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CHAPTER |
INTRODUCTION

1.1 Introduction

The increment of fossil fuel usage has affected the creation of pollutant
emission, especially carbon dioxide (CO,), which encourages the greenhouse effect
leading to the problem of global warming nowadays™. To alleviate CO, production,
the exploration of alternative fuel source replacing the primitive fossil fuel has been
needed®. Recently, biomass, the product derived from a living organism, has gained
more attention for employing as an alternative feedstock in many applications such
as biochemical and bioenergy because the biomass is ample in agricultural products.
Hence, utilizing biomass is not only produced green products without generating
pollutants that directly impact to environment but also added the value of low-cost
agricultural materials®.

In the past few decades, bioenergy means biofuels, consist of bioethanol and
biodiesel, which the productions have been rapidly developed™. For biodiesel which
provides wider applications of the vehicle system, it can be produced from
triglycerides derived from plants such as palm, peanut, sunflower, soybean,
jatropha®, and rapeseed™, constituting approximately 10 wt.% of total biomass™.
Moreover, the triglycerides are also harvested from animal fat'” and waste cooking
oil®. Normally, triglyceride can be reached with short-chain alcohols, via
transesterification reaction. To produce ester compound and glycerol as main and
byproduct, respectively. After that, the produced ester compound can be purified
before employed as biodiesel in the next step?.

In 2018, the global production of biodiesel was significantly increased by
around 5%. From overall biodiesel production around the world, the top five
countries accounted for 53% of global production. Most of them, Europe is the
largest producer of biodiesel by region. Furthermore, the current leading country
producers for biodiesel production are the United States (17%), Brazil (13%),

Indonesia (10%), Germany (8%), and Argentina (5%), respectively'".



In the future, biodiesel production trends to continuously enhanced around

4.5% annually to reach 41 billion liters in 2022, as shown in Figure 1.

United States
Other 15%

Brazil
8%

Argentina

9%
India
6%

Figure 1 Country shares of biodiesel production in 2022

However, the increment of biodiesel production affects the over excess
glycerol storage, which is the byproduct during biodiesel production. Over generation
of glycerol byproduct leads to the low-cost of glycerol in the chemical market.
However, it is well known that glycerol is an important reactant for producing other
chemical precursors.

To transform glycerol to other chemicals, the hydrogenolysis reaction of
glycerol is the most basic approach which a highly effective catalyst plays an
important role in terms of reactivity of glycerol conversion and selectivity of wanted
1,3-propanediol production. From the many kinds of highly effective catalysts that
are available in the market, Pt-based catalyst has been recently reported as the most
popular catalyst due to its high reactivity on hydrogenolysis reaction. However, the
improvement of selectivity of wanted 1,3-propanediol production is still a challenge.

To improve the selectivity of 1,3-propanediol on Pt-based catalyst, the
addition of tungsten oxide (WO,) has been reported as an effective dopant to
increase the selectivity of 1,3-propanediol production and enhance the catalytic

reactivity because the existence of WO, assists stabilization of the secondary



carbocation which is the crucial intermediate during the transformation of glycerol to
1,3-propanediol™?.

Although a combination of Pt and WO, on Y-A,O5 surface can improve the
selectivity of 1,3-propanediol beyond 1,2-propanediol, deactivation of the catalyst by
metal leaching, metal sintering, and coke formation is still difficult to avoid. Hence,
understanding of deactivation on Pt/WO,/Y-Al,O5 catalyst during hydrogenolysis of
glycerol needed to design a better catalytic system for hydrogenolysis of glycerol to
yield 1,3-propanediol.

Thereby, deactivation of clean Pt and Pt/WO,, which are supported by Y-
ALL,O; are focused during the hydrogenolysis of glycerol to 1,3-propanediol.
Moreover, the effect of WO, doping to prevent deactivation on Pt-based catalyst
improving the catalytic performances in terms of activity, selectivity, and stability on

hydrogenolysis of glycerol. The role of additional promoters such as WO, is also

investigated.

1.2 Objective

To investigate the role of WO, on Pt/Y-Al,O5 catalyst to prevent deactivations
from leaching and sintering of Pt metal as well as coke formation during
hydrogenolysis of glycerol to 1,3-propanediol under low temperature and pressure

(mild reaction conditions)

1.3 The Scopes of Research

The details of this research are shown below.

1.3.1 Studying the catalytic reaction for fresh and used catalysts through
hydrogenolysis of glycerol at low temperature and pressure conditions (140 °Cand 5
bar of initial H, pressure)

1.3.2 Studying deactivation of Pt-based catalyst during hydrogenolysis process
(Pt leaching, Pt sintering, and coke formation)

1.3.3 Studying the effect of WO, on preventing catalytic deactivation of Pt-
based catalyst



1.3.4 Studying catalytic stability in terms of recycle catalyst in hydrogenolysis

process



1.4 Research Methodology
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CHAPTER Il
BACKGROUND AND LITERATURE REVIEWS

The general information of glycerol and the hydrogenolysis of glycerol to 1,3-
propanediol and other possible chemicals are mentioned in this section. Finally, the
interesting catalysts and literatures, including definitions of sintering and coking, are

reviewed with this chapter.

2.1 Glycerol
Currently, there are several methods to synthesize glycerol into other useful
products, such as hydrolysis, saponification, and transesterification of fatty acid or

vegetable oil. The applications of glycerol are illustrated in Figure 2, for example,

pharmaceutical, cosmetic, food beverage, and chemical application.

e Cellophane

2%

Figure 2 Glycerol industrial applications™*

Glycerol is a functional chemical compare with the other hydrocarbons.
Accordingly, a large quantity of higher value-added products can be produced via

different chemical reactions, as showed in Figure 33l



,[ Hydrogenolysis }— 4{ Propene

//{ Cyclization J -[ Glycerol carbonate
Oxidation }——[ Glyceric acid

Dehydration Ji -[ Acrolein

/ /_/.,[ Esterification }—.[ Mono- and polyesters ]
Glycerol ';
\ H'““‘[ Etherification J -[ Mono- and polyethers ]

\{ Olisomerization }—»[ Polyslycerol

Biochemical paths }—-[ 1,3-Propanediol
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\[ Reform J——[ Syngas (CO, and H,)

(16]

Figure 3 Pathway for possible glycerol derivatives

In recent years, the interesting reaction for glycerol transformation to higher-
value products is the hydrogenolysis of glycerol to propanediol. Wanted products
from the hydrogenolysis of glycerol are 1,2-propanediol (1,2-PDO) and 1,3-
propanediol (1,3-PDO). Among them, 1,3-PDO reveals a higher value than of 1,2-PDO.
Thus, the hydrogenolysis of glycerol to 1,3-PDO is gained more attention.

2.2 Hydrogenolysis of glycerol to 1,3-propanediol

Because glycerol has more -OH group than the propanediol products, the
hydrogenolysis of glycerol aims to remove -OH group together with one H atom
addition. Moreover, another approach is adding H, molecule following H,O
discharge!”

The hydrogenolysis is two steps reaction of bonds dissociation of chemical
reactant following by hydrogen filling. The hydrogenolysis of C-C bond, as known as
hydrocracking, which widely used in petroleum chemistry, is a reaction for shortening

the carbon chain length, as shown in Eq. 1?8 On the other hand, the hydrogenolysis



of C-O bond is a method to get rid of the content of oxygen in a substrate,
particularly C-OH bond, which was extensively used to convert biomass to fuel or

chemicals as shown in Eq. 217

catalyst |
+ H, CH + HC——

Eg. 1

catalyst
—C—0—— + H, CH + HO—

Eq. 2

The proposed mechanisms pathway of glycerol hydrogenolysis is illustrated in
Figure 4. Firstly, C-O bond dissociation of glycerol hydrogenolysis is taken place to
two products, including 1,2-PDO and 1,3-PDO. Then, the 1,2-PDO and 1,3-PDO can be
over hydrogenolysis to 1-propanol (1-PrOH), 2-propanol (2-PrOH), and propane.
Moreover, the products such as ethylene glycol, ethanol, methanol, ethane, and

methane are produced from C-C hydrogenolysis of glycerol.

