fig-35.
When the stirring speed was o0 rpm, the reaction rat®nstank seems to beonstantand

does not changauch with stirring speed.
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By increasing stirring rate, the mass transfereaictans (glycerol, H) from the bulk to catalyst
surface is increasedhe H was supplied contirausly throughout the entire experimesaithe
guantity of B was sufficient for the entire experimenherefore most probably the rate of reaction
at stirring rates higher than 58PMis controlled bya surface reactioand mass transfer should
not be anssue However, a similar phenomenon west observed on the catalyst reduced af@50
and it is suggested that the rate of reaction of this catalyst is controlled by the surfaceegantion

at 300 RPM since the conversion is slower for this catalyst.

Catalyst reduced at 350°C 300RPM Catalyst reduced at 450°C
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Figure 5-3 PseudeFirst-Order kinetic analysem the presencel ONi/30HSiIW/ALOs catalysts at
different agigator spea®eaction ondition: 240°C, 580 H, 30g of glycero(30wt%), 70g of DI
water, 2g catalyst
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Summary

This studyshowedthat at stiring speedshigher than500RPMthe diffusion process was much
faster tharthe chemical reaction, and diffusion was not the lingtfactor for the reactiorHence
astirring speed of 500RPM is sufficient tvercome diffusional limitations for theydrogentyis
of glycerol to the productf®or the catalyst reduced at 280 However, for the catalyst reduced at
45(°C even at 300 RPM thbydrogenolysis catalyzed kipis catalyst is alreadghemically

controlled.

5.2.2 Effect of hydrogen pressure

Molecular hydogen is a reactant in hydrogenolysis reactidigh hydrogen pressure will
increase the cost of purchase, transportation and storage of gaseous hydrogen. Optimizing
hydrogen can bring about a number of different benefits and add value to the prbeessre,

a minimum hydrogen pressure in the reactoreiguiredfor complete catalytic conversion of
glycerol to desired products. Aboveadhnydrogen pressure, catalytic reaction rates are expected

to be independent of hydrogen pressure due tdirtieed adsorption capacity of the catalyst.
Therefore ptimal operating pressures for hydrogenolyis of glycerol to other products will balance
the higher costs of high pressure equipment with decreased yields at lower préssuardbe

effect of B pressure oneaction rate of hydrogenolysis of glycerol was investigated for different
pressures of hydrogen over the range 2800 PSI.

Experimental condition

The effect of hydrogen pressupeessure on the overall reactienstudiedby carrying outthe
hydrogenloysis of glycerol a90, 580 and 800P8&f hydrogen pressurtender othawisethe same
reaction conditioa The experiment was performed at Zd@nderthe selectedi, pressure using
2g of IONi/30HSIW/AI>Os catalyst, 30g of glycerdBOwt%), 70g of DI waterover 7hours.Prior
to the experiment the catalysas reduced at58°C for 5 hours

Results and discussion
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The effect of hydrogen pressure on the catalytic performant@Nif30HSIW/ALOs catalystis
listed in theTable5-3 andFig. 5-4. The main produs observed in the liquid phase were: acetol,
1,2-PD, 1,3PD, acrolein (Acr), PO and ethylene glycol (EG). Some other products (OP) such
as methangMeOH), ethano(EtOH)were also obtainetHowever at low Hpressures of 290P S,

some other light unideified productUIP) were alsaletected.

Table 5-3 Effect of hydrogen pressuren theconversion of glycerohnd the distribution to

products in the hydrogenolysis ofygerol

P, koblso Conv. Selectivity, mol%

PSI 0 mol% 13PD 1,2PD Acetol EG  1-PO Acr oP
0 229 0.0 0.0 173 00 139 134  55.4*

200 8.94E5 875 0.0 1.5 1.8 00  76.9 81  11.7*

580 7.00E-5 811 0.0 0.0 0.6 0.0 906 3.7  5.I

800 3.41E5 537 0.9 1.2 0.6 00 929 1.6 2.8

Reactioncondition: 10Ni/30HSIW/ALO3 catalyst, 240°C, 700RPM, 2g cataly8f)g of glycerol
(30wt%), 70g of DI waterand B, *OP. MeOH, EtOH and light uniéntified, **: EtOH, MeOH

As can be seen from thable5-3, the hydrogen pressure dramatically influenced both the glycerol
conversion and thalistribution of products; the conversion of glycerol and selecitivty to
intermediae species such as acetol;P[2and Acr decreased monotonously with increasing
hydrogen pressure; whereas, the selectivity 4801 increasedWithout H (under N), the
conwersion of glycerol and selectivity toHO is low 22.9% and 13.9% respectivelgelectivity

to acetol and acroleirs high (17.3% and13.4% respectivelyand significant byproducts were
produced OnceH> (290F5I) was introduced, the conversion of glyaleand selectivity to PO
siginificantly increased to 87.5% and 76.9% respectively. 6 s t h oaupgomotes thé a t
hydrogention of intermediate species drives the hydrogenolysis reaction forward led to an
increase in the conversion of glycerélowever, a further increase of Hressure caused a
decrease in the conversion of glycetlow Hz pressure of 290PSI, although the conversion of
glycerol is high of 87.5% but the selectivity tePD is much lower (76.9%]}he selectivity of
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acetolandAcr is also high compared to othep pressure. When the H pressurevasincreased

from 290PSI to 580PSI the selectivity tdPD significantly increased from 76.9% to 91.7%, but

the conversion of glycerol decreased from 87.5% to 72.3% respecié\vilytherincrease of Kl
pressure to 800PSI caused a decrease in the conversion of glycerol to only 53.7%; however, it only
affects slightly the selectivity to-RO, the selectivity to-PO increases about 1% from 91.7% to
92.6%; 1,3PD startdo beproducel; meanwlie the selectivityof Acr decreasedgignificantly to

1.6%. The abundance @fcr (8.1%)at a low H> pressure of 290PSI and thAgr significantly
decreasedo 1.6% at a high H pressure of 800PSI suggesg that at low H pressure,
hydrogenation has a lovate compared to the one was at higressure ince hydrogenwas
supplied continuouslyhroughoutthe reation the quantity of K was sufficient for the entire

experiment | t 6 s aeged that 1P evdsiproduced by hydrogenationAalr. The glycerol
conversion and product selectivity as a function of time are shown .ib-Big

It can be observed from Fi§-4 that when the KHpressure is increased from 290PSI to 800PSI,
theselectivity to 2PO(E) is increasedbut the selectivity to acroleiffr) is decreasedThismaybe

dueto the fact thaH> promotes the hydrogenation of acrolein teFRO. This resultwas consistent

with thatof Mengpanet al[154] reported in their papeavhich reporéd on astudy of thecatalytic
transformation of glycerol to-POover the two layer catalysts (ZrP, coupling with 2%Ru#iO

The selectivity of iPOwasenhanced from 32.0% to 76.5% while the selectivithafdecreased

sharply from 47.2% to 2.3% as the hydrogen pressure was increased from 0.5 MPa to 2 MPa, the
hydrogemtion rate of the second layef the 2%Ru/SiQ catalyst increased greatlyhey found

that hheAcr conversion was more than 99% and the selectivityR@Ieached 96% using Ru/SiO
catalyst with the feed of 10% acrolein in a fixeed reactor, at tempeauae 315C; H, pressure of

2 MPaand sugested thathe hydrogenation of Acr to-RO is a fast reaction.
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Figure 5-4 Effect of H pressure oglycerol hydrogenolysis and products selectivity daraction
of time: a) Glycerol onversion B,C,D,E,F,§ Acetol, 1,2PD 1,3PD, 1-PO, Acr and OP
selectivity respectivelyReaction ondition: 10N¥30HSIW/AI.O3 catalyst, 240°C, 700RPM, 2g
catalyst,30g of glycerol 80wt%), 70gof DI waterand H.

It is reported that the solubility of hydrogenamater is proportiorido the hydrogen pressure [155
so it is expected tha high conversion of glycerol should be observed at highpidssure.
However in this work theeaction rateKig. 5-5) decreased witanincrease in Hpressure. It is
suggestethatanincrease in bHpresure maypromote theeduction of Wkesuling in lower acidic
activity towardshedehydration step that decreases the conversion of gly268jl Silicotungstic
acid single crystalcan be reversibly reduced to heteropolyblagseportedy Karwowskaet al.
[156]. Indeed, it was observed that high pressure of Hthe solution of the product and the
catalyst itselfbeame a darker blue colour than it was at low pressodecating a higher
concentration ohetergolyblues. Although there is a decrease in glycerol conversion at high
pressure, it is bedved that the high Hpressure is necessdr hydrogenation stefio suppress
side reactiosand decrease thifermation ofundesired product.hereforean optimal operating
H> pressures is required to obtained high yield -6fCL It was found that reductive conditions
(underhydrogen) are rather unfavorable [156r the thermal stability of the HPA at higher

temperatures
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Figure 5-5 PseudeFirst-Order knetic plotsof Hz pressure effect on hydrogenolysis of glycerol in
the presence dfONi/30HSIW/ALLOs catalyst;Reaction @ndition: 240°C, 700RPM, 2g catalyst,
30g of glycerol (30wt%), 70g of DI watand H

Summary

It can be seen that tlkenversion of glycel is inversdy proportionalto the hydrogen pressuag

pressure higher than 290PJlhis can possibly be attributed to increased hydrogen pressures
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actually inhibited the reactions due to competitive adsorption of hydrogen to the catalyst surface
and the displacemenf intermediate productsor the reduction of Winder high pressure of:H
results in thereductionof activity of the catalyst fothe dehydration stepHowever a high H
pressure is necessary to suppress the undesired dehydration or sidesraactidgitrease the

undesired product®ptimal operating bHpressures anequired toobtainedhigh yield of tPO.

5.2.3 Effect of water content

Water is not only a solveifior the reactiorbut also a product of the hydrogenolysis of glycerol.
Removal of waterrbm the product drives the hydrogenolysis reaction forward. Besides it is
preferable to use a concentrated feed in order to reduce the energy cost of heating water and to
increase reactor efficiency (reactor space time). Thereidraes partthe effect & water content
(aqueous glycerol feed concentrajion the overall reaction was selected for gtod the impact

of diluents.

Experimental condition

The effect ofwater contenbn the overall reaction is studied by carrying out the hydrogenlolysis
of glycerol at20, 40, 70, 9@t % waterunder the othevise the sameeaction conditias The
experiment was performed at 2€0 under 580PSI Hpressure using 2d6.5wt%) of
10NiI/30HSIW/AILOs catalyst,30g of glycerolfor 7hours. The catalysts were reduced=@ for

5h.

Results and discussion

Table 54 providesasummary otheeffect of initial water content on overall glycerol conversion
and product distributiamhe main products observed in the liquid phase were: atgd?D, 1,3

PD, acrolein (Acr) and-PO. Some other products (OP) such as methanol (MeOH), ethanol
(EtOH) and ethylene glycol (EGyere also obtained.

As can be seen from the Tabled5Fig 56 and Fig 57, as the water content increased, the
conversiorof glyceroland selectivity tdoth 1,2-PD andacroleindecreasedThis may be due to
the fact that as water contentimereasegthe equilibrium is driverin the backwarddirection.
However, the selectivity to-RO slightly increased.
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Table 5-4 Effect ofwater contenbn the conversion aflycerol and the distribution to products in

the hydrogenolysis of Glycerol

Water Kobe Conv Selectivity, mol%

B s mol% 13pD 12PD Acetol 1-PO  Acr.  OP*
20 32565 540 00 39 12 721 59 169
40 278E5 483 00 34 12 765 54 135
70 246E5 438 00 29 12 89 54 96

90 1.92E5 36.4 0.0 5.9 0.0 81.2 2.2 10.7

Reaction ®ndition: 10Ni/30HSIW/ALO3 catalyst, 240°C, 700RPM0Og of glycerol,6.5wt%
catalyst(2g), 7 hours,and 580PSI of K *OP. By-products included methan@thand andEG

60 -

50
40 -
30

20 -

Glycerol conversion, mol/I

10 -~

] 2‘0 4I0 6IO 86 1(I]D

W ater content, wt%
Figure 5-6 Effect ofwater contenvn Glycerol Hydrogenolysis and produltstribution Reaction
condition: 10Ni30HSIW/ALOs catalyst, 240°C, 700RPMB0g of glycerol, 6.5wt%(2g) of
catalystand580PSIH..

Dilute feed solutiongncreasehe ®lectivity to PO butdecreas¢he conversions of glycerahd
intermediate species of acrolein and-B[2 or vice versaThis changing tendency can be
explained: thelecreasef water contenleadsto anincreagin the glycerol conversion so the yield
of 1,2-PD and/or acroleiras a primary product will increase. However-PR and/or acroleins
suggested as an intermediate speciesR®1so theamouwnt of 1,2-PD and/or acroleinncreases

with increasing glycerol concentration, while the available nunabecatalytic sites (i.e., the
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amount of catalyst) is constant. As a result, less active sites becomes available for the conversion
of 1,2-PD and/or acroleirio 1-PO,somore 1,2PD and/or acroleirtan be retained and lesD

is producedBased orstoichiometric calculatior(Scheme 8l), it is showed thafl mol of Hz is
requiredto convertl mol of 1,2-PD to 1molof 1-PObutit is required2 mol of H, to convert 1

mol of Acr to 1mol of 1PO.Althoughit is requiredmore H to convertan intermediate specof

acrolein to IPOthan to converof 1,2-PD to PO, for theentire reactiont will need the same
amount of H whether 1PO is obtained from 1;RO or acrolein, i.e2 mol of H is required to
producel mol of 1-PO from 1 mol ofglycerol

.H2
OH 41- H.C
Hst\/ 3 \/\OH

1,2-Propanediol 1-Propanol
+2H
O __ "“%2 _ HC
HZCN " 0H
Acrolein 1-Propanol

Schene 51 The production of 2O from 1,2PD and Acr
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Figure 5-7 PseudeFirst-Order kinetic plots of the effect ofwater contenfeed concentratioon
hydrogenolysis of glycerol in the presencel ONi/30HSiIW/AI>Oz catalyst;Reaction condition:
240°C, 70&PM, 30g of glycerol, 2g (6.5wt%) ofcatalyst, and80PSIH>

Summary

Dilute feed solutionsncreasethe selectivity to PO butlower the conversions of glycerol.
Increasing the glycerol concentration (decreasing the initial water content) decreased the
sdectivity to 1-PO but the selectivity to 1-RD and acrolein increasedhe increas in the

concentration of glycerol results in less activesditeconing available for the conversion of 1,2
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PD and/or acroleirto 1-PO. Optimal glycerol feed concentratios required to obtained high
yield of 1-PO.

5.2.4 Effect of catalyst weight loading

The amount of catalyst present in the reaction mixture is an important parameter that influences
the rate of reaction. The amount of solid catalyst determingstdilemount of surface area of the
catalyst and the number of sites available for the reaction. When the amount of catalyst increases
the amount of sites available for the reactants to get adsorbed onto and react also increases. In this
part of the researchreactions were performed to determine the impact of catalyst loading on

conversion of glycerol to other products.
Experiment condition

The effect of catalyst loading on the overall reaction is studied by carrying out the hydrogenlolysis
of glycerol usinga different weight of catalysbver the range of 2.5, 4.5 and 6.3% under
othemwise the sameeaction conditioa The experiment was performed at 230700 RPMunder

580 H pressure using 10KBOHSIW/ALLO3 catalyst, 30g of glycerdBOwt. %) 70g of DI wate,

for 7hours.

Results and discussion

Table 55 andFig. 5-8 providea summary ofthe effect ofcatalyst loadingn the overall glycerol
conversion and product distributiofhe main products observed in the liquid phase were: acetol,
1,2-PD, 1,3PD, Acr,1-PO and EG. Some other products (OP) such as methanol (MeOH), ethanol
(EtOH) were also obtained

Table 5-5 Effect of catalyst loading on the conversion of glycerol and the distribution to products

in the hydrogenolysis ajlycerol

cat Conv ..o st Selectivity, mol%

0,
woe Mo% ES 1 3pp  12PD  Acetol EG  1-PO  Acr  OP*

25 554 3.62 0.0 0.0 1.0 0.0 90.6 51 3.2

45  68.7 5.13 0.0 0.8 0.7 0.0 92.0 35 31
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6.5 811 7.00 0.0 00 0.6 0.0 90.6 3.7 51

Reaction conditionn 10Ni/30HSiIW/ALO3 catalyst, 240°C700RPM,30g of glycerol 70g of DI
waterand 580PSI of K *OP. By-products included methanol and ethanol
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Figure 5-8 Effect of catalyst weight loading on Glycerol Hydrogenolysis and product distribution;
Reaction condition 10N¥30HSIW/ALOs catalyst,240°C, 700RPM30g of glycerol (30wt%),
70g of DI waterand 580PSI H
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Figure 5-9 Pseudsefirst-orderkinetic plots of effect of catalyst weight loading on hydrogenolysis
of glycerol in the presence bONi/30HSIW/AIOz catalystReaction conditiort 240°C, 700RPM,
30g of glycerol (30wt%), 70g of DI watesind 580PSI H
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As can be seen, while the glycerol conversion increased monotonously with increasing catalyst
loading, the product distribution is only affected slightly. The selectivity to acetolasatreith
anincreasen catalyst loading, anthe selectivity to by products is the lowes#4d®% catalyst
loading. It is suggested that higher catalyst loading provides more active sites for the
hydrogenolysis reaction of both glycerol to-BRand1,2-PD can undergo further hydrogenolysis

to propanol.However, further increases in catalyst loadieguld provideexcess active sites
resulingin increased exposure ofFA0to produce undesired products dags slightincreasen
selectivity of by-produds. According to Fig. 9, it is alsoevident that the reaction rate of the

hydrogenolysis reaction increased with an increase in catalyst loading.
Summary

Conversion increased with catalyst loading, but selectivity had a maximum of 92.7% at 4.5%
loading.It is assumed that high catalysadingsmayresult inanincrease in the decomposition of
thedesiredproductor promote side reaction®ptimal catalyst loading is required to obtainigh

yield of 1-PO.

5.25 Kinetic analysis

Based on the samplingth, the rate constant and the kinetics could be determined.
For the reaction of glycerol anc lthe reaction to produceRropanokan be written as
Glycerol +2HY -PO + 2HO

The empirical rate law will be of the form:
—— = K[GL]H2]’[H20]cat]

where a, b, ¢, d are the reaction orders with respect to Glycerdf.® and catalyst respectively

Since [cat], [H] and [HO] are constant,
—— =kob{GL]?

wherekobs= k[H2]’[H20]cat]’
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we will have anew constanthatis caled kpssincethis willbether at e const ant t hat

in our experiment.

Theeffect of catalyst weight loadingas studiedAs can be seen from Fig. 5.98etexperimental
datashowedn[GL] vs.timeis a straight line, thus it is suggested ttie reaction is firsorder in
GL. The plot of In[GL] vs. time is represented by the equaitdn

—— =kondGL] (5-1)

To study the reaction order with respectcamlyst, 1/Hz], and 1/H20], a set ofobserved rate
constantf catalyst, 1/H2], and 1/H-Q] are presented in Tab®5, 53 and5-4. The values of
the observed rate constarwere plotted as a function of each parameter respectively (Fgure
9B, 5-5C and5-7C). If the order of the reaction with respectdaalyst, 1/Hz], and 1/H2Q] is 1
then it is expected thabds vs eachparameter will be a linear, otherwise the ordereaction is
not 1. The data that are shown in each figure. BB, 55C and 57C) indicate that the reaction
is first order with respect watlyst, 1/H2], and 1/H20]; and we can obtain the actual rate constant

from the slope of the line.

Therebre, the rate of glycerol disappearance is:

=k

PH, and [HO] are constant, and then
—— = KopdGL] where ks k——= kea{Cat], where ka= k————  (5-2)

From Fig 5-9B on plotting the value of the observed rate constants as a function of catalyst
loading, we found that thectual rate constant from the slagfehe line is ka=2.7E-5s'g® Then

—— = 2.7E5[cat][GL]

From 6-2) we have
k=K cafH2][H 20]=2.7E-5s'g1.4MPA.415mol.I'* = 4. 5E-3s'g*MPa.mol.I*

Catalyst loading and [#D] are constant, and then
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—— = KopdGL] where kps= k = knz—, where ko= k—— (5-3)

From Fig 5-5C on plotting the value of the observed rate constants as a functiognwéHound

the actual rate constant from the slope of the lingisXk1E-4 MPa.s!,

From 6-3) we have

k=K oL i = 2.1E-4MPa.s%.41.5mol.I'1.(12)g = 4.3E-3g 'sMPa.mol.I"

Ll <
T «
Catalyst and [k are assumed constant, ahdn

— = KopdGL] where kps= k————= kioo——, where koo= k—— (5-4)

From Fig.5-7C, on plotting the value dhe observed rate constants as a functiorp®f, e found

that the actual rate constant from the slope of the line.ts=R.0E4 mol.i*.s?

