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Abstract

As a renewable, bio-based alternative to fossil fuels in meeting the emerging energy demands
in the world, biodiesel is expected to increase in importance in the coming years. During
biodiesel synthesis, glycerol (1,2,3-propanetriol) forms as a by-product with an approximate
yield of 10 wt%. It is reported that about 62% (=2/3rd) of the world's glycerol supply comes
from the biodiesel industry, the rest mostly coming from the oleochemical industry. This
surplus supply of glycerol has considerably reduced the price of glycerol, and it is necessary to
valorize glycerol for the sustainability of oleochemical and biodiesel industries. In this context,
this thesis is concerned with the possible conversion of glycerol to 1,3-propanediol (1,3-PDO)
by hydrogenolysis. 1,3-PDO is widely used in synthesizing poly-trimethylene terephthalate
(PTT), a biodegradable polymer with several applications due to its unique features. It is
reported that nearly 90% of 1,3-PDO is consumed in the making of PTT. The demand for 1,3-
PDO is increasing rapidly and nearing 100 million pounds (£) annually. Selective synthesis of
1,3-PDO from glycerol suffers from low rate and low selectivity due to the difference in the
reactivities of terminal and central hydroxyl groups of glycerol. This work studied the
hydrogenolysis of glycerol to 1,3-PDO over a newly designed heteropolyacid promoted Pt-3-

zeolite catalyst.

The thesis is broadly divided into two parts; the first part focuses on the catalysts reported in
the literature for glycerol hydrogenolysis, attempting to understand the critical features of a
catalyst in the selective conversion of glycerol to 1,3-PDO. Based on the literature search, a
suitable catalyst formulation for the glycerol hydrogenolysis reaction was identified, and the
role of its individual constituents was studied. We have prepared a novel series of
heteropolyacid promoted Pt-B-zeolite catalysts with a high Si/Al ratio (Si/Al = 300) B-zeolite.
Glycerol hydrogenolysis reaction was performed over a catalyst containing heteropolyacids
like silicotungstic acid, phosphotungstic, and phosphomolybdic acid is evaluated. The
silicotungstic acid (STA) was found to be the most effective promoter among the HPAs tried.
The combination of Pt, STA, and B-zeolite was therefore studied in detail, with a series of
catalysts Pt-xSTA/B-zeolite being synthesized with different ratios of STA to -zeolite, in the
range (x) from 0 to 100% STA. The prepared catalysts were characterized by different methods



such as N> physisorption, spectroscopy, and X-Ray diffraction (XRD). In particular, catalyst
acidity was characterized by multiple techniques employing different probe molecules to
identify the role of different types of acid sites on catalyst performance like Fourier transform
infrared spectroscopy (FTIR) of adsorbed pyridine, temperature-programmed desorption of
ammonia (NH3;—TPD), thermogravimetric analysis (TGA) of adsorbed 2,6-di-tert-butyl
pyridine/pyridine, etc. Additionally, selected catalysts were also analyzed using CO-
chemisorption and H» temperature-programmed reduction (H2-TPR). Through an analysis of
the performance of these catalysts in the hydrogenolysis of glycerol, the best performing
catalyst was identified and further subjected to X-ray photoelectronic spectroscopy (XPS) and
transmission electron microscopy (TEM) analysis. The catalyst parameters such as surface
area, pore-volume, acidity, particularly Brensted acidity, particle size, particle dispersion, etc.,

were estimated.

In the second part, the catalyst performance was studied in detail for the glycerol
hydrogenolysis reaction in a batch slurry reactor at 200-220°C and 30-50 bar H» pressure, 80
ml of 5 wt% glycerol aqueous solution, 2 g of prepared catalyst (2.5 wt% of the reaction
mixture). The effect of different reaction parameters like reaction temperature, hydrogen
pressure, glycerol concentration, platinum loading, catalyst loading, and reaction time on the
glycerol hydrogenolysis is evaluated. The stability of hydrogenolysis products like 1,3-PDO,
1,2-propanediol (1,2-PDO), 1-propanol (1-PrOH) is also estimated. The experimental
performance is related to characterization results. The catalyst re-usability was studied over 4
cycles. Lastly, based on observed kinetics and product stability, a plausible reaction mechanism

over a Pt-STA/B-zeolite catalyst is proposed.