—— C-O Hydrogenolysis —— C-C Over-Hydrogenolysis
— C-0O Over-Hydrogenolysis
' HO/\/\OH i ' i
E / OH | i HO Ethylene glycol |
E Glycerol : E OH i
| OH HO "o ! ! :
i ,2-Propanediol\(\ : ! !
] OH 1,3-Propanediol ——| /\OH Ethanol !
: k i  CH30H Methanol !
! S~ i : !
| 2-Propanol Y OH : ! CH,4 Methane !
: OH\ 1-Propanol : ! !
e g L e e e e !
PN
Propane

Figure 4 Products and byproducts from hydrogenolysis of glycerol



The many mechanisms of glycerol hydrogenolysis have been proposed, and
the pathway that was operated depending on the system of reaction. Acidic, basic, or
metal catalytic properties are parameters for a selective pathway. The mechanism of
glycerol hydrogenolysis has three routes to achieve the propanediol (Figure 5),
consist of dehydration-hydrogenation, dehydrogenation-dehydration-hydrogenation,

and direct hydrogenolysis'?’.

YOH
OH

N ow _fHy o Yy ToH
0

OH
-H,0 Acetol 1,2-propanediol
- (1,2-PD)
OH/\/\OH —— ONOH +—H2. HO~"""0H
3-Hydroxypropion- 1,3-propanediol
aldehyde (1,3-PD)

Route 1: Dehydration-hydrogenation

HO/Y\OH | ) “2 . HOMO 'H?.() \AO o \n/\o ﬂ.\OG\OH
H OH (o)

OH 1!
Glycerol Pyruvaldehyde
Route 2: Dehydrogenation-dehydration-hydrogenation

hydride OH
+ H, y—. Active hydrogen species \OIH/\

-H,0
HO™ "OH

Route 3: Direct glycerol hydrogenolysis.

Figure 5 Mechanisms of glycerol hydrogenolysis to produce propanediol

In the dehydration-hydrogenation route, the acid catalyst is used for glycerol
dehydration to form intermediate. After that, the intermediate is hydrogenated to be
the product. The intermediates of dehydration and hydrogenation are acetol and 3-
hydroxypropionaldehyde (3-HPA), respectively. Acetal is a dehydrated intermediate
which is hydrogenated to 1,2-PDO through -OH group removal at the first position of
glycerol (Figure 5, Route 1). On the contrary, 1,3-PDO is formed via hydrogenation of
3-HPA intermediate, which -OH g¢roup is dehydrated at the second position of
glycerol, while the dehydrogenation-dehydration-hydrogenation (Figure 5, Route 2) is
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a reaction that produced the mainly 1,2-PDO under neutral water and alkali

condition.

2.3 Catalysts and literature reviews

The catalysts for hydrogenolysis of glycerol have two functions of catalytic to
remove the -OH group and to fill the hydrogen. First, the function that using for -OH
group removal is the acidic or basic function. Second, the oxidation-reduction
process is used for hydrogen adding. The catalyst components for hydrogenolysis of
glycerol include metal and metal oxides, or acidic, or basic supports. The metal
component used for hydrogen activation and the support used to provide acid-base
performance. The catalysts for hydrogenolysis of glycerol are divided into two
groups, transition, and noble metal, based on the metal types.

In 1988 and 1991, Montassier et al.?" studied propanediol production from
hydrogenolysis of glycerol using Ru particles on charcoal (Ru/C) catalysts. As a result,
the pathway of ¢lycerol —hydrogenolysis is dehydrogenation-dehydration-
hydrogenation (Route 2, Figure 5). First, dehydrogenation of glycerol is generated over
the metal surface, and glyceraldehyde, which is the intermediate chemical of the
reaction, is produced. Second, 2-hydroxyacrolein and pyruvaldehyde are two
intermediate chemicals derived from dehydration in the base condition. After that,
all the intermediate chemicals are reacted through hydrogenation with high pressure
H, gas. 1,2-PDO is a main product from the reaction. The selectivity of 1,2-PDO is
higher than the selectivity of 1,3-PDO. And researchers found that the alkali condition
increasing of the reaction causes the significant increase of reaction rate because the
intermediate favors dehydration in the alkali condition. Lahr and Maris get similar
results in 20034 2005'% and 2007%¥, respectively.

In 2005, Dasari et al.”” studied the hydrogenolysis of glycerol to propylene
glycol using different metal-doped over carbon-based support. The results showed
that the reduced Copper-chromite catalyst is identified as the most effective catalyst.
The mild reaction conditions, 200 °C and 200 psi, provide high selectivity (85%) and
good conversion (54.8%) more than other metal such as Ni/C, Ru/C, Pd/C, and Pt/C.
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The researchers propose two steps of the reaction mechanism to convert glycerol to

propylene glycol (Figure 6).

Dehydration Hydrogenation
C|)H (I)jH ?)_H OH ﬁ (|)H ?H
|
CH,— C——CH, T.‘,O) CH,-C -CH3T> CH,-CH - CH,
Acetol Propylene Glycol

Glycerol

Figure 6 Proposed reaction mechanism for conversion of glycerol to propylene

glycol

In 2007, Tomishige et al”® evaluated the catalytic performance of noble-
metal supported on AlL,O; and SiO,. As a result, Rh/SiO, is presented higher activity
and selectivity at low temperature (120 °C) than Ru/C. The highest conversion and
1,3-PDO selectivity of Rh/SIO, are 7.2% and 7.9%, respectively. The reaction route on
Rh/SIiO, is differenced from Ru/C via the products from hydrogenolysis of glycerol.
Rh/SiO, catalyst promotes the propanol formation from 1,2-PDO, while Ru/C favors
to proceed with the generation of propanol from 1,3-PDO.

In 2011, Tomishige et al?”

discussed the mechanism of glycerol
hydrogenolysis to 1,3-PDO over the Re-added noble metal catalyst. The standard
condition of the reaction is following 120 °C, 8 MPa initial pressure of H, and 12 h
reaction time. The result showed that Ir-ReO,/SiO, is selective to produce 1,3-PDO.
Consequently, the mechanism of glycerol hydrogenolysis is a direct pathway to form
1,3-PDO via 2,3-dihydroxypropoxide. As shown in Figure 7, the transition state of
glycerol adsorbed on Re species, firstly, the -CH,OH group of glycerol is adsorbed on
the surface of ReO, to form alkoxide. Next, for 1,3-PDO production, the secondary C-
O bond of 2,3-dihydroxypropoxide, the intermediate, is attacked by activated -OH

group on Ir metal as depicted in Figure 7 (a). On the other hand, the remaining C-O

bond cleavage of the intermediate is taken place by activated -OH group on Ir metal
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leading to the production of 1,2-PDO (Figure 7 (b)). As Chia et al.”® the identical

mechanism of glycerol hydrogenolysis over Rh-ReO,/C catalyst is reported.

2,3-dihydroxypropoxide 1,3-dihydroxyisopropoxide
HO
HO
> (0] &) (@) R
Re HO e
HO ) \ / ) \ /
H- Re— - Ré—
\I / \I ~ / \l
Ir Ir I Ir Ir ir
(a) From glycerol to form 1,3-PD (b) From glycerol to form 1,2-PD

Figure 7 Model structures of the transition states of the hydride attack to the

adsorbed substrate in the glycerol hydrogenolysis®?”