From 6-4) we havek=knz0 j,l_ iZ.OE—4 mol.It.s.4MPa.(1/2)g'=4.0E-4g'sMPa.mol.I*
r

The results showed that thectualrate constant are similar when(® Hy) or (catalyst, HO)are
keptconstant antl ~ 4.5=-3 s'gMPa.mol.I*. However, when the catalyst and Were
constantthe actuarate constartbecomesower andk~ 4.0E-4 sgMPa.moll™t. The reason

may be becauder this set of experimentthe catalysts were reduced at high temperature of
450°C, while for other two setsf experimentgwhen catalystand[H20] or [H20] and[H2] were
keptconstan) the catalysts were reduced@awer temperature oB50°C. It is observedrom the
section 6.2.2hatthe catalyst loseis acidity that results in the loss of its actiwtfen it is
reduced at temperature above AR hereforetheactualrate constant of the reaction using the
catalyst rduced at 45T islower thanthatof the reaction using the catalyst reduced afG50

5.2.6 Effect of temperature andactivation energy

Temperature plays an important role in the hydrogenolysis of glycgimte temperature can
affect the rate of the ldyogenation. Increasing temperature leadshenge irrates of adsorption,
desorption that can cause a change in hydrogenation step and the overall feattti®section,

the reactions were performed to determine the impact of temperature amatéhef the
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hydrogenolysisof glycerol to other productsThe valueof the activation energy was also

calculated.
Experimental condition

The effect of temperature on the overall reaction is studied by carrying out the hydrogenlolysis of
glycerol at 230 to 261 under the othevise the sameeaction conditioa The experiment was
performed at 580PSI tressure using 2g of 10SDHSIW/ALOs catalyst, 30g of glycerol
(30wt%), 70g of DI waterfor 7hours. The catalysts were reduced at@aor 5 hours

Results anddiscussion

The effect of temperature on the catalytic performanch®fLONi/30HSIW/ALO3 catalystis
presentedn the Table5-6 and kg. 510. The main products observed in the liquid phase were:
acetol, 1,2PD, 1,3PD, Acr, PO and EG. Some other prads (OP) such as methanol (MeOH),
ethanol (EtOH) were also obtained.

As can be seen, the temperature affects significantly the conversion of glycerol and the degradation
of 1,2PD. The glycerol conversion and -pyoducts increased monotonously with insiag

catalyst loading, while the selectivity to 49D and acetol decreased. At 260the conversion of
glycerol reached 100%n.increagsg temperature from 23C to 260C the selectivity of 1D
decreased from 2.9% &mundetectable level, meanwhilee selectivity to PO slightly increased

initially and then went through a maximum of 91.2% at 220 Further increaseintemperature

from 250°C to 260C decreased the selectivity 6D significantly to 84.2% at 100% conversion

of glycerol.

Although high temperature favors-RO production, it also promotes the degradation-BiOL
Over the range of 230 to 2%D), the effect of temperature on the selectivity #8Q distribution
was not significant (selectivity to-RO reaches around 90%). However ighkr temperature of
26(°C the degradation of-RO occurs significantly, more than other light products which were
produced leading to a decrease in selectivity-8fQLto 84.2% and an increase in selectivity to
other products (9.1%). This indicated that @ high temperature of 28D, excessive

hydrogenolysis resulted in the degradation-6fQ or in increase side reactions.
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Table 5-6 Effect of temperature on the conversion of glycerol and the distribution doigigoin

the hydrogenolysis oflgcerol

Conv. Selectivity, mol%
T,°C

mol% 13PD 12PD Acetol EG 1-PO Acr OP*
230 53.0 0.0 2.9 0.9 00 903 22 3.7
240 67.4 0.0 1.7 0.6 00 924 16 3.7
250 91.2 0.0 0.0 0.4 00 908 28 6.0
260 100.0 0.0 0.0 0.4 12 848 45 9.1

Reaction condition 10Ni/30HSIW/AI O3 catalyst, 240°C, 700RPM, 2g catalyddg of glycerol
(30wt%), 70g of DI water580PSI of H, 7hours.* OP. By-products includednethanol and

ethanol

Conversion of Glycerol A Selectivity to Acetol B
100 - 100 4
80 | 80
= 60 - aQGO -
] 3
£ a0 - E40 4
20 20
o . . . o -k:-u._ -
[} 2 tLh 4 6 o 2 t h 6
2300C 2400C —4+—2500C —=— 2600C 2300C 2400C —t=— 2500C —a—2600C
Selectivity to 1,2-PD C Selectivity to Acr. D
100 4 100 -
20 - 80 -
= 60 - *® 60 -
= 5
£ a0 £ 40
] 207 .\A\éh—
o o —n
o - - L L - T T T
o th 4 6 = 2 t.h 4 6
2300C 2400C —+—2500C —S— 2600C 2300C 2400C —#—2500C —=&— 2600C

85




Selectivity to 1-PO E Selectivity to others E
100 - 100 -
80 - //'44'?"“—_.’_.—_\. 80
R 60 ~ 5260 -
5 3
€40 - a0
20 1 20
e - - - -
0 | , : o | S—t=— , :
0 2 th 4, 6 0 2 th a2 p
2300C 2400C —e 2500C —8—2600C 2300C 2400C —+—2500C —=—2600C

Figure 5-10 Effect of temperatureon glycerol hydrogenolysis and products seledivas a
function of time;A) Glycerol Conversion; B,C,D,E,F) Selectivity of acetol,-PR, Acr., tPO,
other products, respectiveRReaction conditionn 10N¥30HSIW/ALOs catalyst, 240°C, 700RPM,
2g catalyst30g of glycerol (30wt%), 70g of DI watand580 PSI ofHa.

Activation energy

Based on thenalysesof PseudeFirst-Order kineti¢ the observedrate constants at different
reaction temperatureand the activation energy for thelONi/30HSIW/AI2Os catalyst was

calculatedcandis presented in Table-B.

Table 5-7 Effect of temperature on the reaction rate of hydrogenolysis of glycerol

T,°C Kobs, St T (K) UT*K 2 Ln(K obs)
230 3.30 EOS 503 0.00199 -10.32
240 4.77 EO5 513 0.00195 -9.95
250 1.14 EO4 523 0.00191 -9.08
260 1.58 E04 533 0.00188 -8.75

Ea/R is the slope of the line given in the Fi§Za The activation enerdy Ea = 124.1 kJ/mol.Up
to date there is no work has done on the activation energy for the hydrogenolysis of glyterol to
PO.

Summary

It was shown in this study that with an iease in temperature from 230 to 260there was a
remarkble increase in the glycerol conversion from 53 to 100%. The selectivity -8D1,2
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decreased gradually with an increase in temperature and was undetectalfié .afl2isindicated

that 1,2PD mosty undergoes hydrogenolysis to foraPD at 258C. The selectivity of O was

stable at around 90% until 28D but significantly drop from 90% to 84% at 260 This suggests
that 2PO may be degraded at high temperature of@60

Increasing temperature yjnpromote further hydrogenolsis of IPD to :PO. However excessive
heat may cause the degradation 4?Q to other products or other side reaction. Therefore it is
suggested that operation at higher pressures may prevent degradation of produotsdt tisaft

the activation energy of thdéwydrogenolysis of glycerol to -BO using a catalyst of
10Ni/30HSIW/AROz is of 124.1 kd/moénd it is chemically kineticallyantrolled
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Figure 5-11 Pseudefirst-order kineticanalysisfor the 10Ni/30HSiIW/AI.Os catdysts at different
temperature (230, 240, 250 and ZBp Reaction conditiornt 240°C, 580PSaf Hz, 700RPM, 29
of catalyst,30g of glycerol (30wt%), 70g of DI water
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Figure 5-12 Calculation of the activation energy based on dr(kand 1/T using the eqtian
Ink=InA-E4/R(1/T)
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5.3 Study of the effect of NiIHSIW/AbOs loading on Al>O3

Bifunctional catalysis involving successive chemical steps on two independent types of sites plays
an important role for hydrogenolysis of glycerol. The investigation of tfeztedf metailacid

balance on bifunctional catalysts is important.

Therefore, the effect of active component content was studied by varying the weight loading of
HSIiW and Ni to find out the effect of component content and the optimum composition. &irst th
weight loading of HSIW was studiehdthen the optimum HSIW weight loading was chosen to
study the effect of Ni loading.he active components were added in sequentteesd#fect of the
sequencef addingthe active componenwas also studied.

5.3.1 Effect of HSIW loading on catalytic activity of the1ONi/HSiW/Al 203

In this part the effect of HSIW loading on the catalyst activityl@Xi/HSiW/AI.O3 for the
hydrogenolysis of glycerol was studied. The weight loading of HSiW on the catalysts was varied
from O to 30wt%while the loading of Ni is set at M@ in order to investigate the influence of
HSIW loading on the catalytic activities of theNi/HSiW/Al.O3 catalysts.

Experimental condition

The effect of HSIW loading on the catalyst actiwgisstudied by varying the weight loading of
HSIW on the catalysts from 0 to 30wt¥e hydrogenolysis of glycer@las carried ouat 290,
580 and 800PSI of hydrogen pressure under wikerthe sameaeaction conditioa The
experiment was performed at 2@under BOPSI H pressure using 2g of 108DHSIW/ALOs
catalyst,30g of glycerol (30wt%), 70g of DI watefor 7hours.The catalysts were reduced at
450°C for 5 hours.

Results and discussion

The conversion of the glycerahd product distributionbservedas a @inction of timeat different
HSIW loading are shown in Fig5-13 and the datare summarizd in Table5-8. The main
products observed in the liquid phase were: acetePD,21,3PD, Acr, 2PO and EG. Some other
products (OP) such as methanol (MeOH)aebl (EtOH) were also obtained.
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The Fig 513 shows that for all catalystss the reaction proceeds, the conversion of glycerol and
the selectivity of PO gradually increase (FigE A and D), while the selectivity of acetol, 4,2

PD and acrolein (the iarmediate species) increases at the beginning of the reaction and then
slightly decreases witimcreasingeaction time (Fig 83 B, C and E).

Table 5-8 Effect of HSiIW loading orthe conversion of glycerol and the distribution to products

in the hydrogealysis ofglycerolusing 10NiAl20s

HSiw, Conv. Selectivity, mol%

wt%  mol% 1,3PD 1,2PD Acetol EG 1-PO Acr OoP*
0 51.6 0.0 23.8 0.6 11.5 13.0 0.0 51.1
2.5 58.2 0.0 9.7 0.5 12.3 18.7 0.3 58.5
5 39.5 0.0 25.2 0.8 23.0 23.2 0.6 27.2
10 37.2 0.0 17.5 10 17.0 37.1 1.0 26.4
20 39.8 0.0 54 1.1 5.3 69.2 3.4 15.6
30 43.8 0.0 2.9 1.2 0.0 79.7 5.4 10.8

Reaction condition 10Ni/XHSIW/AIOz3 catalyst (x=0, 2.5, 5, 10, 20 an@0wt%), 240°C,
700RPM, 2g catalysB0g of glycerol (30wt%), 70g of DI watemd 5808I of H..* OP. By-
products includednly MeOH and EtOH

As can be seen from the Tabl@5the variation of HSiW loadingverthe range from 0 to 3@%
influences both the glycerol conversion and the product distribution. The selectivity to acetol, Acr
ard 1-PO gradually increased witlin increasein HSIW loading. However the conversion of
glycerol and selectivity of bproducts first increased and then decreased, both of them went
through a maximum of 58.2% and 58.5% respectively ait2%50f HSiW loading The selectivity

to 1,2PD and EG also went through a maximum of 25.2% and 23% respectivelpat-ssiw
loading. Usingthe HSiW-free catalyst (i.e. Ni/AOz) and low loading of HSIW of 2\t%, the
primary product was by products (mainly ethanol) witkladivity of 51.1%, whereas only minor
amount of1-PO (13%) was obtained. This result suggested that at low HSIW loading (below
10wt%) the sequential hydrogenolysis capability of HSIW supported pAtatalyst was not
effective to catalyze the sequehtiygdrogenolysis of 12D to 2PO. Besides, the catalyst was
also not active for the production of acrolein throtlghconsequence dehydration of glyceanid
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the selectivity to acrolein is lavbeingless than 1%This maybe due tthe low acidity of the
catalyst at low HSIiW loading.
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Figure 5-13 Effect of HSiW loading on Glycerol Hydrogenolysis and products selectivity as a
function of time;A) Glycerol Conversion; B,C,D,E,F,G) Selectivity of acetol -B]2, PO, Acr.,
other produd, respectively. H) A comparison in catalytic performanégaction conditiorn
10NI/HSIW/AIO3 catalyst, 240°C, 700RPM, 2g cataly3@g of glycerol (30wt%), 70g of DI

waterand H.
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Figure 5-14 PseudeFirst-Order knetic plots of effect of HSIW loadig on hydrogenolysis of
glycerol in the presence @ONi/HSiW/AI.Oz catalyst;Reaction conditiort 240°C, 700RPM30g
of glycerol (30wt%), 70g of DI wateRg catalyst, and 580PSbkH

With aloading of HSiW higher than 1% the sequential hydrogenolysis ahpity of the catalyst
was elevated considerably and the sequence of dehydration of glycerol was also promoted. As can
be seen, when the loading of HSiW was belowt% the selectivity to PO and Acr is as low as

37.1% and 1% respectively at 37.2% cowsi@n of glycerol. When the HSIW loading was
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increased to 20t% the glycerol conversion increased slightly to 39.5% b&Oland Acr
selectivity jumped up to 70.2% and 3.4% respectively. The selectivityP© and Acr reached

the highest value of 80.9% abdi% at 43.8% conversion of glycerol withv@® HSIW loading.

It is suggested that the loading of HSIW shouldhigher than20wt% to promote the ftiher
hydrogenlolysis of 12D to PO or the production of Acr fdhe sequence of dehydration of
Acr to 1-PO. It is believed that such changes in selectivity are likely related to the acidity of

catalysts. Hence it is believed that HSiW played an important role in the productiéiOof 1
Characterization of catalysts

Acid properties of the catalyst with tBfent HSiW content were explored by BNHAPD from 50

to 750%C to determine the guantity of acid sites on the catalyst surface and the distribution of acid
strengths of the catalyst and thus, to find a comprehensive correlation between HSIW content with
catalytic activity and acid property of the 1GMNiSIW/AI>Oz catalysts. Fig.5-15 shows the
profiles of NH: desorbedrom the studied catalystThe correlatiorbetween the loading of HSIW

and acidity of the catalysiredepicted in thé=ig. 5-16A. The TPD data was deconvoluted into 3
peaks (namely weak, medium aricbag acid sites) using a Gaussian fitting methbé,quantity

of acid sites of the catalysts is recorded in Téb#and was then correlated with the catalytic

activity of the catalysts.
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NiAl
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Figure 5-15NHs-TPD patterns of different HSiW loading
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Figure 5-16 A. Effect of HSiW loading on acidity of the cataly8. Effect of total acidity of the
catalyst on the conversion of glycerol and selectivity to products

The datashows that the total acidity of the catalgstd the strength of medium acid sites
monotonouslyncreased with increasirgf HSiW loading At low loading of HSIW below 1@1t%,
there is essentially no effect on acidityowever with a further increase in HSIW loading to
20wt%, the total acidity increased significantly.is notedthatthe selectivity to 4O behaves in
parallel with the acidityandthe strength of medium acid sifeghile the selecitivity to 1;PD and

EG decreases with the loading leaed is inversely proportional to the strength of medium acid
sites It is suggestethattotal acid amount and medium acid sifehe catalystavorthe formation

of 1-PObut digavor 1,2PD and EG
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At a low loading levebf HSIiW, although the dispersion is high, the direct interaction between the

surface and heteropolyacids are

rathgrong,

causing sometimes decomposition of

heteropolyacids. Niladsorption shows that low HSIW loading the strength of strong asits

is high(a shift toward higher temperature from 42@o 480C). The total acidity linearly increases

with the amounhof HSIW loading. It shows the dependencies of the reactions with the loading

amount of HSiWon thecatalysts

The effect of different HSiW loading on catalyst surface area was investigateddogdtptioin

desorption isotherm&8ET surface area was calated by desorption isotherms and tesultis

listed in Table 59. It is interesting to note thahere is aslightincreasean thesurface area of the

catalystfrom 17.9 to 20.9rig after HSiW was loaded onto 10Ni/#&s suggesting that the pores

of alumina are not blocked by the HSiWHowever a further increase of HSIW loading does not

improvethe surface area of the catalyst.

Table 5-9 BET surface area and total acidity of different HSiW loading catalysts

i SAA Weak acid site Medium acid Strong acid site )
HSIW, ) Total acid
m2/g mmol/g site mmol/g mmol/g
wt % amount, mmol/g
/(Temp.) /(Temp.) /[(Temp.)
179 0.028(173C) 0.013/(35C°C) - 0.041
20.9 0.022(18PC) 0.024/(27C°C) 0.027/(48C°C) 0.073
10 20.9  0.029/(196C) 0.035/(282C) 0.042/(476C) 0.106
20 21.1  0.1%4/(186°C)  0.191/(324°C) 0.149/(420C) 0.494
30 21.2 0.23/(18%C) 0.396/(338C) 0.168/(436°C) 0.796

X-ray diffraction was carried out to identify the crystalline structure of the catalysts. -fég X

patterns for different HSIW loadingrea shown in Fig5-17. Generally, bulk HSIW exhibits
characteristic crystalline peaks &80, 20°~24°, 26~28°, 32~35[15§. It can be seen that no
diffraction peaks corresponding to HSIW can be observed in the XRD pattern for Svetrféh 10

HSIW suppoted 10Ni/AbOs catalyst, suggesting that HSIW was well dispersed on Al. As the

loading amount exceeds 10wt%, some characteristic crystalline peaks of HSIW gradually evolve.
This is a cleaindicationthat large crystals of HSIW form which subsequently lotie HSIW
dispersion. It is believed that, heteropoly ions strongly interact with supports at the loading below

10%, while the bulk properties of these materials prevail at high loading. This can explain why the
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acidity of the catalyst was lgvbeingextremely low when the loading of HSIW¥ below 10Wt%

and the acidity increases significantly at high loading.
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Figure 5-17 XRD patterns fodifferentHSIW loading

Summary

The variation of HSIW loadingver the range of0 to 30wt% influencesboth the glycerd
conversiorand product distributianThe total acidity linearly increases wahincrease irHSIW
loading.Acidity canpromote the production dFPObut decreasethe production of.,2-PD and
EG. The loading of HSIW should be sufficiénhigh, i.e. 20wt % or higher)to promote the futher
hydrogenlolysis of 1D to 2PO. 30wt% HSIW loading shows the highest activity in the
production of 1PO.

5.3.2 Effect of different amounts Ni loading

It was found that30wt% HSIW on a 10Ni/Al2O3 catalyst shows théighest activity in the
production of 1PO.In thispart of the research wotke effect of Ni loading on the catalyst activity

of Ni/30HSIW/AI 205 for the hydrogenolysis of glycerol was studied.
Experimental condition

The loading of Ni on the catalystsas/varied from 0 to 15wt% to investigate the influence of Ni
loading on the catalytic activities of theNi/30HSIW/AI>Oz catalysts. The experiment was
performed at 24, under 580PSI of Hpressure using 2g of Nsupported30HSIW/ALO3
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catalyst,30g of glcerol (30wt%), 70g of DI water7fOORPMfor 7hours. The catalysts were
reduced at 45 for 5 hours

Results and discussion

The conversions of the glycerol observed for different Ni loaglarg shown in Fig5-18, 519

and the dataresummarize in Table5-9. The main products observed in the liquid phase were:
acetol, 1,2PD, 1,3PD, Acr, PO and EG. Some other products (OP) such as methanol (MeOH),
ethanol (EtOH) were also obtainddowever at low Ni loadig of 0 and Wt%, there are some

other light aad heavy unidentified produc#so produced.