Lastly, the study concludes with modeling of reaction kinetics for glycerol hydrogenolysis
based on the proposed reaction mechanism. The results have shown good agreement between
the experimental data and model prediction for the Pt-0.3STA/B-zeolite catalyst. The values of
the rate constants and the activation energies were evaluated as per the Arrhenius plot. The
results show that low temperature favors 1,2-PDO formation, while high temperature seems to
favor 1-PrOH formation. The effect of hydrogen pressure on reaction parameters was also
studied. The results show that the H> pressure affects both rate and selectivity of the reaction,

and it is found to be favorable for 1,3-PDO synthesis.

Vi



An experimental study on the conversion of glycerol to 1,3-PDO via glycerol's terminal
hydroxyl group protection using aldehydes is performed, and the observed results were

discussed.

The main contributions of the work are coming out to be the synthesis of a new series of
catalysts for glycerol hydrogenolysis to 1,3-PDO. Furthermore, mechanistic investigations
through extensive characterization and performance studies are carried out, leading to an
understanding of the precise role of the various constituents of the catalyst and, hence, an
optimized formulation of the catalyst. Additionally, detailed kinetic studies on one of the most
promising catalysts in the series synthesized and a kinetic model over the temperature range of

200 to 220 °C and pressure range of 10 to 50 bar H» is given.

Keywords: Glycerol, hydrogenolysis, 1,3-propanediol, 1,2-propanediol, Bronsted acidity.
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Chapter 1: INTRODUCTION

1.1 Introduction

In today's world, our dependence on energy from non-regenerative resources like fossil or
petroleum fuels, coal, and methane is proving a challenge to the sustainability of our energy
production methods. Energy plays a vital role in a nation's economic growth. It is an essential
feedstock for the modern society for its need for power, housing, clothing, and agriculture.
Moreover, fossil resources are also the origins of multiple synthetic materials and chemicals.
From 1970 to 2015, the world's energy supply has increased from 6 Gtoe (Gigatons of Oil
Equivalent) to 15 Gtoe, and fossil resources continued to be the primary source of energy
supply. In 1973, fossil fuel usage was about to 86% for producing direct energy, and in 2015,

it was around 78% [1].

Moreover, Oil production could reach a maximum limit by 2020, and its usage will continue
to rise, driven mainly by India and China. The fossil reservoirs are depleting due to increased
use and rapid industrialization [2] and influencing the energy and chemical industries. The tight
supply of fossil fuels and chemicals is becoming a grave concern day by day. The main
drawbacks of fossil fuels are, they are limited and non-renewable. The current consumption of
crude oil globally is over 11 billion tonnes per year. The annual rate of crude oil reserves
diminution is 4 billion tonnes per year. If crude oil usage continues at the same rate globally,

then the remaining oil reserves will be over by 2052 [3].

Petroleum, coal, wind, solar, nuclear, etc., resources generate the energy utilized by various
sectors like industrial, agricultural, transport, etc. [4-6]. The energy from oil usage for these
sectors in the year 1973 was 42%, remaining energy comes from other sources. In the year
2014, the oil usage of these sectors increased to 64.5% of global oil usage. The use of fossil
fuels in the last 45 years is increased by 43.3% [7]. Apart from sustainability considerations,
intensive usage of fossil fuels increases CO> emissions, a severe threat to the climate since the
accumulation of CO» and other gases is responsible for climate change [8]. The level of CO»
from the year 2007 to the year 2030 is expected to rise by approximately 80% [1]. Due to the
issues associated with the fossil fuels like decreasing reservoirs, increasing demands, unsteady

supply, fluctuating prices, and rising global warming from its usage, researchers focus on
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finding alternative energy sources to fossil fuels. Any alternative to fossil fuel should have
some features like easy availability, economic feasibility, environmental friendliness. Biofuels
seem to possess all these features. Biodiesel is a renewable biofuel that is biodegradable, less
toxic, and environmentally friendly and is attracting attention worldwide [9,10]. Converting
available biomass into renewable fuels and chemicals can thus ease the stress on fossil
resources. Moreover, the solution to the energy crisis without adversely affecting the
environment and society can be found by using renewable energy resources with social

engineering.