In 2012, Liu et al® investigated the catalytic performance of mesoporous
tungsten oxide (m-WO;) supported Pt catalyst for hydrogenolysis of glycerol
compared with commercial WO5 under the reaction condition, 180 °C, 5.5 MPa H,,
12 h and the mass ratio of catalyst/glycerol equal to 1:4. The evaporation-induced
self-assembly method is used to synthesize the m-WO; using WClg as a precursor.
The results showed that Pt/m-WO; is more active and selective for hydrogenolysis of
glycerol to produce a main product as 1,3-PDO than commercial cause the high
dispersion of Pt and good reducibility of m-WOs. As a result, the glycerol conversion
reached 18%, and the selectivity of 1,3-PDO was 39.3%.

In 2015, Zhu et al.®” studied the effect of various WO, contents over Pt/AL,Os
catalysts. The researchers found that 10 wt.% of WO, loading over Pt/Al,O; catalyst
gave approximately 50 times of 1,3-PDO vyield (42.4%) compared with Pt/AlL,O;
catalyst because of the existing of Brgnsted acid sites. The Brgnsted acid sites
promote the secondary C-O bond cleavage of glycerol to produce 1,3-PDO, while
Lewis acid sites favor to form 1,2-PDO via controlling the cleavage of primary C-O
bond.

In 2015, Garcia et al.®Y studied the effect of bimetallic Pt/WO,/AlL,O; catalysts
to selective 1,3-PDO production from the hydrogenolysis of glycerol. The high
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dispersion of polytungstate species over the catalyst surface led to the highest
selectivity of 1,3-PDO due to Brgnsted acidity is produced. The role of acidity and
interaction between platinum and tungsten oxides are necessary for the selective
hydrogenolysis of glycerol to 1,3-PDO. Pt/WO,/Al,05 catalysts were prepared by the
sequential wetness impregnation method. The activity test results showed when the
platinum content is increased from 1 wt.% to 9 wt.%, the conversion of glycerol and
the selectivity of 1,3-PDO also increased from 25.6% to 60.3% and 16.4% to 31.2%,
respectively.

In 2016, Garcia et al"® studied the effect of WO, to be selective for the
hydrogenolysis of glycerol over Pt/WO,/Al,O5 catalysts. The catalytic reaction was
tested under the reaction condition, 200 °C, 90 bar of Hy and 4 h of reaction time,
using the reduced catalysts. The 9Pt8WAL catalyst is reported as a high yield of 1,3-
PDO of 38.5%. The researchers found the three roles of tungsten oxide in the
hydrogenolysis of glycerol, as follows: (1) strong anchoring site for primary hydroxyl
group of glycerol (2) protons provider (3) stabilizer of the secondary carbocation.

In 2017, Garcia et al®? doped bimetallic Pt-WO, on supports, aluminium
oxide, and HZSM-5, to study structure-activity relationship for hydrogenolysis of
glycerol. The results showed that the important parameters to produce 1,3-PDO are
tungsten surface density and the closed contact between Pt and WO,. The density of
the tungsten surface controls the type of WO, species generated on the surface of
catalyst. Polytungstate produced the weak Brgnsted acidity, which is necessary to
selectively produce 1,3-PDO. For Pt/WO,/Al,O; catalyst, the increase of Pt dispersion
promotes the high conversion of glycerol leading to 1,2-PDO and 1,3-PDO formation.
However, the increment of Pt content on catalyst surface significantly enhance the
amount of 1,3-PDO production. Moreover, the assistance of WO, and Pt metal

promoted the selectivity of intermediate carbocation to 1,3-PDO.

2.4 Sintering
Sintering is a process of metal aggregating to a larger size on the surface of
catalyst during high temperature, which weakens the interaction between metal and

support. Hence, the surface area of used catalyst is decreased leading to loosing of
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catalytic performance comparing to the fresh catalyst. To prevent the metal sintering
process, increment the interaction between metal and support on the catalyst
surface is an effective solution to solve this problem?.

Garcia et al.*? studied the structure of Pt-WO, with 10 wt.% W content over
Al-based supports using X-ray diffraction measurement. The result is showed that the
diffraction peak of Pt metal on used 2Pt9W AL“°™ catalyst is shaper than the fresh
catalyst at 20 = 39.9°. They reported that the Pt metal on the Al-based support
catalyst is sintered during the reaction at high temperature and pressure (200 °C and

25 bar).

2.5 Fouling and Coking

Fouling is a physical deposition of components from the liquid phase onto
catalyst surface. This process leads to activity losing of active sites due to blockage
of sites and/or pores. Coking is one kind process of fouling that hydrocarbons
decompose or condensate on catalyst surface®. These are deactivation types of
catalyst which affected to decrease of catalytic activity.

1 studied hydrogenolysis of glycerol under mild reaction

Gandarias et al
conditions (493K and 45 bar of H, pressure) using Pt supported on amorphous silico
alumina (Pt/ASA). They reported the addition of Pt metal could reduce the coke
formation from 6.2% on ASA support to 5.4% on Pt/ASA catalyst because of Pt metal

cleavage C-C bond.
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CHAPTER 1lI
EXPERIMENTAL

This chapter mentions the used chemicals in catalysts preparation including
steps of preparing the catalysts via wet impregnation method. Next, the step by step
of glycerol hydrogenolysis is referenced to imitate easily. Finally, the conditions of
Gas-Chromatograph and measurements of catalysts characterization are shown in the

chapter.

3.1 General of Chemicals

The list of chemicals for the hydrogenolysis of glycerol is shown in Table 1.

Table 1 Chemicals in the hydrogenolysis of glycerol

Chemicals Formula Supplier
Alumina (lab grade) Y-AlLOs Kemaus
Glycerol C3HgOs Sigma-Aldrich
Ammonium(meta)tungstate hydrate (NHg)gH,W;,040 - xH,0O Sigma-Aldrich
Chloroplatinic acid hydrate H,PtClg Sigma-Aldrich

3.2 Catalyst Preparation
The Pt/WO,/Y-Al,O5 catalyst was prepared using wet impregnation method.

And the catalyst preparation processes are as follow.

3.2.1 Pt/Y-ALO;

Pt/Y-AL,O5 catalyst was prepared by wet impregnation method. First, the
powder of Y-Al,O5 (Kemaus) was calcined in static air at 900 °C for 3 h. After that, the
chloroplatinic acid hydrate (H,ClgPt.nH,O, Sigma-Aldrich, 38% Pt basis) was used as a
precursor. Next, 5 wt.% of H,Cl,Pt were dissolved in deionized water to be a
completed solution and impregnated on the Y-Al,O; powder by stirring at 500 rpm
for 16 h. Finally, the prepared catalysts were dried overnight at 110 °C and calcined
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in airflow at 300 °C for 3 h. 5Pt/Y-Al,O; catalyst where 5 is indicated 5 wt.% of Pt
metal was used in the catalytic reaction.
3.2.2 WO,/Y-ALLO4
WO,/Y-AlO5 catalyst was prepared via wet impregnation method. First, the
calcined Y-AL,O3 powder from the previous step was impregnated with 10 wt.% of
ammonium metatungstate (AMT, (NHg)s(HoW15,040).nH,0O, Sigma-Aldrich, >99.99%)
which dissolved in DI water as a solution. After that, the impregnated Y-Al,O5 was
stired at 500 rpm for 16 h. The WO,/Y-Al,O5 was dried overnight at 110 °C. Finally,
the catalyst was calcined in airflow at 900 °C for 3 h.
3.2.3 Pt/WO,/Y-ALO3
Pt/WO,/Y-AL,O5 catalyst was prepared by wet impregnation method. First,
WO,/Y-AlLO5 catalyst from the previous step was impregnated with 5 wt.% of H,ClsPt
as a precursor which is dissolved in DI water. Second, the impregnated catalyst was
stired at 500 rpm for 16 h. After the impregnation was finished, the catalyst was
dried overnight at 110 °C and calcined in airflow at 300 °C for 3 h. 5Pt/WO,/Y-AlLO5

catalyst where 5 is indicated 5 wt.% of Pt metal was used in the catalytic reaction.