The data shows that, the variation of Ni loadavgrthe range of 0 to 4% influences both the
glycerol conversion and product distribution. Among the catalyst$%bBli loading is most
effective for the conersion of glycerol to PO.Onincreasinghe Ni loading from 0 to 1&t%,

the conversion of glycerol and selectivity to Acr decreases gradually from 59% to 37.2% and
41.5% to 4.3% respectively; however the selectivity to different products is affecteifferent
manner While the selectivity to -PO went through a maximum of 86.8%, the selectivity to by

products went through a minimum of 2.7% wait 86 Ni loading.

Table 5-10 Effect of Ni loading on catalytic activity of the I$IOHSIW/AI>O3

Ni  Acidity Conv Selectivity, %

wioe MMOVG o5 13pp 12PD Ac EG 1PO  Acr  OP
0 0.273 59.0 0.0 0.0 0.6 0.0 10.1 415 47.8*
1 1.297 534 0.0 0.0 1.3 00 417 420 150*
5 0.823 449 0.0 1.6 15 00 86.8 7.4 2.7
10 0.796 43.8 0.0 2.9 1.2 00 80.9 5.4 9.6
15 0.530 37.2 0.0 6.7 15 6.1 68.2 4.3 13.2

Reaction conditiort yNi/30HSIW/ALO3 (y= 0,1,5,10 and Mt%) catalyst, 240°C, 700RPM, 2g
catalyst,30g of glycerol (30wt%), 70g of DI watend 580PSI of b *: By-products included

methanol, ethanol and unidentifiedht ad heavy
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For the Nifree catalys(i.e. HSiW/ALOz catalyst)anda catalyst with Wt % Ni loading, Acr is
dominant(around42%), 1-PO was produced at low selectivity (10.1% and 41.7% respectively)
and no 1,2PD was obtained. With increasing of Ni loagl to 5vt%, the selectivity to -PO
significantly increases to 86.8%, wherdes decreased to a lowendel of around7% and 1,2

PD appearedt 1.6% selectivity However, further increase thfe Ni loadingled toa decreasén
selectivityto 1-PO, wheras the selectivity to 1;PD increases gradually to 6.7% with 15% Ni
loading the selectivity to Acr continuously decreased to 4.89hould be noted that further
increase of Ni loading fromv% to 15wt% leads tcanincreasan the selectivity tootherby-
products incluthg methanol and ethanol. As can be seen from the5FI@, the selectivity of 4
POwent through a maximum while the selectivity tofrpducts went through a minimum of at
5wt% Ni loading. e selectivity toAcr decrease but the seldwvity to 1,2-PD increasedlt is
believed that part of-PO came from the hydrogenation of acrolein that was produced from the
consecutive dehydration of glyceralhich wasalso reported by Xufeng L. in 201417.
Thereforeanincreasen Ni loading carpromote the hydrogenation adrolein to PO leading to

a decrease in the selectivity of acrolein but@lancancausea decrease iacidity of the catalyst
This decrease in acidity can slow down the dehydration step that results in a decreasgsioconv

of glycerol and suppressfurther hydrogenolysis of 1,2D to :PO.

Effect of Ni loading on HSiWNIi/Al, O,

0 1 5 10 15
Ni, wt%

Acetol mmmm]1,2-PD mmmmAcr Wmm 1-PO mmmm EG mmm Others —4=—GL Conv.

Figure 5-18 Effect of Ni loading orglycerol hydrogenolysis and products selectiviBeaction
condition: yNi/30HSIW/ALOs (y= 0,1,5,10 and 1t%) catalyst, 240°C, 700RPM, 2g abst,
30g of glycerol (30wt%), 70g of DI watand 580 PSI of H
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Figure 5-19 Effect of Ni loadingon glycerol lydrogenolysis and products selectiwaty a function
of time. A) Glycerol Conversion; B,C,D,E,F) Selectivity of acetol,-PR, PO, Acr., other
products, respectivelyReaction condition yNi/30HSIW/ALOs (y=0, 1, 5, 10 and 1%t%)
catalyst, 240°C, 700RPM, 2g cataly@dg of glycerol (30wt%), 70g of DI watand 580 PSI of
Ho.

98



13 1%Ni 4.E-05
s y = -3.25E-05x + 1.23E+00 3.256-05
R?= 9.83E-01 3605
1 5%Ni 2.56E-05 2.48E-05
1 ¥ = -2.56E-05x + 1.28E+00 3.E-05
09 - R?=19.83E-01 2.03E-05
= T 2E05
% 08 - 10%Ni =
£o7 1 @ y = -2.48E-05x+ 1.29E+00 205
RZ=9.76E-01
06 -
1E-05
057 15%Ni
04 - ¥y = -2.03E-05x + 1.28E+00 5.6-06
03 ‘ ‘ R?=9.82E-01
0 10000 20000 0.E+00
Time, s 1% 5% 10% 15%
A 1%Ni @ 5%Ni W10%Ni 4 15%Ni Ni content, %

Figure 5-20 PseudeFirst-Order knetic plotsof effect of Ni loadingon hydrogenolysis of glycerol
in the presence of ABOHSIW/AI>Os catalyst;Reaction condition 240°C, 700RPM, 2g catalyst,
30wt% (30g)aqueous glycerol and 580PS4 H

Characterization of catalysts

To examine surface acidity, NHFPD wasperformed The TPD data was deconvoluted into 3
peaks (namely weak, medium and strong acid sites) using a Gaussian fitting method, the quantity
of acid sites of the catalystssBown in Tablé-11 andFig. 5-21 and was then correlated with the

catalytic ativity of the catalysts.

NH3-TPD pattern of different Ni ratio
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Figure 5-21 NHs-TPD patterns foNi loading
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Table 5-11 BET surface are and acidities of different Ni loading catalysts

Ni SAA  Weak acid site  Medium acid Strong acid site

: Total acid
Wit% m2/g /r(r_:_rgr(::) 9_]) S';?Temr;ngl)/ 9 /?_I]_r:r?qlég.) amount, mmol/g
0 17.7  0.031/(206C) 0.205/(325C) 0.038/(45FYC) 0.273
1 15.2  0.214/(214C) 0.273/(304C) 0.811/(437C) 1.297
5 17.9  0.084/(95C) 0.538/(236C) 0.201/(440°C) 0.823
10 21.2  0.23/(182C) 0.396/(338C) 0.168/(436°C) 0.796
15  22.2  0.106/(189C) 0.277/(309C) 0.148/(408C) 0.530

As can be seen, the total number of acidic sites decreases with increasing Ni content. A decrease
in acidity may possibly be due to the covering of acid sites by Ni or it can be suggestets that th
behavior may result from direct anchoring on proton siuteish forms blockage of acid channels

by Ni particles. It ismportant tonote that Nifree catalyst possesses low acidity (0.273mmol/g)
compare to that ofthe Ni supported catalysit maybe de to the fact thathe Ni-promoted
catalysts in the presence of hydrogen incretieeaciditythat mightbe attributed to the formation

of water moleculesluring the reductionvhich couldfacilitate the formation o#ctive Bransted

acid sites which areonsideredto be theactive reactiorsites[83, 89-91]. However the strength

of acid sites does not follow this pattern. Among the catalysts%®Ni loading catalyst has its
weak and medium acid sitas itsloweststrength andthere was a significarshift toward lower
temperature (shift of weak and medium acid sites from arourffC20®% C and300°C to 236C
respectively). This decreasethe strength otheacid site ofthe 5wt % Ni loading catalyst may
result in a proper balance between adielssand metal sites so tlatimprovanent inthe activity

of the catalyst toward the production ofPO from glycerol.

BET surface area was calculatiedm desorption isotherms and the resaltelisted inTable 5
10. As can be seen, the surface areeasesvith anincreasen Ni loading.However, the increase

in surface aredoes noseemto affecteitherthe catalyst activityr acidity.

To examinestructural changes induced into its active phase, XRDp&gsrmed and theesults

areshown in kg. 5-22.
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Figure 5-22 XRD patterns for differeniNi loadingcatalyst.

As can be seen from the XRD pattena diffraction peaks of Ni@ 2 d = 44337and362.9)

are observed for the Ni loadingbup to 5wt % suggesting that Ni was dispersed well; eithem
amorphous nature of Ni ithe catalyst or that the size of Ni is smaller than the XRD detection
limit. Further increasin the Ni loadings to 15who, results indiffraction peaks attributed to the

NiO phaseéhat carbe observed and the intensities became stronger with a further increase of metal
loading. As the loading of Ni is increasethe reason for the formatioof diffraction peaks
attributed to the NiGnight be due to the inhomogeneous distribution of the Ni species or the
particle beconmg largerdue to agglomeratiowhen Ni was loaded at high leseFurthermore the
intensities ofthe diffraction peaks attributed to éhHSIW phase have been observed and the
intensities became weaker with an increesenetal loading It is believed that in the case of
impregnated catalysts, the metal and the support are two separate phases and their interaction does
not lead to any majcchange in the support structure. As a resuldiffeaction peaks attributed

to the HSiWwould decrease with increasing metal loading, since the added metal tbemse

walls and eventually fills up the pores.
Summary

The variation of Ni loadingverthe range of 0 to 3% influences both the glycerol conversion
and product distribution. It is found that the catalystiing5wt loading of Ni is the bestatalyst
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compared tdhe othess; it can givehe highest selectivity to -PO, redudng the byproductsas a

result of better dispersion of NiO on the surface of the catdtysst believed that part of-RO

came from the hydrogenation of acrolein that was produced froeotisecutive dehydratioof
glycerol. The total number of acidic sites and #wd strength was found to decrease with
increasing Ni content. A decrease in acidity may possibly be due to the covering of acid sites by
Ni or it can be suggested that this behavior may result from direct anchoring on proton sites and
from blockage of ad channels by Ni particle3.o achieve good performance, catalysts mugeha

a proper balance between acid sites and metal sites.

5.3.3 Effect of catalyst preparation sequence oONi/30HSIW/AI 203 catalysts

The catalyst was prepared by impregnatmnthe componerg in sequence. So the active
components can be added in different sequences and this change in sequence may influence the
activity and selectivity of the catalyst. Here the effgcthe preparation sequence was examined

by varying the order ofamponent adding.
Experimental condition

The experiment was performed at 220under 580PSI of Hpressure using 2gf
10NiI/30HSIW/AI 05 catalyst, 30g of glycerplOg DI waterfor 7hours.The catalystwvas reduced
at 450C for 5 hours.

Results and discudgsn

The effect of preparation sequences on the hydrogenolysis of glgcesoimmarized in @ble5-
12 and depicted in their. 5-23. The main products observed in the liquid phase were: acetol, 1,2
PD, 1,3PD, Acr, PO and EG. Some other products (OR)hsas methanol (MeOH), ethanol

(EtOH) were also obtained.

As can be seen from the data, the method of preparation sttasffect on the catalyst activity

in both the conversion of glycerol and product distribution. Among the catalysts, the onerepare
by the ceimpregnation method is the most effective with high conversion of glycerol and the

selectivity of acrolein is low. When the component of HSiW was added first, the selectiwty to 1

PO and the conversion of glycerol was low but the selectivity,26°D was high compared to

other catalysts. It is suggested that there may be a decrease in acidity of the catalyst that can affect
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the dehydration of glycerol and suppress further hydrogenoslysis-8fi@ tPO. In contrast,
when Ni was loaded firstthe selectivity to Acr was the highest.This may be due to the
hydrogenation of Acr to-PO slowdown (that may be caused by a decrease in Ni sites after loading
of HSIW on 10Ni/AbOs so lower acrolein exposure to Ni for hydrogenation). The catalysts
prepaed by the campregnation method show the highest psefiidb-order pseuddirst-order

rate constant compared to the other methods of preparatiorfb(Z4y.

Table 5-12 Effect of different sequence loading acto@mponent®n product distribution

- . ;
Sequerceof Acidity  conv. Selectivity, mol%
loading * TTOIE 0

mol% 13PD 1,2PD Acetol EG 1-PO Acr OP*
*HSIW first 0.796 43.8 0.0 2.9 1.2 00 809 54 95
*Nifirst 0.858 445 0.0 1.6 1.2 00 866 72 34
*Co-imp 1.264 476 0.0 2.2 1.0 00 869 48 5.1

Reaction condition 10Ni/30HSIW/ALOz catalyst, 240°C, 700RPM, 2g cataly@dg of glycerol
(30wt%), 70g of DI wateand 580PSI of B ** OP. By-products included methanol and ethanol
*HSIW first: The HSIW was added first then Ni was loaded @@dSiW/Al

*Ni first: The Ni was added first then HSIW was loaded drtigi/Al

*Co-Imp: catalyst prepared by Gmpregnation method

100 - Conversion of Glycerol A 100 - Acetol selectivity B
80 A 80 4
R 60 1 £ 60 -
3 3
£ 40 | €40 -
20 20 -
0 = : : : ‘ ‘ . 0 \I.%E#.
0 1 2 3 th 4 5 6 7 0 1 2 3 yh 4 5 6 7
—o— Co-Impregnation —&—HSiW first == Ni first —eo— Co-Impregnation ——HSiW first ——Ni first
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Figure 5-23 Effect of preparation sequence loading actiemponentsn glycerol hydrogenolysis
and products selectivitys a function of time A) Glycerol Conversion; B,C,D,E,F) Selectivity of
1,2°PD, PO, Acr., products,
10Ni/30HSIW/ALOs caalyst, 240°C, 700RPM, 2g cataly8f)g of glycerol (30wt%), 70g of DI
waterand 580PSI of H.
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Figure 5-24 PseudeFirst-Order knetic plots of effect of sequence adding components on
hydrogenolysis of glycerol in the presencel ONi/30HSiIW/AI>Oz catalyst;Reaction conditior
240°C,700RPM, 2g catalysB0g of glycerol (30wt%), 70g ddl waterand 580PSI H

Characterization of catalysts

To examine surface acidity, NHPD was performedThe TPD data was deconvoluted into 3
peaks (namely weak, medium and strong acid sites) using a Gaussian fitting method, the quantity
of acid sites of th catalystsvasrecordedand is showtin Table 513 and was then correlated with

the catalytic activity of the catalystdmong the catalysts, the catalyst that is prepared by co
impregnation has the highest aciglityowever the strength of strong acidesitis the lowest
(427°C). The acidity of the catalyst significantly decreases when active sites were doped in
sequence. It is suggested tiditen the component was addedequencehe interaction between
componenspecies and suppariay be strongetawsingthe catalysto become harder to reduce

and affect the balance between the acid site and the metal site tlsab l#el reduction in total

acidity of the catalyst. When HSiW was added first, the decrease in acidity may be caused by the
covering of aid sites by Ni loading or it can be suggested that this behavior may result from direct
anchoring on proton sites and from blockage of acid channels by Ni particles.

Table 513 Total acidity of different sequence HSIW loading catalysts

Weak acid Medium acid Strong acid site

: . Total acid
Sequence sitemmol/g  site mmol/g mmol/g amount. mmol/
/(Temp.) /(Temp.) [(Temp.) ' g
HSIW first  0.232/(18%C) 0.396/(338C) 0.168/(436°C) 0.796
Ni first 0.228/(208C) 0.428/(347C) 0.202/(45C°C) 0.858
Co-imp  0.367/(189C) 0.421/(363C) 0.475/(427C) 1.264
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X-ray diffraction was carried out to identify the crystalline structure of the catalysts. -Féang X
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Figure 5-25NHs-TPD patterns for method preparation

patterns for different sequence loading are shown in5F26.

Intensity

The XRD pattern ofhe pure supporshows the peaks of alpblumina. Compared with the XRD
pattern of Al, the peak intensity tife XRD pattern for all the catalysts diminishes. For all catalysts
the rdlection of SiW is observed but the intensity is slightly different. The diffraction lines
corresponding to the reflections of HSIW/ ¢ 220°~24°, 26°~28, 32~35°) can be observed in all

the XRD patterns othe catalyst, indicating thahe layer formation of the HSIW phase at high
loading of 30% HSIW on the surface of the Al. It should be noted that the peak intensity of HSIW

Co-lmp
el B ,t e
Ni first
HSIW first
1(; 20 I 310 l 40 zl() 50 l 60 70 80

Figure 5-26 XRD patterns for method preparation
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for (HSIW first) catalyst is weaker thdor the others, which implies that either (HSIW firshe
catalystfavors the dispersion of HSiW species on the surface of Al or the covering of HSIW by
additionof Ni. However, the peak intensity ieNiOs pe c i e ¢.3,(42.3f and 623) is
similar for all catalyst

Aiming to understand the differences in reduction behavior coming ffwenpreparation
methodologies, TPR studies were performed on all the catalyst sampliée aeduliareshown
in Fig 5-27.

Ni first

HSIiW first

oW

/N

t, C
T T T T T T
200 300 400 500 600 700 800

Figure 5-27 TPR patterns fosequence loading of component

As seen in Fig. 27, the TPRpatternof the all 3 catalysts shows, consumption peaks with

maxi ma around 800UC. T hoetwe2n 3D0Ocande50 are atmiquiedt@ t ur e
the reduction of highly dispersed NiO species that interact strongly with Al, and the higher
temperature peak to the reductiodasfyer NiO clusters, but also in stact with Al.

As for the catalyst that Ni was added fistdisplacement of the maximum of the first peak to a
higher reduction temperatuaadis seerto overlap with the second peak and its height decreases,

indicating the formation of particles witeds interaction with Al, and therefaséharder to reduce.

For the catalyst that is prepared thg co-impregnationmethod, the reduction peaks of Ni shift
toward lower temperature and overlap with the first peak, the reducibility of Ni is improved if the

catalyst is prepared the co-impregnationmethod.
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Summary

Briefly, the sequenaaf addingthecatalyst component during the preparation of catalyst can affect
the catalyst activity and the catalyst properties. Among these catalysts, the catalyst frgpared
co-impregnation isthe most effectivdor the hydrogenolysis of glycerol to-AO with high
selectivity to PO andiow by-products prodiion. Furthermorehe catalyst prepared lilye co-

impregnationrmethod possesses the highest acigityng others

5.4 Proposed reaction mechanism using heterogeneous metal catalysts

In order to elucidate the reaction seqguoe of glycerol hydrogenolysis anthderstand the
hydrogenolysis pathway of glycerol to lower alcohibisrole of the intermediatek,2-PD, 1,3
PD, PO over Ni/HSiW/Al wasnvestigatedinder conditions similar to that thifehydrogenolysis
of glycerol and the results are presented in T&ké and kg 5-28.

Hydrogenolysis Reaction

m Conversion m 1-PO Selectivity

98.1
90 90.8

Glycerol 1,2-PD 1,3-PD 1-PO
Starting material

Figure 5-28 Hydrogenolysis of glycerol and lower alcoholdReaction conditiorn
10NiI/30HSIW/AIOs catalyst, 240°C, 700RPM, 2g catalyd®g of glycerol (30wt%), 70g of DI
waterand 580PSI of b catalysts were reduced at 36Cor 5h.

The results show that with the same catalytic system the hydrogenolysisRid &/3d PO is not
as effective athe hydrogenolysis of glycerol and IRD. While the conversion of 2BD and 1
PO was low (26.4% and 8.5% respectivity), the conversion of glycerol ar@DLy@as much

higher (71% and 98.1% respectively). Using different starting materi&l§ 5 alwag a major
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product; however, the selectivity ofIO derived from 13D is low (only 77.4%) compared te 1
PO derived either from glycerol (90%) or from -BEP (90.8%). With respect to the formation of
ethylene glycol, it was obtained from glycerol hydrodgsis; however, it was not detected in the
1,2-PD and 1,3PD hydrogenolysis, suggesting that ethylene glycol was produced directly from
glycerol by a €C bond cleavage reaction. In the reaction of glycerol andPD,2ethanol was
observed which can be foad via sequential hydrogenolysis of ethylene glycol or decomposition
of 1,2PD. Since the conversion ofP0O was much lower than that of D and 1,3PD it can be
assumed thatPO is stable under the reaction conditions and can be considered ad firedinet

in the hydrogenolysis of glycerol using the catalyst 10Ni/30HSi¥YOALnder the reaction
conditions. In the hydrogenolysids 6P using 10Ni/30HSIW/AIDs catalyst, ipropanaldehyde

is produced as the major produdsing 10Ni/30HSIW/AIOs catdyst, it was clear that-PO was
formed mainly from the furthemydrogenolysis of 12D and it is evidenthat ethylene glycol
was not obtained from 1-RD. It is thought that the pathway for the conversion of glycerol using
10Ni/30HSIW/ALOs catalyst wold involve glycerol dehydration tacetol or 3HPA on acid sites,
followed by hydrogenatiorof acetol or 3HPA on metal sites tgproducel,2-PD or 1,3PD
respectively. Thefurther hydrogenolysis of 1D or 1,3PD will producel-PO. Therefore the
role of Ni and HSIW for hydrogenation and dehydrati@spectively in the hydrogenolysis of

glycerolwas studiedn this respect

Table 5-14 Hydrogenolysis of different starting materials using 188IHSiIW/ALOs3 catalyst
*a: Unreduced catalyst

*b: HSIW/AI catalyst

*c: Ni/Al catalyst

1 2 3 4 5 6 7 8
Reactant | Glycerol | Glycerol Glycerol® Glycerol® Glycerol* 12PD 13PD 1PO
Gas Nitrogen Hydrogen
Conversion 22.9 72.3 71.6 69.0 56.3 98.1 26.4 8.5
Selectivity
Acetol 17.3 0.6 1.1 0.6 0.5 - - -
1,2PD - 1.1 - - 20.4 - - -
1-PO 139 91.2 67.6 10.1 134 90.8 77.4 -
EG - - - - 11.8 - - -
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MeOH - 13 14 - 2.4 - - -
EtOH 4.9 2.7 16 - 515 2.1 15 20.7
Acr 134 2.9 25.9 39.4 - - 0.8 -

Propanal - - - - - 4.5 - 79.3
ulP 50.5-* 0.2* 2.4 49.9* - 2.6* 6.8 -

Reaction ondition: 10Ni/30HSIW/ALOs catalyst, 240°C, 700RPM, 2g cataly¥dg of glycerol
(30wt%), 70g of DI wateand 580PSI of b catalysts were reduced at 386(for 5h.