With the increasing global population, energy demands are also increasing. Biofuels grab much
attention from researchers as an alternative fuel to fulfill the rising energy demands [11,12].
Biomass is a broadly available and renewable resource, which can be obtained from animals
and plants. The biomass needs to be converted into the platform molecules before their
utilization. In the transport sector, biodiesel can similarly contribute to the conservation of
fossil resources. Biodiesel is either employed alone or mixed with the conventional diesel fuel
during the combustion process inside the engine. It has lower exhaust emission of dust,
hydrocarbon, carbon dioxide or carbon monoxide, and smoke. Rudolf Diesel (inventor of diesel
engine) had also tested the peanut oil in diesel engines as a fuel initially and found that
vegetable oils can be employed directly in diesel engines [1]. Biodiesel represents one of the
crucial attempts to replace fossil sources of energy with renewable sources. Global biodiesel
production is projected to attain a 39.3 bln L (billion liters) value by 2027, with a 9% increase
compared to the 2017 level. Region policies will continue to influence biodiesel production in
addition to market forces. European Union is likely to become a key producer of biodiesel, and
the production should reach 12.9 bln L by 2027. United States will be the second-largest
biodiesel producer with a predicted value of 6.7 bln L by 2027. The other chief biodiesel

producers include Brazil, Indonesia, Argentina, and Thailand, etc.

Biodiesel use is expected to increase steadily in developing countries. Biodiesel use in
Indonesia, Argentina, and Brazil is expected to rise by 2027, given increases in domestic
mandates. Due to biodiesel blending obligations, countries like India, Malaysia, Colombia, the
Philippines, Thailand, and Paraguay are predicted to see an increase in biodiesel use; the
biodiesel consumption in most countries is projected to start from minimal levels, and their
biodiesel content in diesel fuels will remain in between 1% to 3% by volume, except Colombia

where the blend is expected to remain about 6.5% by volume [13].



Biodiesel is derived by trans-esterification of triglycerides with methanol in the presence of an

acid catalyst. The stoichiometry of biodiesel production is shown as follows: -

Q P
I
H,ClrO-C—-R; R;—0O-C—-CH; H,C-OH
9 4+ 3CH:OH Catalyst (|)|
HCH-O-C-R, 3 R,—O-C—CH; | +| HC-OH
?Q P
I
H,CirO—-C—Ry R3;—0-C-CHj; H,C-OH
T +
S U -
Triglyceride Methanol Fatty esters mixture Glycerol
Catalyst . .
Triglyceride + CH;0H Diglyceride + RCOOCH;
Catalyst )
Diglyceride + CH;0H Monoglyceride + RCOOCH;
Catalyst

Monoglyceride + CH;OH Glycerol + RCOOCH;

Figure 1.1. Formation of glycerol from trans esterification process (R representing hydrocarbon
chain containing 15-21 carbon atoms)

O _Catalyst,  3rCOONa + HO~ Y ~OH
— NaOH OH
O R
O Saponification process
O R
HO OH
Biodiesel synthesis process
Triglyceride Methanol or Fatty acid esters
Oil or Fat Sodium hydroxide or Soap Glycerol

Figure 1.2. Formation of glycerol from saponification or biodiesel processes.

As shown in Figure 1.1, biodiesel is produced either from transesterification or alcoholysis of
edible vegetable oils. When vegetable oil undergoes the transesterification process to form
biodiesel, glycerol forms as a by-product. The transesterification process produces three moles
of fatty acid methyl esters along with one mole of glycerol. The approximate yield of glycerol

in this process is around 10% by weight. Lately, glycerol has been obtained through the



transesterification of soybean, sunflower, rapeseed, or palm oils during biodiesel production

[14,15].

Moreover, glycerol is an industrial by-product in other processes as well, such as soap synthesis
(see Figure 1.2), microbial fermentation, hydrogenolysis of glucose in the mixture of fatty ester,
polyols, and fatty acid processes. It is reported that 62% (=2/3") of the world's glycerol supply
comes from the biodiesel industry (See Figure 1.3). The glycerol obtained from the biodiesel
industry contains around 14-50% of methanol. Hence the glycerol obtained through this
process is crude with 60-80% purity. The crude glycerol is impure and unsuitable for
pharmaceutical applications, and it requires purification for its sell-off. Only pure glycerol with
a concentration of more than 99% is commercially valuable. Table 1.1 shows the chemical
compositions of impure and pure glycerol. Table 1.2 represents the application of pure glycerol

based on purity/grades.