3.3 Hydrogenolysis Reaction

The catalytic reaction of glycerol hydrogenolysis to 1,3-PDO was tested. First,
0.6 g of catalyst and 3 wt.% of aqueous glycerol solution were placed into 100 mL
stainless steel autoclave, as showed in Figure 8. Second, the system was flushed
three times with 5 bar of H, and pressurized with H, to reaction pressure of 5 bar.
Then, the temperature of the system was heated to 140 °C and stirred at 800 rpm for
6 h. After the reaction was finished, the system was cooled down immediately to
ambient temperature overnight to condense all components in gas to the liquid
phase. Subsequently, 0.3 ¢ of ethylene glycol was added as the internal standard.
After that, the sample was centrifuged to separate solid catalysts from the liquid
phase. And the solid catalysts were washed several times with DI water and dried at
110 °C until a weight becomes stable. Finally, the products of the liquid phase were
analyzed using a Shimadzu 14B gas chromatograph with DB-WAX-UI capillary column
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equipped with a flame ionization detector (30 m x 0.32 mm x 0.5 pm) as the GC
condition as shown in Table 2. To determine the catalyst stability, the used catalysts
were recycled to the second hydrogenolysis of glycerol as the same reaction
condition. The conversion of glycerol and selectivity of each liquid product was

calculated using the following equations, respectively.

moles of glycerol (in) - moles of glycerol (out)

Conversion (%) = x100
moles of glycerol (in)

moles of product
Selectivity (%) = x100
moles of glycerol (in) - moles of glycerol (out)

¥ moles of product + moles of glycerol (out)

C; Moles Balance (%) = x100
moles of glycerol (in)

Table 2 The analysis conditions of Gas Chromatograph

Gas Chromatograph Shimadzu GC 14-B
Detector FID
Column DB-WAX-UI capillary column
Carrier Gas Helium (99.99 vol. %)
Make-up Gas Air (99.9 vol. %)

Column Temperature 60 °C

Injector Temperature 250 °C

Detector Temperature 250 °C

Time Analysis (min) 30
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Gas Out
—

Thermocouple

140.0

Reactor

Magnetic Stirrer

Figure 8 Experimental equipment for hydrogenolysis of glycerol

3.4 Catalysts Characterization
3.4.1 N, Physisorption

N, physisorption was used to observe the surface area of catalysts by a single
point on the N, adsorption isotherm method using the Micromeritics Chemisorb 2750
Pulse Chemisorption system. 50 mg of the catalysts are pretreated at 300 °C for 1 h
under N, flow. Then, the system temperature was reduced to -196 °C for 30% of
N,/He adsorption. Finally, the temperature of the catalysts system was heated up to
room temperature for desorption. The specific surface area can be calculated by
dividing the peak area with the weight of catalyst sample.

3.4.2 Inductively Coupled Plasma (ICP)

The amounts of Pt and W metal leaching from the surface of catalysts into
liquid phase are determined by inductively coupled plasma optical emission
spectrometer (ICP-OES) on a 2100 DV from Perkin Elmer. After the separation of solid
catalyst, 1 mL of the solution is dissolved with DI water. The energy from coupled

plasma is used in the measurement.
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3.4.3 Scan Electron Microscope (SEM)

The chemical composition attributed to the surface of the catalysts is
examined with SEM-EDX using Link Isis series 300 program SEM (JEOL model JSM-
5800LV).

3.4.4 X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) measurement is used to characterize the
patterns of catalysts. The diffraction patterns are collected by Bruker D8 Advance
using Cu Ko irradiation at 20 = 20° to 80° with a 0.05° s step size.

3.4.5 IR Spectra of Pyridine Adsorption (Py-IR)

Types of acid sites of catalysts are analyzed from the FTIR spectra of
adsorbed pyridine via a Bruker Equinox 55 FT-IR spectrometer equipped with mercury
cadmium telluride (MTCB) detector. The 55 mg of samples is pretreated under
vacuum at 300 °C for 1 h with a ramping rate 10 °C/min. After that, the system is cool
down to 50 °C to adsorbed pyridine and collected IR spectra at the same
temperature.

3.4.6 Temperature-Programmed Oxidation (TPO)

To analyze the amount of carbon contents in the catalyst, temperature-
programmed oxidation (TPO) was used to measure weight changing on the material,
which was lost during reaction testing. Moreover, the catalyst was determined the
chemical phenomena such as the temperature of catalyst decomposition and
oxidation reaction between gas and solid. 10-20 mg of the specimen was used to
operate the temperature program at 25 to 1000 °C with 10 °C/min of temperature
ramping using N, UHP as the carrier gas.

3.4.7 Fourier-transform Infrared Spectroscopy (FTIR)

To determine chemical structure on the catalyst surface, Fourier-transform
infrared spectroscopy (FTIR) was used to analyze the functional group of the catalyst
using Nicolet 6700 FTIR spectrometer. 50-100 mg of catalyst were pressed to powder
disk. After that, the wavenumbers of the infrared spectrum were recorded at 4000-

400 cm™.
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter mentions the several studies and results containing the effect of
a reusable catalyst on catalytic activity, the influence of tungstate oxide addition,
and the effect of platinum loading on the sintering of catalyst during the glycerol
hydrogenolysis to 1,3-PDO. The characterizations of catalyst specimens were
investigated using the technique such as Ny-physisorption, ICP, SEM-EDX, XRD, Py-IR,
TPO, and FTIR.

4.1 Catalyst Properties
4.1.1 N, Physisorption

The physical property of fresh catalysts is shown in Table 3. The surface area
of catalyst specimens is decreased with the addition of WO, and Pt metal on catalyst
comparing bared Y-Al,05; support. Diminish of the surface area of impregnated
catalysts such as WO,/Y-AL,Os; and Pt/Y-AL,O; may be caused by hindrance or
blockage the pores of the support. As a result, the introduction of Pt metal on
WO,/V-AlO5 catalyst also reduces the surface area described through the same

assumption®" ¢,

Table 3 N, physisorption and acidity of fresh catalyst

Catalyst Surface area (m?/g) ® B/L acid ratio °
Y-AL,O5 90 N.A.
WO,/Y-AL,O5 38 N.A.
5Pt/Y-AL,05 (fresh) 48 0.17
5Pt/WO,/Y-AL,05 (fresh) 33 0.26

% surface area based on gram of catalyst
® ratio of Brgnsted and Lewis acid sites from FTIR of pyridine adsorption

N.A. = non-analysis
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4.1.2 IR Spectra of Pyridine Adsorption (Py-IR)

To classify acidity difference and evaluate type of acid sites (Brgnsted and
Lewis sites) of 5Pt/Y-AlL,O5; and 5Pt/WO,/Y-Al,O5 catalysts, FTIR combining to specific
pyridine adsorption analysis is performed. The FTIR spectrum of pyridine adsorption
on fresh 5Pt/Y-Al,05 and 5Pt/WO,/Y-Al,O5 catalysts are revealed in Figure 9.