*UIP: unidentified light productst*UIP: unicertified light and heavy products
To explorea bifunctional metahcid catalysed pathway for the hydrogenolysis of glycera in

batch autoclavdirst the dehydration of glycerol diONi/30HSIW/AI2Os catalyst was tested under
the same conditions applied to glycerol hydrogenolystisoutaddiion of H> as a reactant fahe
hydrogenation steg\; was usednstead of H) (Table 514, colume 1) Without H, the reaction
was slow, yielding acetol and acrolein in moderate selectivity (12.5% and 12% respectively) and
selectivityto 1-POis low (15.6%)at only 24.9% conversionf glycerolcompared to the reaction
with Hz in whichthe conversion of glycerol and selectivity t&O increase significantlp 72.7%
and 90% respectivelfcolumn 2) Since metal is required for hydrogenation, the-remuced
catdyst was tested telucidatethe role ofthe metal(Table 514, colume 3) The data show that
without reducing, the activity ofhe catalyst is similar to the reduced catalysth respect to
glycerol conversionhowever the product distribution is influeed significantly Compared to
the reduced catalygtolumn 2)the selectivityto 1-PO decreaskfrom 90% to 67.6%however,
the selectivity of acrolein increasérom 2.9% to 25.9%7The result show thahe unreduced
catalyst lostits activity or has hydogenation activity severely reducéat the hydrogenation of

acrolein to 1PO.

Then the dehydration of glycerol using the catalyst without Niteadivas testedTable 514,
columed). As can be seen from tfi@ble5-14, the catalyst affects slightly ¢hcatalyst activity in
terms of the conversion of glyceralhichreacles69% however, it affects the product distribution
significantly. The selectivity to-PO significantly decreasdsom 90% to around 10%vhereas

the selectivity to acrolein increasgem 2.9% to 39.4%This again suggests that Ni is required to
hydrogenate acrolein taRO. Then the role of Ni was studied using only a metal of Ni supported
alumina(Table 514, colume 5) The data shows that 1D is produced as a major desired product

with aselectivityof 20.4% and ethanol as a mainfpduct whereas-PO was produced in low
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selectivity of 13.4%. The low-PO selectivity is expected to be due to lack of acidity for further
hydrogenolysis of 1;PD to PO, and Ni alone promotes thgpture of CC bondsto produce
ethanol These results support the bifunctional mechanism for glycerol hydrogenolysithever
10Ni/30HSIW/AI2O3 catalyst.

It is well-known fromthe literature that acid catalysts can be used to carry out dehydration of
alcdhols in which the alcohol can be protonated by a Brgnsted acid. Acidic sites can donate a
proton to the reactant molecule and form a carbocation transition state that is the primary driver of
the activity and selectivity of the reaction. In the dehydratidhealcohol,theacid catalyst tends

to favor removal of hydroxyl groups from carbons that form a more stable carbocation. Primary
alcohols are generally less reactive than the corresponding secondary alcohols due to the smaller
electronreleasing indative effect of one alkyl group a®mpared tdwo alkyl groupswhile the

secondary carbocation is more stable than timegoy carbocation [1%,160].

In glycerol hydrogenolysis, the first step involves an initial protonation of the hydroxyl group that
leads to the formadn of a carbocation and watd6fL 162]. The initial acid catalyzed dehydration

is the selectivity controlling step. If the primary hydroxyl group is eliminateePD2will be
obtained; if the secondary alcohol is eliminated theAPD3will form. The dehydration of a
primary alcohol produces acetol that is thermodynamically more stable than the dehydration of a
secondary alcohol to formBPA. Although dehydration of a secondary alcohol will occur via a
relatively more stable interadiatesecondary carbocation [10563], the readbn is kinetically
controlled [164,165]. This is likely due to the steric hindrance of the two primary alcohol

functional groups in the glycerol.

Acetol is formed via the eliminationf the primary hydroxyl groupwhile the elimination of
secondary hydroxyls will produceRBPA. Although 3HPA is morereactive compared to acetol
[59,166], it was not observed as an intermediate in the liquid phase under our reaction conditions.
The hydrogen activated on the metatifitates the hydrogenation of acetol eHBA to release
1,2-PD or 1,3PD respectively. Howevethe dehydration of 3HHPA on the acid siteto form
acroleinis very facile[204-208, therefore it i;not easyo obtain 1,3PD unless the hydrogenation
readion can be facilitated by a very active hydrogenation environment
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Further hydrogenolysis of propanediols will forrPD. Again the protonation of the hydroxyl
groups of propanediols can produce reactive carbocation intermediates. A dehydration@éaction
propanediols requires protonation of the alcohol group on the primary or secondary carbon to form
primary or secondary carbocation gmespectively [17R 1,2-PD haing the secondary hydroxyl

group can be easily dehydrated to produdeQlL Dehydratio of 1,3PD also leads to-PO
although it is expected to be less facile as the dehydration produces the less stable primary
carbocationThe pseudo first order rate constants show@hapter 4 Fig 4-5) showsthe rate
constant for the conversion oR1PD is the highest, followed by glycerol. The conversion of 1,3

PD is slower than the glycerol conversion while the conversion®O lis the slowest. The
conversion of 1,2PD and 1,3PD shows the rate constants for the conversion ePD,2s 15
timesfaster than for 1;D. These rate constants provide imporitafiormation on the proposed

reaction pathway for glycerol hydrogenolysis and also the product selectivity.

Based on the literatureview[50, 59, 64 108, 116] and our experimental reks, we propose the
following detailed mechanism to explain the formation of ti&Qlin theglycerol hydrogenolysis

over the 10Ni30HSIW/ALOs catalyst(Schemes-1). The intermediate products that are formed
from glycerol are acetoB-hydroxypropylaldehgle (3-HPA) , 1,2PD, 1,3PD and acrolein. -3

HPA and acetol are formed via the dehydration on acid sites of the hydroxyl group at the secondary
and primary carbon ataenWhile the overdehydration ofl3PA forms acrolein following by the
hydrogenation to fan 1-PO; the hydrogenation of acetol oiHPA leads to 1,2D or 1,3PD
formationwith further hydrogenolysis of 1;2D or 1,3PD to give 1PO. Since HPA is more

reactive compared to acetdd 166], it was not observed as an intermediate in the lighiase.

o OH
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Scheme E1. Proposed mechanism for hydrogenolysis of glycerol via bifunctional +aeigl

catalysis.
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From the mechanism proposed, we suggest that the main route for the formatB® dfdm
glycerol is via either the hydrogenation of acrolemfurther hydrogenolysis of 1;RD (and
1,3PD) where 12D (and 1,3D) and acrolein are the intermediates in the formationRO1

from glycerol.In the absence of hydrogen, acetol and acrolein were the major products. Therefore

hydrogen is required fahe next step of hydrogenation of theses intermediates to f&1@. 1

5.5 Leaching and recyclability of catalyst

Thesolid bifunctionalcatalyst used in the reaction can be separated from the reaction mixture as
it is heterogeneous. However whether thalgat suffers from leaching and if it could be reused

for the same purpose are ondlwaspects that must be explored.

The leaching of catalyst can be measured by using a hot filtration method. The catalyst was filtered
out from the reaction mixture #te stage of 50% conversion. If reaction further proceed, that
means leaching of catalyst happened. On other hand, if there is no further progress in the reaction
that indicates either there is no leaching or the leaching of component is not suffikiesp the

reaction proceedg. To study the leaching of HSIW supported catalyst, the catalyst was filtrated
from the liquid after 7h of experiment. Then the liquid was placed back into the autoclave. The
experiment was carried out for 6h to test for catdgaching. The resareshownin Table5-

15.

Table 5-15 Continuing reactiomfter filtering thelONi/30HSIW/ALOs catalyst

Leaching CoL Selectivity, mol%

mol/l
1,3PD 1,2PD Acetol EG 1-PO oP*

Before testing 3.111 0.0 2.9 1.21 0.0 80.9 14.9

After testing of 6h  3.088 0.0 1.6 1.16 0.0 78.4 18.9

OP*: methanol, ethanol and light unidentified products

As can be seen from tA@ble5-15, there is a slight decreasetine concentration of glycerol and
selectivity to tPOand an increase in Okhich sugyest thathe leaching is not significant or the

components that leached out from catatystessentially catalytically inactive for the reaction.
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To confirm if the leaching of catalyst affects the catalyst activity, the recylibilty of the catalyst was
studied. To study the recyclability ofie HSIW supported catalys type of catalyststhat were
reduced atlifferent temperature860°C, 400°C and 450C) were use@nd recycledFor each type

of catalyst, wo experiments were carried out usi@g of catalgt and then the catalystsere

recovered and reused one time.

The resuls werepresented in theable5-16. It is shown thatthe activity and acidity of the catalyst
reduced at 35 and 400C decreases after recycling. For both catalysts the conveffsitycerol

shows a decreasaf around 10% and there is a change in the distribution of ptedihke
selectivity to 1PO decreases while the selectivity to-B2, EG and byproducts increaselt is

belived that he loss in activity and acidity may beesult of leachingf HSIW. As a result the
basisity of the catalyst may increase legdo an increase in selectivitg EG. It is unexpected
thatthe catalyst reduced at £&Dshowved an increasén activity with regpectto the conversion of
glycerol and slectivity to PO, an increase in selectivity to Bfs still observedlt is thought

that after the catalyst involved in the hydrogenolyis of glycerol in water media, water may be added

to recover the heteropoly acid so the catalytic activity was ineteas

Table 5-16 10Ni/30HSIW/ALLOs catalystrecycling study

Red. Conv Se|ECtIVIty, mol%
Catal
Temp mol% 13pD 12PD Acetol EG 1-PO OP
Fresh 72.3 0.0 1.1 0.6 0.0 91.7 6.6
350
Reused 69.6 0.0 1.8 05 27 87.7 9.9
Fresh 67.4 0.0 1.7 0.6 0.0 91.2 6.5
400
Reused 57.4 0.0 8.3 0.7 5.8 71.9 13.3
Fresh 43.8 0.0 2.9 1.2 0.0 80.9 14.9
450

Reused 63.1 0.0 3.6 0.7 2.7 79 14.1
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5.6 Conclusions

The catalyst of10Ni/30HSIW/AI>Os was preparedusing the impregnation methoand a
parametric study was performed tinderstand the effect of different factors such as catalyst

loading, reaction temperatu@dhydrogen pressure

It is found thathe hydrogenlysis of glycerd chemicallycontrolledat astirringspeed of 500RPM
whichis sufficient to further hydrogmlyis of 1,2PD to PO but not increase the side reaction

to produce by products.

Theconversion of glycerak inversdy related to the hydrogen pressudige tomost likely to the
reduction of V§* to W°*or #* and a reduction in aciditidowever the hig H, pressure is necessary
to suppress the undesired dehydration or a side reactimhdecrease the undesired products.

Optimal operating klpressures are required to obtainigh yield of 2PO.

Dilute feed solutiongesults in an increasef selectiviyy to 1-PO butlower the conversions of
glycerol. Increasing the glycerol concentration (decreasing the initial water content) decreased the
selectivity to 1PO but the selectivity to 1-RD and acrolein increased. Optimal glycerol feed

concentration is ragred to obtained high yield ofRO.

Conversion increased with catalyst loading, but selectivityPO reached maximum of 92.7%
at 4.5% loadinglt is thought thahigh catalystloadingsmay increase the decomposition of the
product or promote sideaetions. Optimal catalyst loading is required to obgeiigh yield of
PO.

Increasng temperature may promote further hydrogenolsis of L2 to :PO. However excessive
heat may cause the dedeadon of 1-PO to other products

The total acidity lineayl increases witlanincrease in HSiW loadingcidity favors 2POwhile
basicityfavors 1,2PD and EG The loading of HSIW should be 2086 higherto promote the
futher hydrogenlolysis of 1;2D to PO.

The catalyst hang 5% loading of Ni is the best tdyst compared to otheris can givethehighest
selectivity to 2PO,andreduce the byroducts as a result of better dispersion of NiO on the surface

of the catalyst. It is believed that part 6PD came from the hydrogenation of acrolein that was
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produced from theonsecutivedehydration of glycerol. The total number of acidic sites and the
acid strength was found to decrease with increasing Ni content. A decrease in acidity may possibly
be due to the covering of acid sites by Ni or it can be sugb#siethis behavior may result from

direct anchoring othe proton sites and from blockage of acid channels by Ni particles.

The sequencef addingthe catalyst component during the preparatiorthefcatalyst can affect

the catalyst activity and the chtst properties. Among these catalysts, the catalyst prepared by
co-impregnations thebest for the hydrogenolysis of glycerol td?D with high selectivity to-1

PO and dw by-productsareproducedFurthermorehe catalyst prepared blye co-impregnation
methodpossesses the highest acidity andetagyreducibility of Ni.

The mechanismroposed suggesthat the main route for the formation oPD from glycerol is
via either the hydrogenation of acrolein or further hydrogenolysis ePD,2and 1,3PD) where
1,2-PD (and 1,3PD) and acrolein are the intermediates in the formatiorRD Xrom glycerol. In
the absence of hydrogeacetol and acrolein eve the main productsvhich suggestedhat
hydrogenis nessessarfor the next step of hydrogenatiarh intermediatedo produce desired
products.

Although 10Ni30HSIW/ALO3 catalystshows a goodctivity for the production of -PO from

glycerol; the leaching ahecatalystis aconcernand should be addressed in future studies
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Chapter Si x

Keggiem Hetper opol yaati dfl ogrs phpyod rt cegde n o |
glycerRnloptamol

Heteropolyacid (HPAS) present several advantages as catalysts that make them economically and
environmentally attractive6p,167. Among the HPAs, the best known of theseidures is the
Keggin type sHPAswhiclvapewdryystrong Bahsted acidsstronger tha common

irorganic acids (HCI, kEBQué ) and are even somet i MMé&69c | assi |

However their acid properties can beadby modifying their compositions.

From the previousection the hydrogenolyis of glycerol over silicotungstic acid (HSiW), one of
most wellTknown Keggin type HPAs-P®atmoderatair e s,
glycerol conversionit is found that the acity of HSiW is crucial tgorovidinghigh selectivityto
1-POsince it is required for further hydrogenolysis of-PR to 2PO.In this chapter the effect of
different Keggintype heteropolyack] the effect of Cs, the effect of treatment temperaturetend t
effect of support were studied for the hydrogenolysis of glycerol to other chemicals in particular
the conversin to PO will be investigated as these factors can tune the acidity of the catalyst.
The atalyst characterizatierwere carried out to stydthe relationship between the catalyst
physicochemical properties and the catalytic activities. The characterization techniquesgnclud
NHs temperature programmed desorption (TPD), temperature programmed reduction (TPR),
thermogravimetrianalysis (TGA) X-Ray diffraction (XRD),Fouriertransforminfrared (FTIR)

and Brunau@éiEmmett Teller (BET) surface area analysis. The characterization results were

analyzed according to the experimental results.

6.1 Efficient hydrogenolysis catalysts based on Keggin pamxometalates

Heteropoly acids (HPAs) with the Keggin structure that are-kvellvn as environmentally
friendly and ecnomically viable solid acids [LThave been used for tipgrading of glycerol to

other chemicals. Different forms of HPAs are useaaslysts, among them silicotungsticacid
(HSiW), phosphotungstaticacid (HPW) and phosphomolybdicacid (HPMo) as a consequence of
their high catalytic activity in the selective dehydration of glycgfa| 73,76, 85, 142, 171]. The
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acidity of the HPAs stmagly depends on the nature of the addenda atéarsexamplethe HPAs
containing W are more acdathan those containing Mo. Since the {@derminal bound is more
polarizable than the VD terminal bound. The O atoms linked to Mo atoms are negativelyaxharg
and protons are less mobile in this case. Herna@Gaetez J.G.et a[172] studied the dehydration
of secondary alcohols using HPAs supported on different solids and it was found that the
interaction between supports and HPAs affects the physicocHegmnigeertiesof the prepared
catalysts. The Keggin structure was retained whenweegsupported. The product distribution
depends on different type of HPAs (HPMo, iMGand HPW) due to the difference in acid and
base properties. In 2005 Thomas stated tha acidity of HPW can be changed by high
temperature variation and HPW losses its protona kiwer temperature than HSIWL73J.
Although work has been done study different type of HPAs (HPMo, HSIiW and HPW) the
dehydratiorof glycerol [73, 76], hardly any workhas don@n thedirect conversion of glycerol to
1-POusingdifferentHPAs supported catalyst

Thus in this work, Keggitype heteropolyacids, including phosphotungstic acid (HPW),
phosphomolybdic acid (HPMo) and silicotungstic acid (HSiVénhd nickel werdoaded anto
alumina for the hydrogenolysis of glycerol. The aim was to investigate the effect of HPAs
composition on the catalytic activity, the role of acidity of the catalyst and to follow the effect of
temperature treatment tife catalyst on the Keggin structure and surface acidity propertitdseof
catalystduring the course othe hydrogenolysis reaction. For this study, the catalysts were
prepared via theequentiaimpregnation method. The properties of the prepared catalysts were
characterized using TPD, XRD, FTIR techniquastivity tess were performed in a 300ml
Hastelloy Parr batch autoclave using 30g glycerol, 70g DI water, 580PSI| HydrogeiGia2d0o

2g catalysts. Prior to each experiment, the catalyst was reduced intatgbalar reactofor 5

hours The main products observed in the liquid phase were: AceteRrbfanediol (1,2D),
1,3-Propanediol (1,8D), X-Propanol (1PO) and ethylene glycol (EG). Some other products such
as methanol, ethanol, acrolein were abtained and named as other products (O.P.).

Experimental condition

The effect of different HPAs asexamined at constant reaction conditions. The experiment was
performedn a 300ml Hastelloy Parr batch autoclate240C under 580PSI of fpressure usm
2g of 10Ni30HSIW/ALO3 catalyst, 30wt% staring materials (30g of glycerfay, 7hours. Two
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catalysts reduced at different temperature were studied. One was reducetCaardb@nother

was reduced at 490 for 5 hours
Results and discussion

The effet of heteroatom substitution on the catalytic activitytiod HPA catalystsfor the
hydrogenolysis of glycerol to other chemcials was examined at different reduction temperature.
The results after reaction for 7 h are shown in TédleThe main productsbserved in the liquid
phase were: acetol, 12D, 1,3PD, Acr, :PO and EG. Some other products (OP) such as
methanol (MeOH), ethanol (EtOH) were also obtained.