Table 1.1. Composition of pure and impure glycerol [14]

Contents Impure glycerol | Pure glycerol
Glycerol (%) 60-80 99.1-99.8
Moisture (%) 1.5-6.5 0.11-0.8
Ash (%) 1.5-2.5 0.054
Soap (%) 3.0-5.0 0.56
Acidity (pH) 0.7-1.3 0.10-0.16
Chloride (ppm) ND 1
Colour (APHA) Dark 34-45

Therefore, to make pure glycerol, a huge cost is involved to remove methanol, making the
process uneconomical for small and medium capacity plants [15,16]. Over the years, the price
of pure glycerol globally varied from Rs 80/kg to Rs 250/kg, which is much higher than impure
glycerol Rs 3/kg to Rs 25/kg [16]. Additionally, the global production of biodiesel increased
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significantly, with an average growth of 42% [17]. This rapid increase in biodiesel production

has increased the crude glycerol amount in the market. The oversupply of glycerol from

biodiesel and oleochemical industries has made crude glycerol worthless.

Table 1.2. Applications of pure glycerol with different grades [18]

Grade Type of glycerol Usage
Grade . Intermediate compound for various chemicals
Technical grade = 99.5% ) .
I however not applied to food or drug formulation
Grade
*USP grade 96-99.5% Food products, pharmaceuticals and cosmetics
II
Grade Kosher or USP/**FCC
Kosher foods and drinks
11 grade 99.5-99.7%

*USP—United States pharmacopeia. **FCC—Food chemical codex.

Global Crude Glycerol supply by Industry, 2018

Others
Soap
W
o
& Icohol
Fatty Alcohol

B tty
=
2 .
= Fatty Acid

Biodiesel

0 10 20 30 40 50 60 70

Glycerol global supply (%)

Figure 1.3. Global crude glycerol supply by different industries, the year 2018 [19]

Moreover, the price of pure glycerol also went down, it was Rs 110/kg (before the rapid growth

of biodiesel) to Rs 50/kg, and that of crude glycerol price dropped from Rs 40/kg to Rs 8/kg in



the year 2007 [20]. Hence, biodiesel producers are forced to invest a heavy amount of money
in removing the unwanted glycerol away from their plants [21]. Therefore, it is essential to
develop the processes for glycerol valorization, which is necessary for the sustainability of

oleochemical and biodiesel industries.

Glycerol (1,2,3-propanetriol) is a colorless, odorless, viscous liquid with a sweet taste widely
used in the production of pharmaceuticals, cosmetic products, foods, etc. It was reported that
glycerol could be converted to many valuable chemicals. Figure 1.4 represents the various
processes through which glycerol can be converted to different value-added products. The
processes include etherification, acetalization, esterification, oxidation, reduction, dehydration,

hydrogenolysis, reforming, halogenation, oligomerization, etc.

| Mono or di or tri-glycerides |
\ Mono or di or tri tert-butylglycerol ‘
Acrolein ‘
DHA, Glycerice/Tartronic/Hydroxypyruvic acid ‘
1,3 or 1,2-propanediol, 1-propanol ‘
Cyclic acetal ‘
Syngas |
Epichlorohydrin }

Oligomerization ‘ oligoglycerols }

Figure 1.4. Glycerol transformation to different chemicals through various processes

The products obtained from glycerol include lactic acid, dihydroxyacetone, succinic acid, citric
acid, propionic acid, DCP, ethanol, hydrogen, and so on [21-23]. Alternatively, glycerol can
also be converted to propanediol. Mainly 1,3-propanediol (1,3-PDO), which has several
applications such as in food, perfumes, coatings, paints, adhesives, fragrances, laminates,
cosmetics, pharmaceuticals, personal care products, and lab grade chemicals. Additionally, 1,3-
PDO is used to manufacture polyesters, polyethers, polyurethanes, heterocyclic compounds,
and biocides [21,23,24]. The most important application of 1,3-PDO is a synthesis of poly-
trimethylene terephthalate (PTT) [21,23]. PTT is a biodegradable polymer and has several