Recently, there are several researches reporting that appearance of
characteristic peak in a range of 1450 cm™ and 1614 cm™ evidence Lewis acid sites
(L)P% 3" whereas the occurrence of characteristic peak around 1540 cm™ and 1640
cmt illustrates the characteristic peaks of Brgnsted acid site (B)8. Moreover,
observation of characteristic peak, particularly at 1490 cm™ reveals the mixture of
Brgnsted and Lewis sites (B+L) of catalysts*?.

The 5Pt/Y-AL,O5; and 5Pt/WO,/Y-AL,O5 catalysts exhibit both of Brgnsted and
Lewis acid site that the signal of Lewis acid site shows higher intensity than Brgnsted

acid site. These results indicate Lewis acid sites on 5Pt/Y-Al,O5; and 5Pt/WO,/Y-AlL,O5

catalysts are dominant.
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Figure 9 Pyridine adsorption of fresh 5Pt/Y-Al,O5 (a) and 5Pt/WO,/Y-Al,O5 (b)

catalysts

4.2 Catalytic Activity

Table 4 shows catalytic activity of fresh 5Pt/Y-Al,Os and 5Pt/WOx/Y-Al,O5
catalysts in the hydrogenolysis of glycerol to 1,3-PDO using mild reaction condition:
140 °C, 5 bar of initial H, pressure and 6 h of reaction time. The results indicate
glycerol conversion of 5Pt/Y-Al,O5 catalyst is 23.2%, while glycerol conversion of
5Pt/WO,/Y-ALL,O5 catalyst is 35.8%. The selectivity of wanted 1,3-PDO is 6.9% on
5Pt/Y-AlO5 catalyst. However, 1,3-PDO selectivity on 5Pt/WO,/Y-Al,05 catalyst is
29%. Whereas, the selectivity of 1,2-PDO as a by-product in this study on 5Pt/Y-Al,O;
catalyst is decreased from 18.7% to 10.2% when WO, is doped on Pt-based catalyst.
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These can suggest that 5Pt/Y-Al,O5 catalyst is selective to 1,2-PDO, while 5Pt/WO,/Y-
AL,O5 catalyst is selective to 1,3-PDO production.

From this result, the introduction of WO, on Pt-based catalyst can improve
the selectivity of wanted 1,3-PDO because the acidic property on catalyst is
increased with the addition of WO, content. As showed in Table 3, the acidic ratio of
Brgnsted and Lewis sites on 5Pt/Y-AL,Os; catalyst is 0.17, while B/L ratio of
5Pt/WO,/Y-Al,05 catalyst is 0.26.

Table 4 Conversion of glycerol and selectivity of each product in hydrogenolysis of

glycerol under reaction conditions: 140 °C, 5 bar of initial H, pressure and 6 h of

reaction time

-

1,3-PDO  1,2-PDO  1-PrOH  2-PrOH

5Pt/Y-AL,0; (fresh) 232 6.9 18.7 7.0 31.6 91.7
5Pt/Y-AL,0; (used) 12.7 4.6 32.7 10.7 25.4 96.6
5Pt/WO,/Y-AL,O; (fresh) 35.8 29.0 10.2 11.6 21.1 89.9
5Pt/WO,/Y-ALO; (used) 30.0 22.8 11.6 8.6 13.1 86.8

To study the stability of the catalyst, the several cycles of catalyst in
hydrogenolysis of glycerol are investigated using the weight of catalyst in the second
hydrogenolysis reaction, including reaction condition as same as the first time. The
results of used catalyst in Table 4 show conversion of glycerol is decreased on both
used catalysts; however, conversion of glycerol on 5Pt/WO,/Y-Al,O5 catalyst is
slightly dropped from 35.8% to 30% while conversion of glycerol on 5Pt/Y-Al,O;
catalyst is decreased from 23.2% to 12.7%. Moreover, the decrease of glycerol
conversion on 5Pt/Y-Al,0; catalyst is larger than 5Pt/WO,/Y-Al,O; catalyst (45.3% and
16.2%, respectively). In addition, the selectivity of 1,3-PDO on used 5Pt/Y-AL,O;
catalyst is larger dropped than 5Pt/WO,/Y-AL,O; catalyst (33.3% and 21.4%,

respectively).
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4.3 Catalyst Deactivations
4.3.1 Chemical Analysis (ICP)

Leaching of Pt and W metals from 5Pt/Y-Al,O5; and 5Pt/WO,/Y-Al,O5 catalysts
during the hydrogenolysis of glycerol can be observed using ICP-OES measurement
which the results of each Pt and W leaching, as well as the conversion of glycerol on
each fresh and used catalysts, are concluded in Table 5.

For 5Pt/Y-Al,O; catalyst, the fresh 5Pt/Y-Al,O5 catalyst provides 23.2% of
glycerol conversion and 22x10™ mg of Pt leaching after the hydrogenolysis process
was complete. In case of used 5Pt/Y-Al,05 catalyst, conversion of glycerol is reduced
to 12.7% while leaching of Pt element was also decreased to 6.6x10™" mg. These
results suggest that catalytic activity of used 5Pt/Y-Al,05 catalyst is obviously lower
than that of fresh 5Pt/Y-Al,O5 catalyst due to losing the active site by Pt leaching
during the hydrogenolysis process.

For 5Pt/WO,/Y-AL, 05 catalyst, the fresh 5Pt/WO,/Y-Al,05 catalyst shows 35.8%
of glycerol conversion while leaching of Pt from 5Pt/WO,/Y-Al,05 surface is detected
as 0.5x10™ mg after the first hydrogenolysis process while leaching of W element is
observed as 182x10* mg. For used 5Pt/WO,/Y-AL,O; catalyst, conversion of glycerol is
detected as 30.0% without Pt leaching during the second hydrogenolysis process,
whereas 51x10™ mg of WO, leaching was found.

As the results, catalytic activity measured by conversion of glycerol relates to
the amount of Pt on catalyst surface implying that the impregnated Pt metal is a real
active site for this hydrogenolysis reaction. Leaching of Pt element affects losing
crucial active site leading to a significant decrement of catalytic activity, which is
mentioned in case of employment of used 5Pt/Y-Al,05 and 5Pt/WO,/Y-Al,O5 catalyst
for the second hydrogenolysis process. Hence, the introduction of WO, to Y-Al,O5
before impregnating Pt active site to WO,/Y-AL,O5 surface can improve catalytic
activity by preventing Pt leaching from 5Pt/WO,/Y-Al,O5 to the liquid phase during
hydrogenolysis reaction leading to few quantities of Pt metal in the liquid phase

resulting higher catalytic activity comparing to 5Pt/Y-Al,O5 catalyst.
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Table 5 The amounts of Pt and W metal leaching from the surface of catalysts in the

reaction solution based on the catalyst used

Pt

Fresh 23.2 22.0 N.A.
5Pt/Y-Al,05

Used 12.7 6.6° N.A.

Fresh 35.8 0.5 182
5Pt/WO,/Y-Al,O4

Used 30.0 0.0° 51°

® Metal leaching of used catalysts was calculated from based-on remained metals on
catalysts after the first hydrogenolysis process.

N.A. = non-analysis

4.3.2 Scanning Electron Microscopy (SEM)

The morphological properties of 5Pt/Y-Al,O5 and 5Pt/WO,/Y-Al,O5 in terms of
fresh and used catalysts are analyzed using SEM-EDX technique which the SEM-EDX
images of 5Pt/Y-Al,O5 and 5Pt/WO,/Y-Al,O5 are showed in Figure 10.