Table 6-1 Effect of different HPAs supported 10Ni/A&)z catalyst on theanversion of glycerol

and the distribution to products in the hydrogenolysis of glycerol

Selectivity, mol%

Red. Conv
Catalyst temp °C .
mol% 1,3PD 1,2PD Acetol EG 1-PO Acr OP*
350 72.3 0.0 1.1 0.6 00 917 33 3.3
10Ni/30HSIW/AIZO3
450 43.8 0.0 2.9 1.2 00 809 54 9.5
350 51.1 0.0 2.9 0.7 22 877 32 3.3
10Ni/30HPW/AI:O3
450 48.9 0.0 6.1 1.0 3.7 803 33 5.7
350 1.0 0.0 10.7 352 00 541 00 0.0
10Ni/30HPMo/Al;O3

450 1.0 0.0 10.1 365 00 534 00 0.0

Reaction conditiort 10Ni/30HPASsAI.Oz catalyst, 240°C, 700RPM, 2g catalydig of glycerol
(30wt%), 70g of DI wateand 580PSI of K *OP. By-products included methanol and ethanol

The data shows that the activity of the HPA supported catalyst is affected by reduction temperature.
As can e seen from Table 8 at a low reduction temperature of 36the catalyst activity of

HPAs is in the order of HSIW >HPW >HPMo. Over a HSIW supported catalyst the selectivity to
1-PO reached 90% at 72% conversion of glycerol while the selectivity-#1\#as low at 1.1%.
Compared to HSiW, other supported HPAs catalysts showed lower activity towards glycerol
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conversion and selectivity teRO. While the HSIW supported catalyst achieved the best catalytic
performance in terms of glycerol conversion anddelity to PO, the HPMo supported catalyst

is inactive. In all cases;RO is produced as the main product and acrolein, methanol, ethanol are
the byproducts of the reaction.

NiHSIWaAl-350°C 10NiHSiWAI-450°C
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Figure 6-1 Concentration pfiles of different HPAs supportedONi/Al>O3 catalyst at different
reduction temperature at 350 and ABReaction conditiort 30g of glycerol (30wt%), 70g of DI
water, 580PSI of H, 240°C, 700RPM, 2gatalyst reduced at 3%0and 450C, 7 hous
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Figure 6-2 PseudeFirst-Order knetic plots of effect of HPAs on hydrogenolysis of glycerol in
the presence dEONi/30HPA/AI2Os catalyst;Reaction condition 240°C, 700RPM, 2g catalyst,
30g of glycerol (30wt%), 70g of DI watand 580PSI bk

When the reduction temperature increases t8@5glycerol conversion decreased to low values
of 43% over HSIW supported catalyst. Accordingly, selectivity-BLslightly decreased. While
the conversion of glycerol remained similar at around 50% tinediPW supported catalyst; the
selectivity to PO alscslightly decreased. In all casédnigher reduction temperature reduces the
activity of the catalyst but not the selectivity, witie exception othe HPMo supported catalyst

that is inactive already at 3%D treatment.
Characterization of catalysts
The catalysts were characterized by different techniques

The relationship between catalytic activity and catalyst properties in particular the acid

concentration of the catalysts was studied using different techniques.

The NH3-TPD was performed from 50 t850C to study the acidic properties on the catalyst
surface in order to elucidate the catalytic activity of catalysts, and thus, to find a comprehensive
correlation between catalytic activity and acid property of the HPA catalstsTPD data was
deconvolted into 3 peaks (namely weak, medium and strong acid sites) using a Gaussian fitting
method. Two different NB-TPD profiles of the catalysts reduced at ®@Gnd 456C with
different Keggintype heteropolgcids loaded are shown in Fig3@&ndFig. 6-4. The total acidity

of the catalystss recorded in Tablé-2 and was then correlated with the catalytic activity of HPA

catalysts.
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Figure 6-3 NHs-TPD patterns for different HPAs reduced at 350 and@50

Total catalyst acidity

0.575

0.275 0.283

I 0.145

1 0.893

g'z 0.796

| .
- g
2os %
E 04 %
0.3 /
0.2 %
10Ni/AI203 10Ni30HSIW /Al

R350 R450 R350 R450
10Ni30HPW/Al 10Ni30HPMo/Al

Figure 6-4 Total acidity amount for different PAs reduced at 350 and 480
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Table 6-2 Effect of different HPAs supported 10Mif-Os catalystand reduction temperatuos

acidity and catalyst performance

Red. Total acid  cony.

k. s*  \Weak acid site Medium acid Strong acid

Catalyst tem : : amount,
on' E-05 /(Temp.) site /(Temp.) site/(Temp.) mmol/g mol %
350 2.3 0.027(188C) 0.016/(372C) - 0.043 40.4
Ni/Al 203
450 3.1 0.028(175C) 0.013/(35C°C) - 0.041 51.6

350 5.5 0.180/ (182C) 0.504/(335C) 0.196/ (441C) 0.880  72.3
Ni/HSIW/AI ;03
450 2.4 0.2/(18%C) 0.396/(335C) 0.168/(436°C) 0.796  43.8

350 3.21 0.09/(185C) 0.365/(338C) 0.120/(438C) 0575  51.2
Ni/HPW/AI .05
450 3.06 0.0D/(180°C) 0.226/(346C) 0.029/(511°C) 0.275  48.9

350 0.039 0.040/(167C) 0.135/(234C) 0.108/(426C) 0.283 1.0
Ni//HPMo/Al ;05
450 0.034 0.068/(207C) 0.043/(292C) 0.034/(536C) 0.145 1.0

Qualitatively a positive correlation is observed between glycerol conversion and acid
concentration over HSIW supported catalyst. Howether ,correlationgre not observed fdhe
other 2 catalystd.e.HPW and HPMo.

As can be seen frofig. 6-3, Fig 64 and Table &, for both reduction temperatwef 350 and
450°C, the HSIW supported catalyst shows the highest &xtal amountwhile the HPMo
supported catalygtossesses the l@st total acid amour@mong all catalysts. The total acidity is
in the order oflONi/30HSIW/AI>Os >10Ni/30HPW/AI203> 10Ni/30HPMo/Al.03>10Ni/Al03
and the totahcidity decreases as the reduction temperature incr@age$-4). Whithout HPAS,

it was foundhat the acidity oL ONi/Al.Os waslow; only 2 broad small peakof weak and medium
acidity wereobserved at around 28D and 350C. After heteropolyacisiloading, all curves are
composed of overlapp&dpeaks between 100 and QDOindicating the presea®f3 acid centers
with different strengths. These results illustrated thatKeggintype heteropolyacilloading
increases the acidity of the catalysts, offering acid sites for cataBiisrent kinds of Ni

HPASAI catalystsprovidea difference irthe acidaty. It can be seen from Table2ghat the order

123



of acidity amount is: HSIW > HPW > HPMo. It is noticeable that pleeformacein catalytic
activity is consistent with the trend of the amount of acidity of these HPA catalysts. When the
catalysts were reduced a low temperature of 35C, the TPD pattern of HSIW and HPW is
almost similar, illustrating that this low reduction temperature does not affect the acidity of the
these twoHPAs catalyst However, there was a reduction in the proton corfemall of the
heteropolyacids when the catalyst was reduced &4%(PW and HPMo lost their acidity much
morereadilythan HSIW While the TPD pattern over HSIW supported catalyst was similar at both
reduction temperature, new patteof the acidity br HPW and HPMo wre observed aa high
reduction temperature there was a shift toward higher temperature of strong acid sites with

increasing redttion temperature.

These results suggest that the acidity of Kedgie heteropolyacids was affected I thigh
temperature, that the structures of the heteropolyacids were probably changed or damaged. The
decomposition of the crystal structure upon heating at high temperature leads to a loss in acidity
and the removal of protonated water under heat treatwigoh may account for the acidity loss,

mainly decreasing Brgnsted acidity.

It is interesting to note that the activities of the HSIW and HPW catalysts reduced@thésx@
similar activity as they also have similar acidity in medium acid site as cseebdronTable 6

2. Itis suggested that medium acid sites ati@sbme exterthe activity ofthe catalyst

The catalysts were characterizaeslng XRD to explore the crystal phases and to check possible
HPAs support interactions giving rise to disimmtof the HPAS structure of the catalysts. The XRD
patternof thealumina support, Ni supported alumina and the supported HPAs caalystin in

Fig. 6-5.

Generally, bulk HSIW exhibits characteristic crystalline peaks®afi@, 20°~24°, 26~28,
32°~35°[158. As can be seefor the HSIW and HPW catalyst some minor characteristics
crystalline peaks of HSIW (2024, 26°~28) can be observed but no significant changes in the
diffraction patterns occurred comparedhe Ni/Al catalyst, indicating tht there is no change in
the structure. However the XRD patterrtled HPMo supported catalyst is different fraheother

two catalysts. There are diffraction peaks that do not coincide with the diffraction of HPMo but
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resemble orthorhombic MaOT his canbe explained by considering the decomposition of HPMo

into MoOs species under preparation treatment.
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Figure 6-5 XRD patterns for different HPAs calcined at 360

Infrared spectra are also an informative fingerprint of the Keggin heteropoly cage structur
Therefore the prepared catalysts were analyzed by FTIR in order to confirm the structural integrity
of the Keggin unit of these catalysts. All the catalysts were calcinated @ p&Orto analysis.

The FTIR spectra of the catalysts are presentedyir6f.

FTIR spectra of HPAs calcined at 350°C
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Figure 6-6 FTIR patterns for different HPAs calcined at 350
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It is shown that the evidence for the retention of Kegginion structure on the surface of HSIW

and HPW supported catalysts was provided; however the HPMo supported catalyseads a
decomposed undéne preparation condition at 330 of calcination. The fingerprint bands of the
HSIW Keggin anion appeared at 978, 915, and 798,anhich could be assigned to the typical
antisymmetric stretching vibrations of W=0j 6i, and W O& W [145. This indicated that the
Keggin phase remains intact fitve HSiW supported catalyst. Ftre supported HPVWatalyst 3
bands of HPW appear around 1079, 983 and 81C
antisymmetrical stretching vibrations Bf O, W=0, and WOi W [174]. These spectra exhibit
similar bands for the structure of the PX@c> anion also suggesting that HPW in the catalyst still
retains the Keggin structure. However, the FTIR spectra of HPMo supported catalyst was different
from HSW and HPW. The spectra of Keggin ion was not observed for HPMo sample but only the
spectra of -MoOi &ppearadoThis confirmed that the decomposition of HPMo to
MoO3 occurred at 35C. It is believed that the decomposition of HPMo into MoQdigher
temperatures is responsible for the decrease in catalytic performance. The Keggin structure of
HSIW is rather stable and is the best candidate-fé©Jproduction

Summary

The activation process is associated with structural changes and thesgatol@anges match
with those that occur during thermal treatmieint fact, thermal stability is known to be extremely
important for catalyst stabilityl[/5,176]. The effect of eduction temperaturen the activity of
differentHPA supported catalystasnot the same for all catalystdnder oureaction conditions,
the HSIW supported catalyst seems to be more stable than other catgysitil a treatment
temperature of 4%C and is the best candidate foPD productionThe decomposition of HPMo
already occurred at 38C of treatmentThe decomposition of HPMo into MaGs likely to be

responsible fotheinactivity of the catalystor glycerol conversion

6.2 The effect of thermal treatment on activity and structureof
10Ni/30HSIW/AI 203 catalyst

It has beershownthat the performance of a heterogeneous catalyst not only depends on the
intrinsic catalyst components but also on its texture and stability. One of the most important factors

affedings the texture and activity of a catalyst is the propeice of the activation steplPAs
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have proved their remarkable and unique simultaneous acid and redox properties but their rapid
degradation at high temperature by decomposition is still a major drawback [177]. The stability of
these compounds is thus atical parameter that has been extensively studiée effect of
temperature on the catalyst structure was studied. However, the effect of temperatutéRisthe
supported catalyst activity for the conversion of glycerol is rarely studied. In 2014 aiu&71]

studied the effect of calcined temperature on the structural evolution©f slipportedHSIW

and the catalytic performance during glycerol conversion to acrolein. The decomposition of
supportedHSIW crystal structure and the degradation @gigin unit occugd after calcination of
HSIW/AIOz at 350 and 45, but to a small extent. However the Keggin structure was
decomposed totally at 550 and 660 0ne important property of HPAis;their thermal stability,

is discussed in thisection Theeffect of the calcination temperature and reduction temperature of
the HSIW on the physicohemical properties of supported Ni catalysts will be investigated. The
change of the acidity with the increasing temperature and the performance of the catéigsts in

hydrogenolysis of glycerol will be investigated.
6.2.1 The effect of calcined temperature

Although HPAs showed high activifgr glycerol dehydration, the tendency to decompose under
thermal treatments alwaysalis to aloss of active sites and deatiion [72-75]. It is well known

that calcination is basically thermal decomposition with aithetdecomposition temperature.
During this process, the active centers are usually generated, where calcination of supported HPA
catalysts below the decompasit temperature would favor the creation of proper interaction
between the heteropolyanions and the support surface, improving the stability of HPAs as solid
acid catalysts. However, if the temperature is further increased, the Keggin structure can be
gradually decomposed. For HSiIW supported catalyst, calcination is generally carried out at about
350°C under atmospheric pressure to remove the precursor decomposition products efficiently.
The upper level of temperature can be put as the limit where alcitie aropeties are lost.
Kozhevnikov [17Q proposed a mechanism related to losses during heating. The process consists
of three steps of which the first is vaporization of water at 100°C. At 200°C ardi7083C, water
molecules bonded to the acidic pratoand the remaining protons are removed respectively. At
temperatures higher than 600°C, the component is totally convertgdstarfel WQ which shows

no acidic property. Martin et al. studied the decomposition behaviors of HSIW and HPMo HPAs
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using DTA echnique T6]. The loss of water, the interaction with the support and the formation
of new species were observed. Ezzat Rafiee et al. [178] synthesized the green core nanorod catalyst
for the GN coupling reactions at room temperature. The effect ofreation temperature at 100,

150, 200, 250, and 300 was investigated and it is found that the catalyst calcined &€ 1&8s
observedto havevery low leaching of the HPW in the heterogeneous catalytic system. This
catalyst wa®asilyrecyclable with slighloss of catalytic activity. Devassy prepatbe catalysts

with differentHSiW loadings and calcination temperatures (@EDC) for veratrole benzoylation

[179]. It is found that 15% HSiW on zirconia calcined at4Sthat was highly dispersed on the
support had the highest @rsted acidity and total acidity and the added HSiW stabilizes the
tetragonal phase of zirconia. Thetatgtic activity was found to depend mainly on the HSIW
coverageA bifunctional catalyst with alumina as the support was produced by Liu andrgers

in 2015. They showed that increasing the cal@matemperature from 350 to 6%D can lead to
structual evolution of the supportddiSiW and a subsequent activity chan@lkee Keggin structure

of HSIW began to dissociate around 460 causing the formation of various W€pecies [171,

180. TiO2 nanoparticles stabilizetHPW in SBA-15 was prepared and caleth at different
temperatures660' 1000°C) it was found that the catalytic activity is mainly related with the
textural parameters and the acidity of the catalyst depends on the HPW coverage on the surface of
the catalyst and the calcination temperatures @&lcination temperatu@0°C was found to be

the best which is mainly due to the availability of the highest Brgnsted acidity together with the
perfect monolayer coverage of HPW on the surface of the catalytic sup@tai [However, the
detailed struttire evolution and the consequent activity changes with thermal treatment at elevated
temperature are still not clearly unveiled. Therefore thermal stability is one of the factors that is

considered in the design of heterogeneous HPAs based catalysts.

In this section the effect of the calcination temperature of 10Bli/30HSIW supported alumina
on the physicachemical properties of catalysend performance of the catalystall be
investigated to optimize the catalytic properties and performance.

Experimental condition

The catalysts were prepared via the impregnation method. The obtained catalyst was heated in
flowing air to a particular temperatu(@50, 450, 550, and 650°C &@(&min), calcined for 5 h,

and then cooled to room temperature. Prior to eapkriment, the catalyst was reduced in a quartz

128



tubular reactor aB5(°C. The effects of the calcined temperature on catalytic pedoce was
performed in a 300ml &bktelloy Parr batch autoclave using 30g glycerol, 70g DI water, 580PSI
Hydrogen at 24% and 2g catalyst3.he main products observed in the liquid phase were: acetol,
1,2-PD, 1,3PD, acrolein (Acr), PO and ethylene glycol (EG). Some other products (OP) such
as methanol (MeOH), ethanol (EtOH) were also obtaifikd.properties of the prepdreatalysts
were characterized using TPDPR, XRD and~TIR techniques.

Result and discussion

The performance of the catalyst calcined at different temperature is shown ir6Tade Fig.
6-7. The main products observed in the liquid phase were:late?dD, 1,3PD, Acr, PO and
EG. Some other products (OP) such as methanol (MeOH), ethanol (EtOH) were also obtained.

Table 6-3 Effect of calcination temperature on the conversion of glycerol and the distribution to
products in the hydrogenolysis ofy@erol

. Conv. Selectivity, mol%
e mol% 1,3PD 1,2PD Acetol EG 1-PO Acr OP
350 86.5 0.0 0.0 0.4 0.0 91.7 29 5.0
450 90.1 0.0 0.0 0.3 0.0 92.9 2.6 4.2
550 46.2 0.0 2.9 1.7 0.0 71.5 2.9 210
650 21.3 0.0 0.0 4.4 0.0 64.9 7.6 23.1

Reaction condition: 10Ni/30HSIW/ALO;3 catalyst, 240°C, 700RPM, 2g cataly@dg of glycerol
(30wt%), 70g of DI wateand 580PSI of B OP. By-products included methanol and ethanol
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Conversion of Glycerol Selectivity to Acetol B
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Figure 6-7 Effect of calcination temperature on the conversion of glyaardlthe distribution to
products as a function of timA) Glycerol Conversion; B,C,D,E,F) Selectivity of acetol,-PR,
1-PO, Acr., other products, respectiveRgeaction conditiort 10N¥30HSIW/ALO3 catalyst,
240°C, 700RPM, 2g cataly&0g of glycerol30wt%), 70g of DI wateand580PSI ofH>.

It is evident that the calcined temperature abov@@%afects both the conversion of glycerol and
product distribution significantlylncreasing the temperature of calcinatitiee conversion of

glycerol and sactivity went through a maximum of 90.1% and 92.9% respectivelg at
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temperaturef 450°C. The catalyst calcined atemperature 43€ was found to produce the best
resultsvith respetto 1-PO selectivity (92.9%) at high conversion (90.1%)e catalysactivity

is not affected byhe calcimationtemperature below 48G; there is onlya slight difference in the
conversion of glycerol and product distribution and it is Sntvat the catalyst that was calcined
at 450C had the optimal catalytic propertiesth respect to the conversion of glycerol and the
selectivity to PO (90.1% and 92.9% respectivel@n increasing of calcination temperature to
550°C, the conversion of glycerol and the selectivity #8Q decreaskremarkably to 46.2% and
71.5% respedotely; however the selectivity to aceta@lcroleinand byproducts (mainly ethanol)
increase The byproducts significantly increased froh26 (450C) to 21% (550C). The
conversion of glycerol and selectivity toPD decrease continuoustg 23.1% and 69%
respectivelywith a further increada the calcination temperature to 6%D It is noticed thata
further increase of calcination temperature to°65@oes not show an increase inypducts but
results in an increase the selectivity ofacetoland @&rolein (acetolincreased from 1.7% (5%0)

to 4.8% (650C) and acrolein increased fror2.9 to 7.6%. The catalytic performance of the
catalyst calcined a higher temperature of 530 and 650C wasdepressed to a certain degree
compared to the catalysalcined at 350 and 450.