applications due to its unique features. According to a market report, nearly 90% of 1,3-PDO
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is consumed in the making of PTT [25]. 1,3-PDO is suitable for making PTT because it does
not impart the ethylene glycol stiffness and avoids the floppiness of 1,6-hexanediol and 1,4-
butanediol [26]. The PTT derived from 1,3-PDO has a zig-zag or coil-like or shape with
superior characteristics during stretching and stretch regaining. Additionally, polymers
obtained from 1,3-PDO have higher UV resistance, better wash-fastness, and lower dyeing
temperature than commercially available polyesters [27]. The common trademarks of PTT
found in the market are CDP Nature works (from Dow Chemical), Dupont's Soronam (from
Dupont), and Shell Chemical's CorterraTM (from Shell) [28]. It shows 1,3 PDO can relieve the

stress on petroleum derivatives in the global polyester market to a significant extent.

The global production of 1,3-PDO is increasing rapidly and gaining over 100 million pounds
yearly [27]. The increase in 1,3-PDO production is attributed to the rise in market demands of
its high-valued derivatives. According to a market report, in the year 2014, the global market
demand for 1,3-PDO was 146 kilotons and is expected to reach 225.9 kilotons by 2022 with a
CAGR of 5.8% from 2015 to 2022 [29]. Based on another market report, the price of 1,3-PDO
is expected to grow from $million 490 in 2019 to $ million 870 by 2024, at a 12.2 % CAGR
from 2019 to 2024 [30]. Therefore, the conversion of glycerol to 1,3-PDO looks like an

attractive route for its valorization.

Currently, the traditional processes synthesizing 1,3-PDO are acrolein hydration, ethylene
oxide hydroformylation. More recently, the 1,3-PDO is synthesized from the glycerol via
enzymatic transformation [31,32]. Many methods have been developed to produce 1,3-PDO

from crude and pure glycerol.
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Figure 1.5. 1,3-PDO and other value-added products synthesis from glycerol metabolism
(reproduced with permission, [32]).

Different microorganisms like Klebsiella pneumonia, or Citrobacter freudii, or Clostridium
butyricum, have been reported to convert glycerol to 1,3-PDO effectively. The synthesis of
1,3-PDO from glycerol via fermentation is mainly achieved using either the micro-aerobic or
anaerobic bacteria fermentation process [33—-35]. Figure 1.5 shows the mechanism through
which 1,3-PDO is produced from glycerol via the fermentation route. It was reported that in an
ideal anaerobic condition, the maximum possible theoretical yield of 1,3-PDO is 0.875 mol/mol
glycerol. Zhang et al. [36] reported the yield of 1,3-PDO up to 0.7 mol/mol glycerol using
Klebsiella pneumoniae catalyst by inactivating the gene which produces ethanol via
acetaldehyde. In another study, the author was able to achieve a 0.52 mol/mol yield of 1,3-

PDO by suppressing the lactate formation [37].

Though the biological pathway looks attractive and straightforward, however, this process
contains a few significant drawbacks. This fermentation process requires pure microbial
cultures like Lactobacillus, Enterobacter, Pelobacter, Clostridium, Klebsiella, and Citrobacter
for 1,3-PDO synthesis from glycerol. Pure microbial cultures require expensive equipment and
complicated procedures. The by-products formed during the process, such as butyrate, ethanol,

and acetate, reduce the 1,3-PDO selectivity. The bacteria stop functioning if the glycerol



concentration is more than 17%. Therefore, chemical methods have attracted much interest in

glycerol conversion to 1,3-PDO.

The commercial production of 1,3-PDO via chemical route is done from the petroleum
derivatives such as acrolein (Degussa-DuPont route) or hydroformylation of ethylene oxide
(Shell route). The synthesis of 1,3-PDO from acrolein occurs via its hydration to 3-HyPA,
followed by 1,3-PDO synthesis from catalytic hydrogenation. During hydrolysis, acrolein
forms polymer via self-condensation. This makes 1,3-PDO yield suffer because hydration
reaction has to compete with acrolein self-condensation reaction. Moreover, hydroformylation
of ethylene oxide was carried out over cobalt-ruthenium homogeneous catalysts. The yield of
the process is around 90%. However, the impurity level in this process is almost 10 times
compared to the fermentation process [27]. The hazardous nature and low conversion

efficiency of the acrolein process.