For 5Pt/Y-Al,O5 catalyst, the perfect crystal of 5Pt/Y-Al,O; powder without
any dropped of Pt indicates a well dispersion of Pt on Y-Al,O53 in microscopic scale in
both fresh and used cases as provided in Figure 10 (a and b). However, the detection
of strong intensity of EDX image of Pt atom after the first hydrogenolysis process, as
shown in Figure 10 (e and f) may imply growing of Pt active site, which evidences
diffusion of Pt during the first hydrogenolysis reaction is carried. Diffusion of dispersed
Pt to form larger Pt cluster exhibits aggregation behavior of Pt active site in the
second hydrogenolysis reaction of glycerol.

For 5Pt/WO,/Y-Al,O5 catalyst, good compatibility of Pt, WO,, and Y-AlLO;
components also observed as a homogeneous pallet of 5Pt/WO,/Y-Al,O5; which
illustrated in Figure 10 (c and d). However, diffusion of dispersed Pt to larger Pt
cluster given in EDX images as depicted in Figure 10 (g and h) may suggest that Pt

metal can be moved on the surface to aggregate during hydrogenolysis of glycerol.
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Figure 10 SEM images of (a) fresh, and (b) used 5Pt/Y-Al,O; catalysts, as well as (c)
fresh, and (d), used 5Pt/WO,/Y-Al,O5 catalysts corresponding to SEM-EDX images of
(e) fresh, and (f) used 5Pt/Y-Al,O5 catalysts, as well as (g) fresh, and (h) used
5Pt/WO,/Y-Al,O5 catalysts

4.3.3 X-ray Diffraction Analysis (XRD)

The diffraction patterns of fresh and used catalysts for hydrogenolysis of
glycerol are exhibited in Figure 11. It is well known that the characteristic diffraction
peaks of clean Y-Al,O5; supporter have been reported at 20 = 37.5°, 45.4° and 67.0°
40V whereas special characteristic diffraction peaks of pristine Pt metal have been
illustrated at 20 = 39.9° and 46.4°®?. Moreover, the monoclinic WO; (m-WOs) appears
the unique diffraction peaks at 20 = 23.6° and 33.5°®%. However, the characteristic
diffraction peaks of Pt metal and WO, species over Y-Al,05; and WO,/Y-Al,O5 surface
were not clearly observed in this study because of well dispersion of the Pt and WO,
particles on Al,O5 support reported by Zhu et al. and Feng et al.*% Y.

For 5Pt/Y-Al,O5 catalyst, the combined XRD diffraction peaks of Pt and Y-
AL,O5 supporter on fresh 5Pt/Y-Al,O5, which is demonstrated in Figure 11 (c), are not
obviously detected via this XRD technique due to two main reasons. One is well
dispersion of Pt metal on the Y-Al,05 surface!®; another is a very low amount of Pt

metal on the Y-Al,O; surface that the characteristic peaks of Y-AlL,O; are more

dominant®". However, the characteristic diffraction pattern of used 5Pt/Y-AL,Os is
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changed after achievement first hydrogenolysis reaction indicates the surface
transformation of used 5Pt/Y-Al,O; catalyst as depicted in Figure 11 (cy).

Focusing on the characteristic diffraction peak of Pt metal at 20 = 39.9°, the
obvious shaper diffraction peak of Pt metal on used 5Pt/Y-Al,O5 catalyst than that of
fresh 5Pt/Y-Al,O5 catalyst implies the occurrence of Pt sintering on 5Pt/Y-Al,O5

32]

catalyst during hydrogenolysis of glycerol® suffering decreasing of catalytic efficiency

for glycerol conversion*?.

For 5Pt/WO,/Y-AL,O5 catalyst, the dominance diffraction pattern of Y-Al,O;
without emerging of other unique XRD diffraction peaks of Pt and WO, is also
suggested there are very small amount of Pt and WO, species on the Y-Al,O5 surface
corresponding to good dispersion of as exhibited in Figure 11 (d and d;). Similar to
5Pt/Y-Al,O5 catalyst, the appearance of shaper characteristic diffraction peak of Pt at

20 = 39.9° after the first hydrogenolysis of glycerol demonstrates the occurrence of

Pt sintering during the hydrogenolysis process.
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Intensity (a.u.)

20 (degree)

Figure 11 XRD diffraction patterns of (a) Y-AL,Os;, (b) WO,/Y-AL,Os, (c and c;) 5Pt/Y-
ALOs, and (d and d;) 5P/WO,/Y-AL,O; which the subscripts demonstrate the

diffraction patterns of used catalysts

The Pt crystallites size from XRD data can calculate using Scherrer’s Equation

as follow:
KA

D=
B coso

Where D is crystallites size (nm), K is Scherrer constant using 0.9, A is X-ray

wavelength (0.15406 nm), B is full width at half maximum (FWHM, radians) and 0 is a

position of peak (radians).
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The Pt metal sizes of Pt-based catalysts calculated from XRD results show in
Table 6. For 5Pt/Y-AlL,O; catalyst, Pt metal sintering is detected after the
hydrogenolysis of glycerol is completed. The size of Pt metal on the used catalyst is
increased from 0.12 to 0.21 nm, comparing fresh catalyst. Similarly, the size of Pt
metal on used 5Pt/WO,/Y-Al,O; catalyst is larger than fresh catalyst (0.18 and 0.10
nm, respectively). These results can suggest that the sintering of Pt metal occurs on
both spent 5Pt/Y-Al,O; and 5Pt/WO,/Y-Al,O5 catalysts during the first reaction of

glycerol hydrogenolysis under reaction condition.

Table 6 Size of Pt metal during hydrogenolysis of glycerol

Catalyst Pt metal size * (nm)
5Pt/7Y-AL,O; (fresh) 0.12
5Pt/7Y-AL, 05 (used) 0.21
5Pt/WO,/Y-AL,05 (fresh) 0.10
5Pt/WO,/Y-Al,05 (used) 0.18

% Calculated using Scherrer Equation

4.3.4 IR Spectra of Pyridine Adsorption (Py-IR)

For fresh 5Pt/Y-Al,O5 catalyst, a large difference of L and B signals illustrates
low selectivity of 1,3-PDO using 5Pt/Y-Al,Os, as shown in Figure 9. Moreover, the
diminishing of B signal in used 5Pt/Y-Al,Os, as depicted in Figure 12, reveals leaching
of Pt species during the first hydrogenolysis reaction loses the crucial Brgnsted acid

30,32, 4244 Hence, the selectivity of

site which is indispensable for 1,3-PDO production’
1,3-PDO via used 5Pt/Y-AL,0s5 is significantly decreased, as concluded in Table 4.

For fresh 5Pt/WO,/Y-Al,O5 catalyst, the existence of WO, on 5Pt/WO,/Y-Al,O5
catalyst enhances the signal of both Lewis and Brgnsted acid sites comparing to
5Pt/Y-AlL,O5 which the modified L and B signals can be observed at 1450 cm™ and
1540 cm™, respectively. Although the addition of WO, can induce the Lewis acid site

that is selective for the production of unwanted 1,2—PDO[3O], an extremely increment

of Brgnsted acid site enlarges selectivity of 1,3-PDO. Therefore, the selectivity of 1,3-
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PDO production is obviously enlarged via 5Pt/WO,/Y-Al,O05 catalyst. Moreover,
leaching of WO, during the first hydrogenolysis reaction, which is aforementioned in
Table 5, slightly damages the Brgnsted acid site of 5Pt/WO,/Y-Al,O5 catalyst because
the remained WO, component can keep Brgnsted acidity of used 5Pt/WO,/Y-Al,O5
catalyst. As a result, the selectivity of 1,3-PDO applying by used 5Pt/WO,/Y-Al,O;
catalyst is still high as 22.8%, as provided in Table 4.