Characterization

The acidic properties of the catalysts were probed usiigTPD. For a detailed analysis, the
TPD curves were deconvolvedto 3 peaks (namely weak, medium and strong acid sites) using a
Gaussian fitting methqdNHs-TPD profiles of thecatalysts are shown in Fig:8 andanalysis of

the data is presented in Tabld.6

It is seen that the calcination temperature plays an important role in controlling acid properties of
the catalysts. From the overall TPD curveas, it was found that the total amount of acid sites
deacreased monotonously with increasing calcination temperature. However the decrease in total

acidity does not accompany the activity of the catalyst in term of glycerol conversion.
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NH3-TPD pattern at different calcination temperature

559°C

Temperature,’C
T T T T
100 200 300 400 500 600

Figure 6-8 NH3-TPD patterns for catalyst calcined at different temperature

Table 6-4 Effect of calcination temparature on acidity of LBOHSIW/ALO3 catalyst

Calc. Temp  Weak acid site  Medium acid site Strong acid site  Total acid

°C mmol/g /(Temp.) mmol/g/(Temp.) mmol/g/(Temp.) amount, mmol/g
350 0.365/(196C) 0.559/(389C)  0.383/(42°C) 1.306
450 0.080/(207C) 0.126/(396C)  0.232/(43°C) 0.438
550 0.014/(185C) - 0.051/(43°C) 0.065
650 0.011/(227C) - 0.038/(476C) 0.049

Increasing the temperature of calcinatibhe conversion of glycerol and selectivity went through

a maximum of 90.1 and 92.9% respectively at°@50The catalyst calcined atemperature of

450°C was found to produce the best results fdPQ selectivity (92.9%) at high conversion
(90.1%). Theeason for the high selectivity maybe due to the decrease in the acidity of the catalyst
making it less selective towards coke and the catalyst had a proper balance between dehydration
functions (acid sites) and hydrogenation (metal surface atdrhs).chssification of acid site
strength is indicated by tidHs-TPD; weak sites corresponding t80L 230°C, medium sites 80

400°C and strong sites 48@7(°C. Thedeconvolutedesults showed two distinct trends as shown
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in Tade 64. First, the total number ddcid sites decreased significantly as the calcination
temperature was increased. In particular, a large decline in acid site number was observed after
calcination at 550°C. The second trend was that apparently stronger acid sites were present as the
cdcination temperature increasedetdesorption maxima for Nhivere 82, 433, 439 and 470°C

after calcination at 350, 450, 550 and 650°C, respectively. When the catalyst was calcined at
temperature below 450C, 3 distinguished acid sites were observed andritensity decreases

with the increasing calcination temperature. Further inemasalcination temperature results in
asignificant decrease in intensity of the acidsiteparticular themediumacid sites that became
almost undetectable. The MHPD experiments provide a good correlation between the adsorbed
amount of ammonia and the temperature of calcination: the higher the calcination temperature, the
lower is the amount of desorbing ammonia. Hence it could be conclindedhe proton as it is
suggested for the acidity of the catalyst are sufficient for chemically adsorbtion of ammonia and
that increasing the temperature reduces the amount oépiftthe catalyst which are responsible

for bonding ammonia. The relevance of the proton is empéddiy the effect of the calcination
temperature. The samples calcined at 650°C adsorb a lower amount of ammonia than those
calcined at 350°C wbh can be attributed to the loss of hydrbgyoups during calcination. The

reason for this loss is conceivabiiehydration at the surface.

Variations of the TPR profiles dhe catalysts as a function of calcination temperature can be
helpful to interpret how components interdidte TPR profiles for theatalysts are shown in Fig
6-9. As can be seen the TPRofiles of catalysts calcinated at 350 and “58aresimilar and as a
combination of two species of Ni and HSiW. However the TPiRextatalysts calcinated at higher
temperatureof 550 and 658 were different from these two. Itssiggestethat the modication

in thestructure of the catalystccurred.
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TPR patterns for different calcination temperature
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Figure 6-9 TPR patterns for catalyst calcined at different temperature

The catalysts were characterized with XRD to explore the crystal phases and to check possible
calcination temperature giving rise distortion of the Keggin structure of the catalysts. The XRD
pattern of alumina support, bulk HSiW and the catalysts was showedFigtiéel0.
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Figure 6-10 XRD signal for catalyst calcined at different temperature

In Fig. 6-10, the same diffractiopeaks of AlOs supportare observed in all catalysteell
corresponding to diffraction peaks of standard cubigOA[JCPDS No. 0078 2427]. XRD
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patterns for the bulk HSiW showed distinct reflections (&t2@, 26°~28°, 32~35°). The peak

of HSIW coul also be observed on the catalysts calcinated at 350 a@tC4tdicating the
presence of crystalline HSIW that provlst theKeggin structure is retained on the catalyst.
However, the diffraction peak of HSIW diminisheohd clear diffraction peaks agwmed to
orthorhombic W@ (654048ICSD) nanocrystals were observed whieacalcination temperature
wasincreasdt o 550 and 650 UC and the intensghety of
WO3 phase increased with increasing calcination temperature. The result demonstrates that
tungstosilicic acid irthe catalyst is, at least partially, dissociated into tungs$texide species
after treat men tltisadnsis®rd Gith the esulBbL0 [A7TT). observed ora
HSiIW/AI20s catalyst

FTIR spectra were employed to characterize the supported/ K8ialysts to investigate the
Keggin structure of the cdyats under thermal treatment. This technique can be used to confirm
the presence of the Keggin structure of HSiW on the support surface. Keggiragfits 915,
885 and dWddbe assigndd to the typical antisymmetric stratgchibrations of WO,

Sii O, Wi Oi W and W Oi W respectively{145]. The FTIR spectra of the catalysts are shown in

Fig. 6-11.
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Figure 6-11 FTIR signal for catalyst calcined at different temperature
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As can be seerbulk HSiW has distinct absorption peaks at 978, 915, 885 andri#98which

could be assigned to the typical antisymmegtietching vibrations of WD, Si O, Wi Oci W and

Wi O&a W, respectively and the positions are in good agreement with those reported earlier
[145181b, 183. It can beseerfrom the Fig6-11 that theravas almost no change in the positions

of the characteristic bands for samples up to°@5@onfirming that the Keggin anion was
preserved in the catalyst up to this temperature . These peaks that present the Keggin structure of
HSIW also present on thetadyst calcined at 350 and 48Dbut with relatively low intensity and
decreasing with increasing calatfontemperature. This implies the presencéheKeggin ion in

the two catalystsswell consistent withheTPD,XRD and THR results. However, thérét changes

in spectrum were registered at 850which indicate the appearance of some new species in the
catalyst structure. It is evident that at high temperature, the Keggin anion had decompos£d to SiO
(bands at about 1000cthh and WQ? ions (band at about 860, 700 and 525&mn After
calcinations, the broad absorption peaks in the rang&9?6@m® are characteristic of the
different OW-O stretching vibrations in the W@rystal lattice [18-185]. On the other hand, the
observed broad peak atwave number of 835cthis assigned to the symmetric stretching
vibrations band of SD-Si, implying the formation of Si©[186. Based on this analysis,
dissociation oftheKeggin structure of HSIW is evidenced to occua edlcination temperature of
550C and above

Summary

The btal amount of acid sitesleacreased monotonously witm increag in calcination
temperature. However the decrease in total acittigsnot accompany the activity of the catalyst

in term of glycerol conversionncreasing the taperature of calcinatiorthe conversion of
glycerol and selectivity went through a maximum of 90.1 and 92.9% respectively’at 4Hte

catalyst calcined aa temperatureof 45°C was found to produce the best results fé?QL
selectivity(92.9%) at higlconversion 90.1%). The reason for the high selectivity maybe due to

the decrease in the acidity of the catalyst making it less selective towards coke and the catalyst had
a proper balance between dehydration functions (acid sites) and hydrogenatidrs(niete

atoms). To achieve good performance, catalysts must retain Keggin species on the surface, but
they must also hee a proper balance between acid sites and metal sites. The supported

silicotungstic acid (HSiW) calcinated at 350 and Ustktained heir crystal structure of Keggin
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units; the decomposition and the degradation in the crystal structure of the catalyst may occur but
to a small extent. However increasing the calcination temperature to 550 &QdcébBeslear

decomposition othe Kegginstructure
6.2.2 The effect of reduced temperature

Reduction is also a crucial step in the catalyst preparation process. The reduction temperature can
influence the catalyst reducibility, thereby influencing the catalytic performa®@&LBB]. This

secton deals with the effects of reduction temperature on the catalytic performance of
10Ni/30HSIW/AI 203 catalystsfor the hydrogenolysis of glycerol. The aim is to get some insight

into the relations between the catalyst preparation conditions (here cagdlysion temperature)

and the catalytic properties of the studied catalysts (here catalyst activity and agidey)of 4
experiments were carried ouhderH> mediaand theeffect of reduction temperatu(80C°C,

350°C, 450C and unreduced catalysi) the catalytic performance was studied
Experimental condition

The catalysts were prepared via the impregnation method. The obtained catalyst was calcinated in
flowing air at 350 for 5 h, and then cooled to room temperature. Prior to each experiment, the
catalyst was reduced in a quartz tubular reactor at different temper@0€C, 350C, 450C

and unreduced catalyst). The effects of the reduction temperature on catalytic performance was
performed in a 300mHastelloy Parr batch autoclave using 30gcghyl, 70g DI water, 580PSI
Hydrogen at 24% and 2g catalyst3he main products observed in the liquid phase were: acetol,
1,2-PD, 1,3PD, acrolein (Acr), PO and ethylene glycol (EG). Some other products (OP) such

as methanol (MeOH), ethanol (EtOH) weallso obtainedlhe acidity of the prepared catalysts

were characterized usirggrPD technique.
Result and discussion

The performance of the catalystlucedat different temperature is shown in Taélb andFig. 6
12.
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Table 6-5 Effect of reductiortemperature on the conversion of glycerol and the distribution to

products in the hydrogenolysis of Glycerol

Reduced Conv. Selectivity, mol%
Temp. mol% 1,3PD 1,2PD Acetol EG 1-PO Acr. oP
No 71.3 0.0 0.0 11 00 665 262 6.2*
300°C 76.3 0.0 08 05 00 927 24 36*
350°C 81.1 0.0 00 06 00 906 37 51
400°C 64.3 0.0 09 08 00 897 50 3.7%
450°C 43.8 0.0 2.9 1.2 00 809 54 9.5

Reaction condition 10Ni/30HSIW/ALOz catalyst, 240°C, 700RPM, 2g cataly@dg of glycerol
(30wt%), 70g of Dwaterand 580PSI of H OP. By-products included methanol and ethasud
*: light and heavy**: light

From the results summarizedliable 65, it is evident that the reductionasrucial step in catalyst
treatment to obtain high selectivity tePDand reduce the production of the pyoducts. Without
reducing, the selectivity to-RO was lowat67 5% but the selectivity to acroleimashighat26.2%

at 713% glycerol conversion. Once the catalyst was reduced &C30@ selectivity to PO
significantly increased to 92% followed by a decrease o&croleinfrom 26.26 to only2.4% at
76.3 conversion of glycerol It is show thatareduction temperature below 3&0affects slightly
the catalyst activity in term of conversion of glycerol and prodisttibution and the catalyst that
was reduced at 380 had optimal catalytic propertiésr the formation of PO theyield of 1-
POwas73.5%). With afurther increas@é thereduction temperature to 4%Dthe catalyst activity

in term of glycerol conusion remarkably decreaséle conversion of glycerol was only 43.8%.
The selectivity to PO was also affected hige reduction temperature butanly as much as the
conversion of glyceroDbviously, increasing the reduction temperature causes aitimmisffect

on the catalytic activity and selectivity tePIO, but it seems to be beneficial to promote th& 1,2
PDO selectivity. To be specific, as the reduction temperature was raised from 350 °C to 450 °C,
the conversion of glycerol decreased from 81.1% to 43.8%, and the selectiviBGalé&creases
from 90.6 to 80.9% while the 122D and acroleirselectivity ncreased from 0% to 2.9%nd
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3.7% to 5.4% respectivel¥he decrease in activity of catalyst at high reduction temperature may
be caused by partial thermal decomposition thasl&ad los in protors. Hence the acidity dhe
catalyst decreases and tlaatyst becomes less effective for the dehydration step. As a result the

conversion of glycerol decreases and the further hydrogenolyis-&f\#as sloweddown.
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Figure 6-12 Effect of reduction temperature on the conversion of glycerottandistribution to
products as a function of tima) Glycerol Conversion; B,C,D) Selectivity of acetolPD, Acr.,
other products, respectively. F) A comparison in rate constanRdaction condition
10NI/30HSIW/ALO;3 catalyst, 240°C, 700RPM, 2g catstly30g of glycerol (30wt%), 70g of DI
water, 70g of DI wateand 580 PSI of KH
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It is worth noting that the unreduced catalyst exhibited even higher activity than that of the catalysts
reduced at 400°C and 450°C. Although the activity of unreduced datagimilar to the activity

of catalysts reduced below 3®Din terns of glycerol conversion but there was a remarkable
difference in product distribution. The conversion of glycerol can reach 71%; however, the
selectivity to PO was only 67.6% whilst ¢hselectivity to acrolein was high. The glycerol
conversion and product selectivity as a function of time are shown in Figiitel6can beseen

from Figure 612 that the selectivity to-RPO (C) is increased but the selectivity to acrolein (D)
decreasedJsing reduced catalyst, the selectivity t8® and acrolein likely reachadtable state

and hardly changed after 2 hours of reactfon.thecontrary, the selectivity to-PO increases
monotonously, while the selectivity to acrolein decreases graduidiiyncreasing time whean
unreduced catalyst is used. One reasonable explanation for this trencuisdidsdi> media the
unreduced catalyst can be reduced in situ during the glycerol hydrogenolysis reaction so it can
promote the hydrogenation of at@im as an intermediate teFO leadhg to the selectivity t@ 1-

PO increase but the selectivity to acrolein decreased with increasing limeay be indicating

that the reduced catalyst can influence the catalytic performance by promoting activgehydro
species on the metal sitasd generate in the active sites of the catalyst
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Figure 6-13 Pseudefirst-orderkinetic plotsfor 10Ni/30HSIW/AI>Os Catalyst reduced at different
temperatureReaction conditiont 240°C,580PSI of H, 700RPM, 2g catalys30g of glycerol
(30wt%), 70g of DI water

140



Characterization

To examine surface acidity, NHPD was performed and the reswdteshown in Table6-6 and

Fig. 6-14. For a detailed analysis, th€D curves were deconvolved, usiagaussiarturvey of
threebands as shown in @ble6-6. Thus the low temperature peak at arolii@C is attributel to

weak acid sites330C is attributed to medium acid sitesmd thepeak at around 40°c is
attributable to strong acid sites. From the overall TPD curve ateas, lbe seethatonincreasing

the reduction temperature the aciditytloé catalyst went through a maximum@®11 mmol/cat

a400°C reductiortemperatureFrst, the total number of acid sites increasezhotonouslyas the
reduction temperature incieed from 300 to 40C. A further increasein the reduction
temperature leads decreasen the total number of acid sites. The increase in the amount of
acidity was also accompanied by the change in the strength of the acidity. It can be seen that there
is a similar change in strong acid sites with increasing reduction temperature. First, the strength of
the acidity also increased as the reduction temperature was increased from 30C tsHiftOof

strong acid sites from 8IC to #43°C). A further inceasean the reduction temperature leada to

decrease in the strength of the acidity (shift of strong acid site&36tG )%

NH3-TPD pattern of catalysts reduced at different T
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Figure 6-14 NHs-TPD patterns for catalyseducedat different temperature
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Table 6-6 Effect of reduced temparature on aciditylONi/30HSiIW/AlLOs catalyst

Reduced Weak acid site Medium acid site  Strong acid site Total acid amount,
Temp. mmol/g /(Temp.) mmol/g [(Temp.) mmol/g/(Temp.) mmol/g
300°C 0.146/(187C) 0.270/ (346°C) 0.151/(419C) 0.568
350°C 0.18)/ (182°C) 0.504/(335°C) 0.196/(441°C) 0.880
400°C 0.208/(179C) 0.460/ (319C) 0.242/(443C) 0.911
450°C 0.230/ (182C) 0.396/(335C) 0.170/ (436°C) 0.796

Howeveranincrease in total aciditgoesnot absolutely accompany the activity of the catalyst in
terms of glycerol conversion. The catalyst that was reduced at@35@d the optimal catalytic
propertieswith respect to the conversion of glycerol and the selectivityR@1The reaction rate

is the highest when the catalyst was redwste260C (Fig. 6-13).

Summary

In summary it is crucial to reduce the catalyst to obtain high selectivity-BOL The selectivity

to 1-PO decreased with increasing catalyst reduction tempewgdioke 400C indicating that the
catalyst activity may be weakedat high reduction tengyature Howeveroverthe range of 300

to 450C of reduction temperature, the change in acidity of the catalyst was not accompamied by
change in the activity of the catalyst. Although the catalyst reduced %t B&@&helowest acidity

it can possesanactivity similar to the catalyst reduced at 35@hat has much higher acidity. The
catalyst reduced at 48D has the highest acidity but its activity was much lower than the catalysts
reduced at 300 and 3%D. The reason for the low activity maybe dudheincrease in acidity of
catalyst making it more selective towards cékanation [189. The catalyst that has low acidity
but high activity is a result ofa proper balance between dehydration functions (acid sites) and
hydrogenation (metal surface ats). To achieve good performance, catalysts mus d@roper

balance between acid sites and metal sites

142



6.3 Effect of different supportson activity of 10Ni/30HSIW supported catalyst

It is well-known that the disadvantage ldPAs relatedo low thermal &bility, low surface area

(<10 m2/g) and leaching probleraf the species into reaction mixtusich limit the application

of HPA catalysts in current industry to some extent. Amongst the main factors determining activity
and the stability of such catalg is the nature of the supports. Therefore to overcome these
disadvantages and make the catalyst more feasible, proper supports should be employed to disperse
the active phase. The choice of a support is generally guided by the increased specifiarsarface
which leads to a high number of accessible active sites. However the development of HPA catalysts
possessing higher thermal stability is an important challed§6,1P1]. Besidesthe acidity and
catalytic activity of the supported HPAs also depemainly on the type of carrier and on the
loading. The increashermal stability is ascribed to the aforementioned interaction between the
support and the heteropoly anion. If the interaction widsupport is stronghe acidc strength

of the HPAmay reducedue to the distortion of ststructure leaithg to the activity of the final
catalystbeing much lower than that of the HPAs itself, lbts interaction also stabilizes the
Keggin structure and hinders its thermal decomposition; whéreamteradions of HPAswith

the suppors could lead to dramatic leaching. This effdtas beerdescribed by Alta et al for

alumina supported heteropoly acid$]|

It is of high interest to obtain a deeper insigiitthe influence of the support character on the
catalytic behavior of Ni/HSIW catalysts. In order to be able to clearly present many aspects
concerning thelONi/30HSIW catalysts, iwwasdecided to investigate the influence of different
suppors on the catalytic behavior dfONi/30HSIW catalysts. The airof this workwasto study

the acidity and catalytic activity of different supports.

Atia et al.[197 claimed that alumingupportedHPA showed higher catalytactivity and acrolein
selectivity than silicassupported acid, although the reported selegtilid not exceethat ofwhat
Tsukudg170].

It has been reported that MCM41 that has higher surface area, a regular pore size arrangement and
is athermally stable material (T>1000)hich can be a promising candidate as a supporting
material in doping bheteropolyacids for catalytic applications in acidic regi@ood dispersion

of the active componeimverthe whole surface enhances the yield of the processes by increasing
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the accessibility to active sites93-196]. Titania,is a widely used catalystupport 197, and is

known to enhance the activity in many cases due to the strong interaction between the active phase
and the supportlPg. It is reported that TiOBupported HPAgsremore active and resistaand

preseres the Keggin uniata highertemperature than the corresponding bulk HPA89[200.

The crystalline structure and thermal stability of HSIW are not compromised after deposition on

TiO2 and the Keggin structure is preserved at temperatures up® FR0]

In thissection several supports faiONi/30HSIW catalyst were prepared, characterized, and tested
in aqueous solution for glycerol hydrogenolysis. The aim of the present investigation was to
compare th catalytic activity of catalysts containing HSiW, one of the strongest heteropolyacids,
supported orelumina with the activity of the catalysts containing the same heteropadyacid

supprted on commonly used oxidestainia and MCM41.
Experimental condition

The effects of the different support on catalytic penf@nce was performed in a 300rastelloy
Parr batch autoclave using 30g glycerol, 70g DI water, 580PSI Hydrogerf@t&x#2g catalysts.
The catalysts were prepared via the impregnation mefvak. to each experiment, the catalyst
was reduced in a quartz tubular rea¢tw 5 hoursThe main products observed in the liquid phase
were: acetol, 12D, 1,3PD, acrolein (Acr), PO and ethylene glycol (EG). Some other products
(OP) such as methan®eOH), ethanol (EtOH) were also obtain&tie properties of the prepared

catalysts were characterized using TPD, XRD techniques.
Result and discussion

Effect of the supporbn the catalytic activity 00ONi30HSIW catalysts in the hydrogenolysis of
glycerol to other chemicals was examined at 2 different reduttimperature®f 350°C and
450°C. The results after reaction for 7 h are shown in Tédle

As can be observed, the activity of MGM and TiQ supported catalysts seems to be not affected
by high treatment temperature of #80) however, the catalyst supported alumina does. The
activity of the different supported catalyst was in the order gd&ITiO,<MCM-41. In all cases,
1-PO is produced as the main product. Among the catalysts, the catabysirted MCM41
appearso bethe most active for the production ePD from glycerol and its activity epparently
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not affected by the reduction temperature. The conversion of glycerol and the product distribution

are similarfor both catalysts reduced 350 and 45 that the selectivity to-PO can reach around

90% at 87% glycerol conversion.