Moreover, an impure product of the ethylene oxide process has spurred a large amount of
interest in producing 1,3-PDO from other chemical sources such as glycerol. The decreased
price of glycerol and its increased production makes glycerol the best candidate for 1,3-PDO
synthesis. Several chemical processes have been reported for converting glycerol to 1,3-PDO
via catalytic hydrogenolysis. All these catalysts and processes will be discussed in detail in the

literature review (chapter 2).

Glycerol hydrogenolysis is a catalytic process that involves the fission of either chemical bond
between carbon-carbon or carbon-oxygen in glycerol followed by the simultaneous addition of
hydrogen atom to form a molecular fragment [38]. Figure 1.6 represents the general pathway
of the hydrogenolysis process. The glycerol hydrogenolysis is a complex reaction and it can
lead to 1,2-propanediol (1,2-PDO) or 1,3-PDO. However, 1,3-PDO being most valuable, its
formation from glycerol seems attractive. But, the selectivity towards 1,3-PDO or 1,2-PDO is
mainly dependent on the catalyst used and reaction conditions. Therefore, this work aims to
synthesize a catalyst that will be active towards 1,3-PDO and perform the allied studies to come
up with suitable catalytic and reaction principles so that the reaction may be carried out with

facility.
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Figure 1.6. General mechanism of glycerol hydrogenolysis to propanediols (1,2 or 1,3)

There has been considerable research on homogeneous and heterogeneous catalysts for
glycerol hydrogenolysis to 1,3-PDO. The catalyst needs to have both the acid and metal sites
for the selective conversion of glycerol to propanediols. The use of simple catalysts with acid
and metal sites will result in the formation of 1,2-PDO. The difference between the market
value of glycerol and 1,2-PDO is minimum. However, 1,2-PDO can be used as a monomer for
polyester resin, as an antifreeze agent, in paints, etc. Most of the catalytic systems have resulted
in higher yields of 1,2-PDO, using a bifunctional catalyst having hydrogenation metal and an
acidic or basic co-catalyst or support [39,40]. It is because of the different reactivity of
glycerol's hydroxyl (~OH) groups. The 2° ~OH group has more steric hindrance than the 1° —

OH group; this makes the 2° —OH group inaccessible to the active sites of the catalysts.

Additionally, Nimlos et al. [41] reported that the dehydration energy barriers for both the -OH
groups of neutral glycerol are nearly equal (73.2 kcal mol™! for 1°—OH group and 70.9 kcal
mol—1 for 2° ~OH group), and their proton affinities are also roughly equal (194.8 kcal mol™!
for 1° —OH group and 195.4 kcal mol™! for the 2° —~OH group). Hence, these tiny discrepancies
in reactivity of the —OH groups make the selective transformation of glycerol to 1,3-PDO very
difficult. Furthermore, the selectivity issues are further compounded by the fact that glycerol
dehydration to acrolein and glycerol hydrogenolysis to 1,3-PDO have the same intermediate 3-
HyPA, acrolein on hydrogenation leads to 1-propanol. Therefore, glycerol hydrogenolysis
needs the development and understanding of the reaction parameters, including catalyst

selection, so that more valued 1,3-PDO can be obtained.



From the former discussion, it is clear that 1,3-PDO has various applications, and its demand
is increasing continuously. On the other hand, glycerol production is also growing due to
increased biodiesel production, which has increased glycerol availability at cheaper rates.
Conversion of glycerol to 1,3-PDO via fermentation route has its limitations; however,
catalytic hydrogenolysis seems attractive. Glycerol hydrogenolysis is a complex reaction with
multiple series and parallel reactions. These side reactions make the 1,3-PDO synthesis
reaction non-selective. A good understanding of the catalyst used in a reaction and favorable

reaction parameters may lead to a good 1,3-PDO selectivity and reduce the environmental load.

With this motive, the thesis broadly addresses the issues at the level of both catalyst design and

reaction engineering (see section 1.3- organization of report).