Consequently, 1,3-PDO can be produced on both 5Pt/Y-Al,0; and
5Pt/WO,/Y-AlL,O5 catalysts that the existence of Pt species affects only activity of
glycerol conversion while doping of WO, species determines the selectivity of 1,3-
PDO production. These results are confirmed by previous reliable investigations® %!
For reusing of catalyst to the second hydrogenolysis cycle as showed results of acid
ratio in Table 7, leaching of Pt metal from fresh 5Pt/Y-Al,0; during previous
hydrogenolysis process diminish the active site which is essential for the conversion
of glycerol reactant while the tiny Brgnsted acidity of 5Pt/Y-Al,O5 is also vanished
(B/L = 0.09) resulting extremely diminution of selectivity of 1,3-PDO production. In
the case of used 5Pt/WO,/Y-Al,05 catalyst, leaching of WO, during slightly reduces
Brgnsted acidity of 5Pt/Y-AlLOs (B/L = 0.22) resulting in overall selectivity of 1,3-PDO
production slightly drops. Moreover, leaching of WO, also declines steric hindrance

resulting accumulation of Pt site. Therefore, the activity of ¢lycerol conversion on

used 5Pt/WO,/Y-Al,Os is also significantly reduced.
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Intensity (a.u.)

1300 1400 1500 1600 1700 1800
Wavenumber (cm™)

Figure 12 FTIR of adsorbed pyridine of fresh (a;) and used (a,) on 5Pt/Y-Al,05
including fresh (b;) and used (b,) 5Pt/WO,/Y-Al,O; catalysts

Table 7 The acidity concentration of the catalysts measured by Py-IR

1,3-PDO  1,2-PDO  Brgnsted Lewis

5Pt/Y-AL,O; (fresh) 23.2 6.9 18.7 0.23 1.41 0.17
5Pt/Y-AlLO;5 (used) 12.7 4.6 32.7 0.11 1.18 0.09
5Pt/WO,/Y-AL0; (fresh) 35.8 29.0 10.2 0.52 2.02 0.26
5Pt/WO,/Y-AL,O;5 (used) 30.0 22.8 11.6 0.76 3.40 0.22

¢ A concentration proportional of Brgnsted and Lewis acid sites
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4.3.5 Temperature-Programmed Oxidation (TPO)

The temperature of coke removal and the amount of coke formation on used
catalysts in hydrogenolysis of glycerol is determined by TPO. Figure 13 shows the
TPO curves of used 5Pt/Y-AlL,O5 and 5Pt/WO,/Y-AL,O5 catalyst. The results give three
peaks of catalyst weight changing: 30-150, 150-400, and 400-600 °C, respectively. The
first peak is moisture and physical absorbents discharging, the second narrow peak
can be attributed to the soft coke (high H/C ratio), and the sharp peak between 400-
600 °C is reported as hard coke (low H/C ratio)®* “!. The peak of soft coke represents
the coke formation on the metal surface of the catalyst, and the peak of hard coke
indicates the coke formation on the surface of support®”. From the results, coke
formation on used 5Pt/Y-Al,O5 catalyst is occurred on both surfaces of metal and
support. But used 5Pt/WO,/Y-AL,O; catalyst has the only deposition of coke

formation on the support surface.
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Figure 13 TPO curves of used 5Pt/Y-Al,05 and 5Pt/WO,/Y-Al,05 catalysts

As the TPO results, weight transformation is detected on both used 5Pt/Y-
AlL,O3 and 5Pt/WO,/V-Al,O5 catalysts. Higher derivative weight can be suggested that

higher carbon content, which is discharged from catalyst surface at high temperature,
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is formed on catalyst'®®. Table 8 shows the amount of weight loss on used 5Pt/Y-
Al,O3 and 5Pt/WO,/Y-Al,O5 catalysts based on the initial weight of the sample. The
amount of coke formation in terms of weight changing on 5Pt/Y-Al,O5 catalyst is

3.3%, which higher than 1.7% in 5Pt/WO,/Y-Al,O5 catalysts.

Table 8 Amount of weight loss on used 5Pt/Y-Al,O5 and 5Pt/WO,/Y-Al,O5 catalysts

Catalyst Weight loss (%) *
5Pt/Y-ALO; 33
5Pt/WO,/Y-ALOs 1.7

® Base on weight changing of catalyst at a temperature of soft and hard coke

formation

4.3.6 Fourier-transform Infrared Spectroscopy (FTIR)

FTIR technique is used to determined functional groups on catalyst surface;
especially, polymeric coke formation. To confirm types of functional groups on the
catalyst surface, Figure 14 shows the FTIR spectra of used 5Pt/Y-Al,Os; and
5Pt/WO,/Y-Al,05 catalysts at wavenumber 1800-1400 cm™. At wavenumber range
1700-1600 cm™ implies C=C bond stretching®®. The small peak at 1630 cm™
indicates the vibration of the C=C bond in the aromatic ring represents hard coke
formation™®. This result is good agreement with adsorption of aromatic coke on the
metal surface of used 5Pt/Y-Al,O; catalyst, which is detected by the TPO
technique!®>%. As TPO and FTIR results, this can be suggested that coke formation

affects to glycerol conversion in hydrogenolysis reaction®" as reported in Table 4.
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Figure 14 FTIR spectra of used 5Pt/Y-Al,O5 and 5Pt/WOx/Y-Al,O5 catalysts

4.4 Effect of WO, Existence

Although the deactivation of a solid catalyst such as metal leaching, metal
sintering, and coke formation are occurred, the introduction of WO, can improve
both catalytic performances and stability of catalysts.

For catalytic performance, the selectivity of wanted 1,3-PDO on 5Pt/WO,/Y-
AlLO5 catalyst is increase beyond 1,2-PDO when WO, is added on Pt-based catalyst®"
321 Although 1,3-PDO selectivity on both used catalysts is decreased in the second
hydrogenolysis reaction, 1,3-PDO selectivity on used 5Pt/WO,/Y-Al,O5 catalyst is still
higher than 5Pt/Y-Al,O5 catalyst.

For stability of deactivated catalyst by coking formation and metal leaching,
the catalytic activity of used 5Pt/WO,/Y-Al,Os is slightly declined, which can be
determined by a slight decrement of glycerol conversion utilizing used 5Pt/WO,/Y-
AL O5 catalyst for the second hydrogenolysis compared with 5Pt/Y-Al,05 catalyst.

From ICP results, these can indicate that the important role of WO, on
5Pt/WO,/Y-Al,05 surface can reduce the leaching of Pt metal to the liquid phase.
Moreover, the introduction of WO, on catalysts can reduced coke formation during

the hydrogenolysis of glycerol to 1,3-PDO confirmed by TPO and FTIR results.
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However, SEM-EDX and XRD results show aggregation of Pt metal to form a larger

cluster on both spent 5Pt/Y-Al,O5 and 5Pt/WO,/Y-Al,O5 catalysts.
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CHAPTER V
CONCLUSION

5.1 Conclusion

The deactivations of solid Pt-based catalysts are leaching, sintering, and coke
formation during hydrogenolysis of glycerol in the liquid phase under mild reaction
conditions: 140 °C, 5 bar of initial H, pressure and 6 h of reaction time. WO, on Pt/Y-
ALO; catalyst is not only increase activity, selectivity, and stability of the catalyst, but

it is also decrease Pt leaching and coke formation during the hydrogenolysis process.