Table 6-7 Effect of support on the conversion of glycerol and the distribution to products in the

hydrogenolysis of Glycerol

Selectvity, mol%

Red. Conv.
Support temp mol%

P 1,3PD 1,2PD Acetol EG  1-PO Acr OP

350 72.3 0.0 1.1 0.6 0.0 91.7 3.1 3.5
Al203

450 438 0.0 2.9 1.2 0.0 80.9 5.4 9.6*

350 68.5 0.0 1.4 0.5 0.0 91.5 2.7 3.9
TiO2

450 81.7 0.0 0.5 0.6 0.0 88.9 6.6 3.5

350 87.7 0.0 0.3 0.6 0.0 89.2 43 5.6¢*
MCM -41

450 87.8 0.0 0.9 0.3 0.0 90.9 2.7 W

Reaction condition 10Ni/30HSiIW/ALOz catalyst, 240°C, 700RPM, 2g cataly@dg of glycerol
(30wt%), 70g of DI wateand 580PSI of K *OP. By-products included methanol and ethanol

*QP: By-prodwcts included methanol and ethanol;
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Figure 6-15 Effect of supporreduced at 35T on the conversion of glycerol and the
distribution to products as a function of tird; Glycerol Conversion; B,C,D,E,F) Selectivity of
acetol, 1,2PD, Acr.,1-PO, other products, respectiveReaction condition: 10Ni/30HSIW
supported catalyst, 240°C, 700RPM,c2galyst, 30g of glycerol (30%), 70g of DI water and
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Figure 6-16 1Effect of supports reducet 450C on the conversion of glycerol and the

distribution to products as a function of tind9; Glycerol Conversion; B,C,D,E,F) Selectivity of
acetol, 1,2PD, Acr., 2PO, other products, respectiveReaction condition: 10Ni/30HSIW
supported catalysp40°C, 700RPM, 2g catadt, 30g of glycerol (30Wb), 70g of DI water and
580PSI of H
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Figure 6-17 Effect of supports on Glycerol Hydrogenolysis and products selectivity: A) Catalyst
reduced at 35C; B) Catalyst reduced at 4% Reaction conditiort 240°C, 700RPM, 2g catalyst,
30g of glycerol (30wt%), 70g of DI watand 580PSI of K
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Figure 6-18 PseudeFirst-Order kneticanalysisof effect of support on hydrogenolysis of glycerol
in the presence 010Ni/30HSIW/AIOs3 catalyst; Reaction condition 240°C, 700RPM, 2g
catalyst, 3Wt% aqueous glycerol and 580PSI H

The high reduction temperature affects slightly the activithetatalyst supported Tin terns

of glycerol conversion to some extent but it does not affect the produdiwtisin. The slectivity

to 1-POcan reach aroun89.2% at the 8.7% glycerol conversion. Although atlow treatment
temperature of 35C, the activity of alumina supported catalyst can compete with the activity of
Titaniasupported catalystith respect to both glycel conversion and the product distribution;
however,the reduction temperature at 480affects strongly the activity of alumina supported
catalyst. hcreasing of treatment temperature to°50ecreases the activity of alumina supported
catalyst significatly. The conversion of glycerol significantly decreases from 72.3% to only
43.8% and the selectivity drops from 91.7% to only 80.9%.

Charaterization

The NH3-TPD was performed from 50 t850C to study the acidic properties on the catalyst
surface conducted in order to elucidate the catalytic activity of catalysts, and thus ouat fiod/

a support can affect the catalytic activity and acid property oflONi/30HSIW supported
catalysts. Tie NH-TPD profiles ofdifferent supportatalysts reduced at 4%Dweredeconvoluted

into 3 peaks (namely weak, medium and strong acid sites) using a Gaussian fitting metired and
shown in Fig. 6-19. The total acidity of the catalystgasrecordedand s shownn Table6-8 and
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was then correlated with the catalytic activitylONi/30HSIW supporteatatalysts (Fig. 4.8 and
Fig. 6-19). Roughly, different kinds of support represented a difference iotakacidityamount,
the stragth of acid sitesnda positive correlation is observed between activity of the catalyst and

acidamountover different supported catalysts.

NiHSiW/MCM
»

Intensity

NiAl

100 200 300 t,OC 400 500 600

Figure 6-19 NH3-TPD patterns for different support.

Table 6-8 Surface area and acidities¥Ni/30HSIW supported catalysts

SAA Weak acid site Medium acid Strong acid Total acid Acidity/SAA
Support m2/g mmol/g site, mmol/g site, mmol/g amount. mmol/ mmol/m?
[(Temp.) /[(Temp.) /[(Temp.) ' ¢
Al203  21.2 0.23/(18%C) 0.396/(335°C) 0.168 (436°C) 0.796 0.038
TiO2  18.1 0.219/(191°C) 0.462/(342°C) 0.153/(449C) 0.834 0.046
MCM -41 560.5 0.354/(176°C) 0.702/(352°C) 0.483/(446°C) 1.539 0.0027

As can be seen, the MCGMIL supported catalyst shows the highest acidity while the alumina
supported catalyst gives a low acidity among all catalysts 6-20). The total acidity is in the

order of MCM41>TiOx>Al 203, a similar trend was also observed for the strength of medium acid
sites. These results suggest that the acidity of HSIW is affected by the support. It is noticeable that
the trend of calytic activity is well consistent with the trend of the amount of acidity of these

catalysts; the most active catalyst is the one that possesses the highest acidity and the strength of
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medium acid sites (Table dand Fig. €0). The higher the acidity éhhigher the conversion of
glycerol and selectivity to-PO (Fig. 621)

1.539
0.483
McM-41 0.702
PN 0.354
0.834
. 0.153
Tio2 0.462
N 0.219
0.796
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Al203 0.396
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Figure 6-20 Effect of supports ototal acidity and acid strengtbf catalystreduced at 45T
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Figure 6-21 Effect of acidity of catalysbn glycerol conversioandselectivityof products
The catalysts were characterized with XRD to explore the crystal phases and to check possible if

the interactions between the support and HSIW can affect and distort the structure of the HSIW
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supported catalysts. Fi-22 shows the Xray diffracion patterns of alumina support, bulk HSIW
and10Ni/30HSIW supported catalysts

XRD pattern of different supports

NiHSiW/MCM-1

ﬁ NiHSIWITIO,

NiHSIW/ALO,

HSIW pure

::mm

10 80
2 Theta

Figure 6-22 XRD patterns for different support

As shown in Fig6-20, all supported catalysthowthatthe diffraction peaks corresponded to the

support itself thats refered to the JCPDS database.natase TiOZcentered at@= 25.4, 38.0,

and 48.2, 54, 55, 63, 69, 71) are in good agreement with the standard spectrum (JCPDS no.: 84
1286) R02. Alpha alumina (centered atd2=25.6, 35.2, 37.8, 43.4, 52.6, 57.5 and 61.3)imre

good agreement with the standard spectrum (JCPDS nd468[203]. Wide angle Xray

diffraction patterns of MCMilares in good agreement with that Jha A. et al. reported in his

wor k, a broad band in the r andgefsiiccous2mhterml 1571 4 |
[195]. Besideshe diffraction peaks that attributed to HSiIW are observed for all catatystirms

that the Keggin structure is preserved upon the inmatgn of the HSIW onto differg supports

under thecatalytic system

BET surface area was calculatiedm desorption isotherms and the resrklisted inTable6-8.
As can be seen fromable6-8, amongst the suppgrthe MCM-supportcatalystshave the largest

surface aredhist may contribute to more acid sites that thislyast possegsand as a resulhé
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increase in glycerol conversion is believed to be higlen theamount of acid sites produced

higherby introducing more surface area.
Summary

The support clearly affects the catalyst activity. Among the suppoetsatalyst supported MGM
41 possesses theghiest acidity and catalyst aaty. This support can retain the activity of catalyst
at high reduction of 45C. This was also observed for the catalyst supported Bidthe catalyst
activity is a bit lower ompared to that of MCMi1. At low temperaturéreatment an alumina
support can compete with TiO2; however the catalyssitsactivity quickly athigh temperature
MCM-41 and TiQ can be a good support for the hydrogenlysis of glycerol-RD1lusinga
10Ni/30HSIW supported catalyst.

6.4 Conclusion

In this chapter, catalysts have been d@gsand characterized using different catalyst
characterization techniques to study the relationship between the catalyst structure and the catalytic

activity.

It is found that the structure of catalyst can be affected in the activation process such as calcination
or reduction. The loss in activity of catalyst may occur if the treatment tempesaigiber than

450°C. Under our catalytic systertihe HSiW supported calgst calcined a#50°C and reduced

at 350C is the best candidate forFIO productiorand the catalyst needs to be reduced to obtain
high selectivity of IPO. The decomposition of HPMo already occurred at°850eatmentind

HPMo supported catalyst is inthee in this reaction.

To achieve good performance, catalysts must retaiKeggin species on th&urfacewhich is
probably beneficial to induce Bnsted acid site that can cleave the secondaH group in
glycerot they must also hee a proper balare between acid sites and metal sitEse crystal
structure othe Keggin unit ofthe HSiW supportectatalystis decomposed at least partialifnen

the calcination temperaturecreased to 5580. The support clearly affects the catalyst activity.
Among the supports, the catalyst supported M&Mpossesses the highest acidity and catalyst
actitvity. MCM-41 and TiQ can be a good suppsifor the hydrogenlysis of glycerol to-RO
using10Ni/30HSIW supported catalyst.
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Chapter Seven

Conclusion and Recommendat

7.1 Conclusions on glycerol hydrogenolysis to-PO using10Ni/30HSIW supported catalyst

To my knowledgethis isthe first time heonepot hydrogenolysi®f glycerol tol-PO usinghon
nobe-metal ofNi-based supported HSiW/ADs catalyst have beesuccessfullycarried out in
water with high selectivity to PO (92%) at high conversion of glycerol (90%). Further
development could potentially lead to a new green process for the proddcistasnable PO.

The bifunctional catalyst of 10Ni/30HSIW/AD3z was successfully prepared in water throagh
one step of impregnation (emnpregnationof Ni and HSiIW with high catalyst activityThis
servedas a cheagr and efficient alternatives meaiti compared to that was prepared dy

convenional sequentialmpregnation method.

Among the metal(Cu, Ni, Pd, and Pt) supported 30HSiIW/ALQOs, Pt is the best promoter for

the production of 1D from glycerolhowever using. Nij a much cheaper methbhs fairly
comparable reactivity to Pt. Although it is reported that Cu possesses good hydrogenation activity
that is comparable with Ni, Cu does not show activity for the production é?2,8nder tese

reaction conditions.

Cs' has little effect on glyerol conversion; however it shows a significant effect on the product
distributioni due to reduction of acidity. The 10Ni/30HSIW#8k catalyst was found to be an
effective catalyst for the production ofPIO, whereas, Cexchanged catalyst becomes eifex

for the production of 1;PD and EG. A greater quantity of acid sites ahadium strength
corresponded to a higher selectivity oPO. XRD data shows that hydrogen protons in the
secondary structure may be replaced by Cs+ that corresponds toréesdan the acidity of the
catalyst. Among the catalysts tested, 1€xatalyst showed the best catalytic performance for 1,3
PD and 1PO; however, fully substituted Ni¢&W12040 is catalytically inert to PO as it
possesses very low acid sites. Ni plagamportant role for the production of lower alcohols due
to its hydrogenation activity. Without Ni, the substitution 6flly Cs decreases the activity of
30HSIW/AILOs significantly.
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It is found that the hydrogenlysis of glyceislchemically ontrdled at a stirring speed of 500
RPM in a batch reactoilhe conversion of glycerois inversely proportionato the hydrogen
pressure. This possibtouldbe attributedo the fact thathe reduction of W under high pressure
of Hz results in the losof adivity of the catalyst fothe dehydration stefhatleadsto a decrease

in the conversion of glyceroHowevera high H pressure is necessary to suppress the undesired
dehydrationand todecrease the undesired products. Optimal operatiqge$sures anequired

to obtained high yieklof 1-PO.

Dilute feed solutions favor the selectivity tePD butdecreaseshe conversions of glycerol.
Increasing the glycerol concentration (decreasing the initial water content) decreased the
selectivity to 2POwhile meanwhilethe selectivity to 1,2PD and acrolein increasebhe increas

in the concentration of glycerohay result in less active siebeconing available for the
conversion ©1,2PD and/or acrolein to-RO, so more 1,PD and/or acrolein can be retaireati

less 1PO is producedOptimal glycerol feed concentration is required to obgédirgh yield of

PO.

Conversion increased with catalyst loading, but selectivity had a maximum of 92.7% at 4.5%
loading. It is thought that high catalyst loadirtgad toprovide excess active sites reswtin
increased exposure ofFO to the surface of catalyst that can promote the further degradation of
1-PO or promote the side reactsdrom glycerol to produce undesired products oaga decrease

in 1-PO selectivy. Optimal catalyst loading is required to obtaimigh yield of 2PO.

Increagng temperature may promote further hydrogenolsis oPD2to :PO. However excessive
heat may cause the dedaion of 1-PO to other products goromoteother side reactian
Therefore it is suggested that the operation at lyglogen pressures may prevent degradation of

products

According to acidityl-POwasfavored by catalysacidity while 1,2PD and EGare likelyfavored

by basicity and the loading of HSiW should dtdeast20% to promote the futher hydrogenlolysis
of 1,2-PD to }PO.lIt is believed that part of-PO came from the hydrogenation of acrolein that
was produced from theonsecutivadehydration of glycerol. The total number of acidic sites and

the acid streritp was found to decrease with increasing Ni content. A decrease in acidity may
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possibly be due to the covering of acid sites by Ni or it can be suggested that this behavior may

result from direct anchoring on proton sites and from blockage of acid chagridiparticles.

It is found that the structure of catalyst can be affected in the activation process such as calcination
or reduction. The loss in activity t¢iie catalyst may occur if the treatment temperatst@gher

than 450C. Under our catalytisystemcondition theHSIW supported catalyst calcined at 450

and reduced at 350 is the best candidate fofPIO production and the catalyst needs to be reduced

to obtain high selectivity of -PO. The decomposition of HPMo already occurred af@G5tf

treatment and HPMo supported catalyst is inactive in this reaction.

To achieve good performance, catalysts must reteiKeggin species on the surfaaich is

probably beneficial to induce Bnsted acid sit®that can cleave the secondérH group in

glycerol they must also have a proper balance between acid sites and metal sites. The crystal
structure ofthe Keggin unit ofthe HSIW supported catalyst decomposed at least partially when

the calcinati on t e mpegreartquantiepfacicsites ef acertaih strergth 55 0 U ¢

corresponded to a higher selectivity ePD.

The support clearly affects the catalyst activity. Among the supports, the catalyst supported MCM
41 possesses the highest acidity and catalyst act@rigyiminary result indicated thaMiICM-41
and TiQ are good supposg for the hydrogenlysis of glycerol to-RO usinga 10Ni/30HSIW

supported catalyst.

Although 10Ni/30HSIW supported catalyst shows a good acitivity for the productieROffiom

glycerol; the leaching of talystis a concern.

7.2 Proposed reaction pathway

Based on our experimental results, we propose the following reaction pathway to explain the
glycerol hydrogenolysis over a 10NiB8iW supportedcatalyst (Schemer-1). The first
intermediate products fothygerol conversion are acetol andh@droxypropionaldehyde {BIPA)

which are formed via the dehydration of the hydroxyl group at the secondary and primary carbon
atom respectively. 1;PD is formed from the hydrogenation of acetol while hydrogenation of 3
HPA produces 1;®D. In the absence of an efficient hydrogenation function on an acidic catalyst,

3-HPA will undergo dehydration to form acrolein. Further hydrogenolysis ePD,2r 1,3PD
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gives 1PO. Since HPA is more reactive compared to acef$), [164, it was not observed as an
intermediate in the reaction. From the mechanism proposB€) &ould be obtained from the

hydrogenolysis of 12D and 1,&D, or the hydrogenation of acrolein.

OH

(o]
HO\)I\ _ e HO\)\ —"‘i
H,0 CH3 metal sites CH3 +H,
OH / Acetol 1,2 - Propanediol
HO\)\/OH acid sites +H B
w\

H,0

2
———»H H
. metal sites O ~0 +H, HaC\//\OH
Glycerol 1,3 - Propanediol 1-Propanol
acid sites

HOWO
3 -HPA

. O +2H

H20 HZCN 2 -
acid sites A lei metal sites
crolein

Scheme7-1 Reactions in the hydrogenolysis of glygketo 1-PO using bifunctional catalyst of
10Ni/30HSIW/ALOs

With acidic catalysts, the formation of 1IPD, 1,3PD and 1POis proposed as in the scheme 7
1. When H was substituted by Cer at low HSIW loadingroposed pathways for the conversion
of glycerol to glycolq1,2-PD and EGhare shown in Schemg2.

OH
-H,0 \/& +H, o 0] ", OH
CH,Metal CHy Metal HO CH,
OH OH 2-Hydroxyacrylaldehyde

HO\)\/QH He HO\)\/O 1,2 - Propanediol
= Metal =

Glycerol Glyceraldehyde

- +H
Retro-aldo| HO o 2

N4 Metal
eta

-HCHO
2-Hydroxyacetaldehyde

HO OH
S
Ethylene glycol

Scheme 72 Proposed pathways in the hydrogenolysis of glyceyol,2PD and EGusing a

bifunctional catalyswith low acidity

When H was replaced by an alkaline metal ion;,Gke acidity ofthe catalyst decreases while
the basicity of the catalysbtayincrease. Hence it is possible that the formation ofPD2and
EG takes place through a reversible dehydrogenation of glycerol to glyceraldehyde (GA) on metal

sites, followed by dehydrationor retroaldolization of GA on basic sites to- 2
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hydroxyacrylaldehyde or-Bydroxyacetaldehyde, and finally, the two aldehyde precursors are

hydrogenated on metal sites to-BPR and EG, respectively.

7.3 Recommendations

The much lower price of Ni comparemlPt is very attractive for a new green process development
for the conversion of glycerol to sustainable higher value products. To obtain a desired product
selectively, the control of reaction conditions and catalyst properties such as acid strength, th
amount of appropriate acid sites and metal hydrogenation activity will be needed. Optimization
of the catalyst preparation techniques and a balance of Ni and HiSiW loading on various supports
could lead to high yields of valtedded chemicals from glgool. Due to the inexpensive Niased
catalyst and the high selectivity, an economical production of green and sustaifablédm

glycerol hydrogenolysis may be feasible for future commercial development.

10Ni/30HSIW supportedatalysts seerto be a god catalyst system for the production ePD
from glycerol. MCM41 or TiG can be a choice of support to make the catalyst work effectively.

It is suggested that that catalyst should be pregayed-impregnation, since under this catalytic
system this atalyst can perform better compared to other catalyst @eépasequence This
method also saves time and regsiitess work topreparethe catalyst. However, the direct

interaction between the components during the preparation should be considered.

The studied catalytic systeis effectivefor the production of PO from glycerol andt is known
that the dehydration of RO will produce propene. Therefore it is promising to develop newserout

for onestep propylene production from glycerol based os thatalytic system.

It is found thathe 10Ni/30HSiIW/AI.Oz catalyst is effective for the hydrogenolyis of -BD to t
PO (at high conversion of glycerol of 98.1% and high selectivity -RQLof 91%) so the 2 layer

catalyst packing can also be developadiie production of PO from glycerol.