1.2 Aim and Focus

In this work, the focus is to study the catalysts proposed in the literature for glycerol
hydrogenolysis to 1,3-propanediol and, based on the understanding thus gained, design an
improved catalyst. The activity and selectivity issues at micro and macro (reaction engineering)
levels are addressed. The former (catalysis research) is the one that holds great potential in
making 1,3-PDO from glycerol. The catalyst search should not only consider its effects on rates
and selectivity; it should also consider the impact and role of each component of the catalyst

on performance.

With this objective, the available catalysts were studied and understood which features a
catalyst should have in order to convert glycerol to 1,3-PDO. We have designed a new catalyst
based on this understanding, studied the characterization and performance of a synthesized
catalyst in order to optimize its formulation, and finally obtained the detailed kinetics to enable

reactor design for the hydrogenolysis.

The role of each constituent of catalyst and its effect on reaction acidity and selectivity is
addressed. The amendment in the catalyst structure is performed to improve its acidic
characteristics, especially Bronsted acidic sites. The dependence of 1,3-PDO yield over

catalysts Breonsted acidic sites is addressed.

Considering the reaction's multiphase complexity effect of each parameter, viz. temperature,

pressure, concentration, catalyst loadings, etc., are addressed. Literature shows only a few



groups have discussed the effect of these parameters, and hence the interpretation of the data

obtained becomes difficult. A detailed study is required to fill this gap.

1.3 Organization of report

Chapter 1 gives general information on the resource scene for petrochemicals and energy and

provides the motivation for the present studies, leading up to broad study objectives.

In Chapter 2, a detailed literature review on the reaction of interest, glycerol hydrogenolysis
to 1,3-propanediol, is reported together with what is known about the reaction mechanism,
homogeneous/heterogeneous catalysts reported, and the current level of understanding of how
they function. The chapter concludes with a summary of gaps in the literature, based on which

the present study is planned.

Chapter 3 describes the experimental setups and procedures employed for characterization of
the synthesized catalysts, glycerol acetalization and hydrogenolysis reaction, product analysis,

and calculations.

Chapter 4 details the catalyst structure, characterization studies and attempts to correlate the

catalyst composition with characteristics essential for the desired function.
In Chapter 5, the kinetic studies on different synthesized catalysts are described.

Chapter 6 discusses the effect of different reaction parameters on glycerol hydrogenolysis over

best-performing catalysts.

Chapter 7 presents the kinetic modeling and parameter estimation for the Pt-0.3STA/B-zeolite
catalyst.

Chapter 8 emphasizes the new approaches for converting glycerol to 1,3-PDO via glycerol's

terminal hydroxyl group protection.

Chapter 9 summarizes the conclusion of the present work and future directions.



Chapter 2: LITERATURE REVIEW

It is clear from the introduction that glycerol hydrogenolysis is a complex reaction. The reaction
contains at least two steps, which are dehydration and hydrogenation, for making propanediols.
In the case of catalytic hydrogenolysis, a catalyst should therefore have bifunctionality, like
sites for dehydration and sites for hydrogenation. There has been considerable research on
homogeneous and heterogeneous catalysts for glycerol hydrogenolysis to 1,3-PDO. In this
review, we will study which are the factors responsible for converting glycerol to 1,3-PDO
from catalyst design and reaction aspects. This will help us in designing a new catalyst for
glycerol hydrogenolysis. Simultaneously, reaction conditions will help us perform a reaction
with higher selectivity towards 1,3-PDO. The following section shows the various catalyst used

for glycerol hydrogenolysis to 1,3-PDO, their limitations, and scope for improvement.
2.1 Homogeneous Catalysts

Some homogeneous catalysts appear to possess some activity towards the conversion of
glycerol to 1,3-PDO. As the catalyst should have both the functionalities (metal for
hydrogenation and acid for dehydration), a single species may not be effective; hence, many
researchers have used homogeneous catalyst complexes. Researchers from Celanese
Corporation patented the use of a homogeneous catalyst for the hydrogenolysis of glycerol in
1985. The authors developed a reaction with a homogeneous rhodium complex
[Rh(CO)z(acac)] catalyst in a 1-methyl-2-pyrrolidinone solvent with tungstic acid (H2WO4) as
a promoter at 200 °C and 320 bar syngas pressure. The obtained yield of 1,3-PDO was 21.0%
[42]. When syngas was replaced by hydrogen gas, then the yield of 1,3-PDO dropped slightly.
Further, when H>SOj4 replaced HyWO4, then no propanediols or propanols were detected. It
indicates that HoWO4 plays an important role than just being a protic acid. Moreover, the
catalytic performance depends on the amount of HoWOQO4 used. If its amount is doubled, it

significantly reduces the catalyst activity, and the observed yield is reduced by 1/3™.