5.2 Recommendations
5.2.1 Dispersion of Pt metal should be investigated by CO chemisorption to
confirm that Pt metal can be moved on catalyst surface during the hydrogenolysis of

glycerol.
5.2.2 Py-IR of Y-Al,O5 and WO,/Y-Al,O5 catalysts should be studied.
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APPENDIX A
CALIBRATION CURVES

Calibration curves of chemicals such as glycerol, 1,3-PDO, 1,2-PDO, 1-PrOH
and 2-PrOH, are done with GC-FID using operating program as reported in Table 2.
The mole ratio of chemicals and ethylene glycol as internal standard are prepared
and analyzed. Calibration curves of each chemical are plotted between area ratio
and mol ratio. Figure 15 - Figure 19 are presented calibration curves of glycerol, 1,3-

PDO, 1,2-PDO, 1-PrOH and 2-PrOH, respectively.

Glycerol
08 .
2 06
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] . - -
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Figure 15 Calibration curve of glycerol
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Figure 16 Calibration curve of 1,3-propanediol
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Figure 17 Calibration curve of 1,2-propanediol
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Figure 19 Calibration curve of 2-propanol
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APPENDIX B
CALCULATIONS

B.1 Calculation of 5 wt.% Pt metal loading on Y-Al,O; support

Data for calculation:

Sample: 5Pt/Y-AlLO;

Precursor: Chloroplatinic acid hydrate (H,ClxPt « xH,0) = 409.81 g¢/mole (38% Pt
basis)
Mw of Platinum metal = 195.084 ¢/mole

Preparation of 5Pt/Y-Al,O; catalyst

Based on 100 ¢ of catalyst, the compositions of catalyst are follows:

Platinum metal =5g¢
Y-ALOs support =100g-5¢
=95¢

For 2 g of Y-Al,O5 support

Platinum metal required = (5/95) x 2
= 0.1053 gy,

Platinum metal in precursor (38% Pt basis) = 409.81 x (38/100)
= 155.7278 gp,

Precursor (focusing on Pt metal) required = (409.81 gy / 155.7278 gpy) x 0.1053 gpy
= 0.277 gyre

0.277 g of Pt precursor is dissolved in DI water to obtain precursor solution for wet

impregnation on Y-Al,O5 support.
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B.2 Calculation of 10 wt.% WO, loading on Y-Al,O; support

Data for calculation:
Sample: 10WO,/Y-Al,O5
Precursor: Ammonium (Meta) tungstate (AMT, (NHg)sH,W1,049 « xH,0) = 2956.3 ¢/mole

(99.99%)
Mw of Tungsten = 183.84 g/mole
Preparation of 10WO,/Y-Al,0; catalyst
Based on 100 g of catalyst, the compositions of catalyst are follows:
Tungsten metal =10g¢
Y-AlL,O5 support =100¢-10¢
=90¢
For 2 g of Y-Al,O5 support
Tungsten metal required = (10/90) x 2
= 0.222 gy
Tungsten metal in AMT (99.99%) = 183.84 x 12 x 0.9999
= 2205.86 g\
AMT required = (2956.3 gy / 2205.86 gy) x 0.222 gy
= 0.298 g,rc

0.298 ¢ of AMT is dissolved in DI water to obtain precursor solution for wet

impregnation on Y-Al,O5 support.
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B.3 Calculation of 5 wt.% Pt metal loading on 10WO,/Y-Al,03 support

Data for calculation:

Sample: 5Pt/WO,/V-AlLO;

Precursor: Chloroplatinic acid hydrate (H,ClgPt « xH,0) = 409.81 ¢/mole (38% Pt
basis)
Mw of Platinum metal = 195.084 ¢/mole

Preparation of 5Pt/WO,/Y-Al,O; catalyst

Based on 100 g of catalyst, the compositions of catalyst are follows:

Platinum metal =5¢

10WO,/Y-Al,O5 support =100g-5¢
=9¢g

For 2 g of 10WO,/Y-Al,O5 support

Platinum metal required = (5/95) x 2
= 0.1053 gp

Platinum metal in precursor (38% Pt basis) = 409.81 x (38/100)
= 155.7278 gt

Precursor (focusing on Pt metal) required = (409.81 g, / 155.7278 gp) x 0.1053 gp
= 0.277 gy

0.277 ¢ of Pt precursor is dissolved in DI water to obtain precursor solution for wet

impregnation on 10WO,/Y-Al,O5 support.
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APPENDIX C
METAL LEACHING CALCULATION

Metal leaching on catalyst surface into liquid phase of sample from catalytic
reaction is investigated using ICP technique. Amount of metal can determine based

on the weight of impregnated metal on support.

Data for calculation:

Glycerol 0.36 g = 0.36 ggy / (1.11 ggy ML) =0.324 mL
DI water 11.64 ¢ = 11.64 Gyater / (1 Qpater MLY) = 11.64 mL
Sample solution =0.324 + 11.64 =11.964 mL

C.1 Metal leaching of fresh 5Pt/WO,/Y-Al,O; catalyst
Data for calculation:
Amount of Pt metal = 5 wt.%

Amount of W metal = 10 wt.%

Basis: 100 g of catalyst: Pt metal 5 g, W metal 10 g, support 85 ¢

Based on 0.6 ¢ of catalyst in reaction
W metal =(10/100) x 0.6 =0.06¢
Pt metal = (5/100) x 0.6 =0.03¢

Amount of W metal from ICP = 1.519 mg/L
Amount of Pt metal from ICP = 0.004 mg/L

Based on: 11.964 mL of sample solution

W metal in sample solution = (1.519 mgy, / 1000 ML) x 11.964 mLy
= 0.0182 mgy
W metal leached = (0.0182 mgy, / 60 mgy) x 100%

=0.03 %
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Pt metal in sample solution = (0.004 mgp;/ 1000 ML) x 11.964 MLy
= 4.79 x 10° mgp;

Pt metal leached = (4.79 x 10 mgp / 30 mgy,) x 100%
= 0.0002 %

C.2 Metal leaching of used 5Pt/WO,/Y-Al,0O; catalyst

Data for calculation:

W metal remaining =60 - 0.0182 mgy
= 59.9818 megy
Pt metal remaining =30-4.79 x 10° mge

= 29.9999 mgp,

Amount of W metal from ICP = 0.424 mg/L
Amount of Pt metal from ICP = 0 mg/L

Based on: 11.964 mL of sample solution

W metal in sample solution = (0.424 mgy, / 1000 ML) x 11.964 mLy
= 0.0051 mgy

W metal leached = (0.0051 mgy / 59.9818 mgy,) x 100%
= 0.0085 %

C.3 Metal leaching of fresh 5Pt/Y-Al,O; catalyst
Data for calculation:

Amount of Pt metal = 5 wt.%
Basis: 100 ¢ of catalyst: Pt metal 5 g, support 95 ¢
Based on 0.6 g of catalyst in reaction

Pt metal = (5/100) x 0.6 =0.03¢

Amount of Pt metal from ICP = 0.181 mg/L



Based on: 11.964 mL of sample solution

Pt metal in sample solution = (0.181 mgp;/ 1000 mlLyo) x 11.964 mly
= 0.0022 e,

Pt metal leached = (0.0022 mgp; / 30 mgy) x 100%
= 0.0072 %

C.4 Metal leaching of used 5Pt/Y-Al,O; catalyst

Data for calculation:

Pt metal remaining = 30 - 0.0022 mgp;
= 29.9978 mgp;

Amount of Pt metal from ICP = 0.055 mg/L

Based on: 11.964 mL of sample solution

Pt metal in sample solution = (0.055 mgp/ 1000 ML) x 11.964 mlyy
= 6.58 x 10™ mgp;

Pt metal leached = (6.58 x 10 mgp / 29.9978 mgy) x 100%
= 0.0022 %
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