However it has been discussed that the catalyst leaching and deactivation in a glycerol
hydrogenolysis process is possibltherefore, the development ofa catalyst supported
heteropolycaid needo be studied tdacilitate the improvement afatalyticperformance antb

make it widely used.
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It was found that when the hydrogenolysis of glycerol was performadbtanless steel reactor,

the reaction rate was much lower compared to when it was carried out in adyastattor;
however, the selectivity to 1:BD was much higher. It is thought thiwe release of metal
constituent from stainless steel reachoto the solutionmay occur andaffect the product
selectivity This wasalsoreportedby Chaminand J. e#l. that partial dissolution of metals from

the inox walls of the reactancreased the selectivity to 1D in the hydrogenolysis of glycerol

on heterogeneous catalyf§]. Therefore, a study of promoteffects, e.g. adding another metal
component suchsaFe for the activity of cathyst toform 1,3-PD may be of interesiTo improve

the selectivity of 1,8D it is suggested that tlvatalystshouldhave high hydrogenation activity

for the intermediate -BIPA. The equilibrium between acrolein aneHRA in the hydration
dehydration step is important, so iessentiato tunethe bifunctiond catalyst and the conditisn

of the reaction to form 13D from 3HPA. A statistical analysi®n the effect of catalyst
compositions, the conditions of the reaction1g3-PD selectivity from glycerol can kapplied to

this study. The effect of catalyst composition can be studied through response surface
methodology (RSM) combined with a central composite rotatable design (C@RDRIFT
technique can be applied forsitu studying of the intermediate sped&sl,3-PDon the catalyst.
Chemisorption studies and density functional density theory (DFT) modelling can be applied to
investigate the structures and interactions between the reactants and the catalysttsurfac

elucidate a potential mechanistic pathway for the catalytic reactions.
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Appendix A Literature Data

Table A-1 Summary of Reported Catalysts and Reaction Conditions for Converting Glycerol into 13D in batch reactor

Catalyst Catatyst Glycerol Temp. | Press. | React. | Conv | Selectivity Reference
loading, wt% content, oC Mpa Time,h | % 1,3PD | 1,2PD | 1-PO

Cu/SiO; 0.6 40(n- 240 8 5 20 2 92 - Vasiliadou
5Pt-Re/CNTs 14pmol 1 170 4 8 55 26 52 26.0 Chenghao
Ir -ReOX/SIO; 3.75 24 386 |59 94 | 244 Tamura M.

3 i -ReOXSION None HSQ, 66.7 12018 94 |662 |11.9 |158 (2014)

H+/r=1 23 57.7 7.9 27.0

4 | 1RU/SBAZ5(H2400) 3.75 40 160 8 8 4 7.2 44 19.8 Li Y. etal.,
5RuU/SBAZL5(Air ZZ00/HZZ300) 124 |41 29 21.8 (2014)
Ru/Al O3 3.75 Ru/AbOs, 160 18 1.7 30.5 17.7 Li Y. etal.,

® [RuHZSM5(360) 3.75 40 8 8 19 |4 272 280 | (2014
Ru/Al O3 + HZSM5(25) 3.75 RuU/AbOs, 120 6.4 6.2 36 20.4

6 | 5Pdi5Re/ALO; 375 40 500 |8 18 236 |13.6 |545 |266 LiY. etal,
5Pd/Al,O3 3.3 9.9 63.3 19.3 (2014)
Pt/Ti100Wo 7.8 7.2 83 9.6

2 [ PUTioW 1o 25 10 180 |55 |12 184 403 |13.7 |325 | 4MangY.
PUTisWao 242 |335 |11.6 |366 | (2013)
Pt/TisoW'so 6.7 40.9 7.2 44.3
Pt/Al,Os+STA 0.5mol% 200 18 49 28 3 31.0 Dam J.T.,
Pt/WOx/AIOOH 108.6 3 180 5 12 100 66 2 11.0 Arundhathi
PUTIO> 24 |0 61.8 | 6.2(1+2)
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10 | Pt/Al,O3 22 4.5 210 6 6 10 121 |338 |26 Delgado S.
N., (2013)
PtAIOX/WO 3 90 44 2.2 37.8 Mizugaki

1 I BtMnOXWO 5 108.6 3 180 13 10 87 |33 |114 [483 | T. (2012)
PtZrOx/WO 3 87 33 3.45 [483

12 | Ir -ReOx/silica alumina 3.75 20 120 8 24 315 |59.8 13.3 17.7 Nakagawa

13 | Rhi MoOXx/SiO: 1.4 20 120 8 4 7.1 9.6 41 34.0 Koso S. et
Rhi ReOx/SIO; (initial) 9.7 21 32 31.0 al., (2012)

14 | PYm-WO 10 25 180 55 12 18 39.3 |41 33.8 Longjie L.,
Pt/c-WO3 45 [299 [141 |236 (2012)
Pt-Sulfated ZrO- 57 (water) 629 | 12.3 32.1 0.0
Pt-Sulfated ZrO: 66.5 |55.6 |2.9 0.0 _

15 [ FeSulfated Zr0; 12 57 (in 170 |72 514 |138 |0 0.0 Jinho Oh
Mn-Sulfated ZrO; DMI) (initial) 564 |145 |0 0.0 (2011)
PYSTA/ZrO» 502 [17.2 |5.4 0.0
PYPTA/ZIO , 484 | 154 |38 0.0

16 | PYWOSTIO/SIO, 2ml/40ml 10 180 5.5 12 153 |[50.5 [9.2 25.1 Gong L.,

17 | Iri ReOX/SiO, 3.75 + HSO, 80 120 24 62.8 |49 10 33.0 Nakagawa

18 | Pti Re/C Sintered (5.7 wt% Pt, | Substrate/ 1 170 20 34 33 22.0 Daniel O.M.

19 | Rui Re/Si0»-r450 4 40 160 3 238 [136 |[51.1 |[23.0 Ma L.

Rui Re/Si0,-r200 51 8.3 49.1 |26.1 (2010)
Ethanot [ 457 [21.2 |8 32.1 Leifeng G.
20 | PUWOSZr0 10 170155 IEthanol 382 |23  |136 |466 | etal, (200
Water |24.7 |[257 |15 21.3

21 | 2Pt/19.6WQYZrO » 36 170 18 86 28 145 [320

2Pt/19.6WQy/Al .03 44 30 25 26.4
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Pt/'WOJ/TIO, 57 (in 8 169 |384 |42 30.2 Kurosaka
22 | 5% Rh/Csz.5HosPW 12040 20 20 180 0.5 10 6.3 7.1 65.4 | 275 Alhanash
5% RuU/Cs;.sHo g PW12040] 23 0 736 |43 A., (2008)
23 | Rh/SiO; + Amberlystb 3.75 20 120 8 10 143 |9.8 26 42.2 Furikado I.
24 | Ru/C+Amberlyst 4+8%amberlgt | 20 120 8 10 129 | 4.9 554 | 141 Miyazawa
Rh/C+Amberlyst 3 9 32.7 |40.4 T., (2006)
25 | Rh/C 20 4 initial | g 10 0.3 3.4 58.6 |0.0 Kusunoki Y.
Rh/C + H;WO4 180 1.3 209 |56.7 |104 (2005)
Rh/C (5%) 19% 32 12 6 80.0 Chaminand
26 | Rh/AI203 (5%) 0.3 + HWO;, 19% in 180 |8 168 27 12 45 - J.etal.
Rh/C (5%) water 21 70 - (2004)
Rh/HY (3.5%) 3 0 100.0
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Table A-2 Summary of Reported Catalysts and Reaction Conditions for Converting Glycerol into 158D in fix-bed reactor

Catalyst Catalyst | Glycerol | Temp. | Hzflow | Press. | conv. % | Selectivity, % Reference
loading, w % °C rate, Mpa 1,3PD | 1,2- 1-PO
3Ru/MCM-41 0.5 230 140 62 20 38 13.0 Vanama
SPtW/ZrSi 3 10 180 |100 |5 543 |52 |68 |340 Zhu's.,
Pt-STA/ZIO, 2 10 180 | 100 241 | 481 |165 |218 Zhu's.,
Pti STA/ZrO2 267  |389 |92 |399
Pti LISIW/ZrO » 435|536 |142 |241 Zhu's..
4 Pikswizio, |2 10 180 110015 24 368 |22 |274 (2013)
Pti RbSIW/ZrO 166 | 316 |254 |289
Pti CsSIW/ZrO, 412|402 |205 |302
Pti STA/ZrO2 99.7 |09 |51 |800
Pti STA/ZIO 2+1% 90.1 |38 |88 |725
5 |PEHPWZIO, |4 10 200 1.0 s 924 |86 |92 |652 Zhu S.,
Pti WO3/ZrO 90.7 |93 |87 |640 (2012)
Pdi STA/ZIO 253|109 |492 |27.4
Pti STA/ZrO2 180 852  |221 |57
6 | Pt15STAISIO, | 4 10 200 |100 |6 812  |387 |20 |280 Zhu' s,
7 | CuznTi(2-2-1) 20 280 | 25 0.1 100 9 2 Feng Y. et
8 | 3.0PUWZ10 2mi 60 130 |10 4 702|456 |26 | 442 QinL. Z,
9 | 10CU-15STA/SIO, | 8 100 210 054 |834 321 |222 |- Huang L.,
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Table A-3 Summary of Reported Catalysts and Reaction Conditions for Converting Glycerol into-firopanol

Catalyst React., | Cat. loading, | Condition Conv | Selectivity Reference
conten | wt% T, | MPa | Time, 1-PO 1,3P | 1,2P
1 Raney Cu GL 25 18 |initia | g 12.4 |50.5 55 | Yue
Raney Cu/ALO3 0 |I1 16.3 | 81(1,2PP) | O 7.3 C.J.(2014)
2 | 3RUMCM-41 GL 23 fixbed |62 |13 20 |38 |PK
3 | 5PtRe/CNTs 17 [4 |8 55 |26 15 |52 | Chenghao
4 | 25PtW/ZISi GL |3g 18 |5 fixbed |415 |353 463 | 9.8 | Shanhui
5 | Ru(0.9)Ir- 4 12 [8 |24 779 | 437 389 |6 Masazumi
6 | 5% Ru/HY GL 20 |4 |a 103 |34 0 774 |JinS.
5% Ru/HY -0.5H 0 179 |29 785 | (2014
5Pdi5Re/SBAIS | GL 40.7 | 246 82 |599
7 | 5PdISBA15 4 S PO 15 |[146 44 | 722 | Yuming Ui
SRe/SBAL5 GL 0 31 |387 6.7 |49.6 |(2014)
5Pdi 5Re/CNTs 496 |30 82 |525
Cu/boehmite GL 775 |6.1 925
g | Cu FABO; 5 200, s 542 |15.7 gr2 | &Wu
Cu/SIO; GL 0 51.7 |98 gg.7 | (2013)
Ru/C 557 |58 59.4
9 | PUWOX/AIOOH GL |BETSSA123 100 |18 37 |2 Arundhathi
PYWOX/AIOOH BET SSA 56 100 |32 37 |1 R., (2013)
10 | PiSTA/ZIO, GL 18 | 5 fixbed 1267 |39.9 389 |92 |zhus.
Pti CsSiW/ZrO, 0 412 | 30.2 40.2 [ 205 | (2013)
11 | PUAI,Os+STA GL | 0.5mol% 20 |4 |18 49 |30 28 |7 Dam J.T.
PUSIO,+STA 10 |73 10 |5 (2013)
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12 | Pt-H4SiW12049/SIiO; | GL 49 20 |5 In fix bed | 88.5 | 36.9 27.2 | 248 | Zhu
13 | PtAIOX/WO 3 108.6 18 | 3 10 90 34 40 2 Mizugaki
Pt/WO3 GL 0 75 47 21 1 T. (2012)
14 | Pt/m-WO 25 18 |55 |12 18 33.8 39.3 |41 Longjie L.
15 | NiSiO2 GL 859+ 32 |6 In fix bed | 99.9 |42.38 0.6 4.6 Ryneveld
NiIAIO 3 carborundum | 0 96.1 |355 2.2 1.8 E. V.(2011)
16 | Homogenous Ru GL 20 | 345 |24 wateil 18 yield Michelle E.
17 | PUYWOS/TIO/SIO; 18 | 5.5 153 | 25.1 505 | 9.2 Gong L.
Pt/WOS/TIO> GL 7.5 28.2 43.7 |11.7 | (2010)
18 | PtiRe/C 17 | 4 24 33 41 25 20 O.M.
19 | RuiRe/SiO-r200 GL 4 16 |8 51 26.1 8.3 49.1 | Ma
20 | RhiReOX/SIiC; GL 4 12 | 8 79 35.3 13.8 |38 Shinmi Y.
Rhi MoOXx/SiO> 12 | 8 44.1 | 49 5.6 30.4 | (2010)
21 | PYWO3/ZrO > GL 17 | 5.5 Ethanol | 38.2 | 46.6 23 13.6 | Leifeng G.
22 | PYWO4/ZrO, GL 17 |initia | 12 Ethanol | 38.2 | 46.6 23 13.6 | Leifeng
0O |I55 Ethanot |45.7 |32.1 21.2 |8 G.(2009)
23 | Ru/Al;Os GL 5 24 |8 5 69 45 (1+2PrP)| 0.7 37.9 | Vasiliadou
24 | [Ru( OH2-) 3 ( 4 25 |55 |24 100 |35 Taher
o5 | PYWO3/ZrO GL 36.2 17 | g 18 DMI 85.8 |32.1 28.2 | 14.6 | Kurosaka
Rh/WO3/ZrO 0 86.4 | 26.3 5.4 32.6 | T.(2008)
12 | 8 129 |141 4.9 55.4 | Miyazawa
26 | Ru/C +Amberlyst GL 14 207 1182 1 31| 1.(2006)
20 6.5 19.9 1.5 74.1
27 | Rh_ReOx/SiG GL 4 12 | initia | 24 100 |76 3 Amada Y.
(Re/Rh=0.5) 1,2PD | 4 12 | 8 48 water 98.2 |68 (2010)
GL 375 12 | 8 10 Water 29.3 |413 5.4 22.6
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Rh/SiO; (G-6) + 1,2PD 175 | 565
Amberlyst 1,3PD 22.6 | 68.2 Furikado 1.
28 GL 388 |28.9 08 | 288 | (2007)
Ru/C+ Amberlyst 1.2PD 6.3 580
1,3PD 777 | 328
Ir T ReOX/SIO;, GL 12 12 58.6 | 40.7 448 |54 | Amaday.
29 114,50, (H+/Re = 1), | 1,2PD | o |® 469 |87 (2011)
Re:Ir=2 1,3PD 10 | 93
Ir i ReOX/SIO; (Re/lr | GL 12 62.8 |33 49 |10 | Nakagawa
30 | 1)., sulfuric, acid | 1,2PD 4 0 8 24 71.7 |85 Y.(2010)
(H+/Ir = 1) 1,3PD 22.6 | >99
GI10% 99.7 |80 09 |51
Pti HiSIW204/Z10 2 17550 20 100 843 -
31 13PD 49 0 5 In fix bed 555952 5.(2012)
Nii STA/ZrO Gl 247 |16.1 57 |526
Cui STA/ZrO , 152 | 113 72 | 709
4.0PUWZ10 GL 845 | 665 26.4 | 0.7 _
32 2ml| By 24 In fix bed | 41.6 | 44.2 a4 |36 | 9nts
2.0PtWZ10 13PD 0 =53 907 (2010)
1,3PD 22 |99.9
20%G | 166 22 |45 |24 19 | 53.8(1+2Pr |45 |31.9 _
33 | PUSIOsi AlLOs L 24 87.6 |59.7 07 |112 | Gandarasl
1> 22 129 |92.9(1+2PP (2010)
13 22 105 | 98(1+2PP)
34 | Rhi ReOX/SI0; 20%G | 4 s |5 79  |32.9 14 | 415
Rhi ReOX/SiO, 100% 15 | 16.3 28 | 512
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Rhi ReOX/SiO; 20GL 12 38.4 | 26.7 16.1 | 46.9 | shimao A.
(Re/Rh = 0.5) 1,2PD 0 ? 14 817 (2009)
1,3PD 11.8 |97.9
RU/Al,O3 GL, 16 g |g 18 |17.7 1.7 |305 _
35 | RUAILO:+ 4% 0 305 | 19.1 16 |209 | Yuming
RUALOS 1,2PD 23 | 119 Lia, (2014)
1,3PD 58 |16.8
Pt-HPW/ZrO , Gl 2 18 |5 |12 255 | 37.9 329 |10.9
36 | PLSTAIZIO, Gl 241 | 21.8 481 | 165 |2"ang
PLSTA/ZIO, 12 471 | 852 Y.(2013)
Pt-STA/ZIO, 13 91 |965
Ir- GL20 |4 12 |8 |24 61.1 |36.6 432 |92
37 | ReOX/SiO#H.S0, |12 4 389 897 Nakagawa
13 4 |991 Y.(2012)
Ir- 69.3 | 43.6 39 |7
GL 4+8%amberly | 12 38.8 | 289 288 | 0.8 | Miyazawa
38 | Ru/C + Amberlyst 1.2PD | 0 8 10 63 58 T.(2006)
1,3PD 777 |31
Rh/C + Amberlyst 20 14 64 532 7.2 19.5 .
39 GL |4 12 s |10 129 | 141 49 | 554 | Kusunok
Ru/C + Amberlyst 12PD 0 35 558 Y. (2005)
1,3PD 12.8 | 27.7
40 | Homogeneous Ru 1,2PD 11 |52 |72 HBF4-Et2 | 85 10 Schlaf M.
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Appendix B GC Calibration Cur ve

Compound 1-PO 1-Butanol Ac. 1,2-PD EG 1,3PD Butla;:iol Glycerol
Retention
Time (min) 2.129 2.788 4.57 9.165 10.09 15.61 22.35 32.23
Response
Factor 0.795 - 1.555 1.257 1.676 1.232 1.0 1.651
1-PO
Entry | mMu-po, Aipo | mis, mg Ais AipdAis | mad/mis yIX
mg
1 33.7 3104.5 25 1949.78 1.59 1.35 0.847
2 60.1 5702.6 25 1968.0 2.90 2.40 0.829
3 101.7 | 10113.0 25 1946.% 5.20 4.07 0.783
4 1524 15302.6 25 2000.6 7.65 6.11 0.799
5 202.2 | 19708.3 26 1956.05 9.82 7.78 0.792
Acetol
Entry | mac, mg Anc mis, mg Ais AaclAis | madmis yIX
1 44.3 2173.5 25 1949.78 1.09 1.77 1.634
2 87.9 4455.7 25 1968.0 2.29 3.52 1.537
3 133.5 6765.1 25 1946.% 3.38 5.34 1.579
4 175.9 8740.5 25 2000.6 4.44 7.04 1.585
5 227.1 | 11921.3 25 1956.05 5.94 9.08 1.530
1,2PD
Entry | my2pp, Ai2pp | MIis, mg Ais Ao MadMis yIX
mg ol AiS
1 56.1 3135.3 25 1949.78 1.61 2.24 1.395
2 1072 6281.6 25 1968.70 3.19 4.30 1.346
3 1557 9506.8 25 1946.54 4.88 6.22 1.273
4 204.6 | 12975.7 25 2000.65 6.49 8.18 1.262
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5 303.7 | 19200.3 25 1956.05| 9.82 12.15 1.238
602.1 | 38403.5 25 2005.18 | 19.15 24.08 1.258
EG

Entry | mes, mg Aec mis, mg Ais Aed/Ais | meg/mis y/x
1 33.0 1453.1 25 1949.78 0.75 1.32 1.771
2 51.8 2396.7 25 1968.70 | 1.22 2.07 1.702
3 86.1 3992.9 25 1946.54 | 2.05 3.44 1.679
4 1259 | 59734 25 1956.05 3.03 5.04 1.664

1,3PD
Entry | myzep, Aizeo | MIiS, mg Ais Az M3 yIx
mg ro/Ais po/MIS
1 28.6 1789.0 25 1949.78 0.92 1.14 1.247
2 53.2 3399.9 25 1968.70 1.73 2.13 1.232
3 79.6 5137.0 25 2000.65 2.57 3.18 1.240
4 103.7 6457.0 25 1946.51 3.32 4.15 1.250
5 155.5 | 10233.5 25 1956.05 5.09 6.22 1.222
Glycerol
Entry MmcL, AcL mis, mg Ais Acl/Ais | mgl/mis yIX
mg

1 49.5 2195.7 25 2000.65 1.10 1.98 1.804
2 103.3 | 4611.2 25 1946.54 2.37 4.13 1.744
3 151.3 | 7012.5 25 1968.70 3.56 6.05 1.699
4 202.3 9293.1 25 1949.78 4.77 8.09 1.698
5 303.9 | 14513.7 25 1956.05 7.42 12.16 1.638
6 602.4 | 29275.7 25 1996.32 | 14.66 24.10 1.643
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1-Propanol
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Figure B-1 Calibration Curve for Propanol
10 Acetol
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Figure B-2 Calibration Curve for Acetol.
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1,2PD
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Figure B-3 Calibration Curve for 1,2-PD
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Figure B-4 Calibration Curve for EG.
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mi/mis

1,3-PD

y=1.232x
R%=0.9995

Ai/Ais

Figure B-5 Calibration Curve for 13PD.

Figure B-6 Calibration Curve for Glycerol.
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