Shell oil company patented a homogeneous Pd complex as a catalyst with water or sulfolane
as a solvent in 1998. The reaction conditions were 140 °C and 60 bar syngas pressure. After 10

hr of reaction, the selectivity of 1,3-propanediol was 30.8% [43]. Schlaf et al. has reported the
13



deoxygenation reaction of glycerol on homogeneous ruthenium complex catalyst in sulfolane
solvent at 110 °C temperature and 52 bar H» pressure. The yield of 1,3-PDO in this process
was less than 5% [44].

The reported catalytic systems may have converted glycerol to 1,3-PDO. However, the use of
a homogeneous catalyst is not viable from an economic or industrial perspective. Moreover,
the use of organic solvents like sulfolane or 1-methyl-2-pyrrolidinone is undesirable from an
environmental perspective. Therefore, the emphasis has shifted towards designing a
heterogeneous catalyst for glycerol hydrogenolysis. The following section describes the
literature on heterogeneous catalysts which are active for glycerol hydrogenolysis to

propanediols.

2.2 Heterogeneous Catalysts

Before discussing different heterogeneous catalysts reported for glycerol hydrogenolysis, it is
important to understand the reaction mechanism on a catalyst surface to convert glycerol to
1,3-PDO or 1,2-PDO. This will narrow down the literature search and help us focus only on

those catalysts that possess features crucial to 1,3-PDO synthesis.

The most widely reported reaction mechanism for glycerol hydrogenolysis to propanediols is
dehydration, followed by the hydrogenation reaction mechanism, as shown in Figure 2.1. In
this reaction mechanism, the nature of acidic sites on the catalyst's surface decides the product
selectivity among propanediols. This is interesting and important as well while designing a
catalytic material. In this mechanism, a Brensted acidic site can protonate either 1° or 2° —OH
group of glycerol; 2° —OH group of glycerol possesses higher steric hindrance. The
protonation of the 2° —OH group of glycerol generates 2° carbocation, which is more stable
than the 1° carbocation. The 2° carbocation will lead to 3-hydroxypropanal (3-HyPA). Here, it
should be noted that 3-HyPA is thermodynamically unstable; however, its formation is
kinetically favored over the formation of hydroxyacetone. Hence, the reaction proceeds via 2°
—OH group protonation followed by dehydration to form a highly unstable 3-HyPA
intermediate which will be hydrogenated on metallic sites to 1,3-PDO. On the other hand,
Lewis acid sites of a catalyst contain empty orbital to accommodate the lone pair of electrons
either from 1° or 2° —OH group of glycerol by covalent bond coordination. However, the

covalent bond forms with less steric hindered 1° —OH group rather than with 2° —OH group.
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Hence, the covalent bond with the 1° —OH group continues, followed by dehydration, which
results in acetol or hydroxyacetone forming 1,2-PDO on hydrogenation (Figure 2.1). Finally,
the Lewis and Brgnsted acid sites will be re-generated. The re-generation of the Brgnsted acid
site occurs via the interaction of H3O" ions with its conjugate base. In contrast, the regeneration
of Lewis acid sites occurs via thermal dehydration of their hydrated forms [45]. This
mechanism shows that a catalyst should have a Bronsted acidic site to form 1,3-PDO from
glycerol. Moreover, heterogeneous catalysts have their advantages over homogeneous
catalysts. There has been considerable research on heterogeneous catalysts for glycerol

hydrogenolysis. We will briefly describe them in the following section.

2.2.1 Catalysts for 1,2-PDO synthesis

Supported catalysts with Noble metals (Pt, Pd, Rh, Ir, Re) and non-noble metals (Zr, Zn, Cu,
Ni) have been studied extensively for the hydrogenolysis of glycerol [46—-50]. The non-noble
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metals were found to be selective for the hydrogenolysis of glycerol to 1,2-PDO [22,39,51].
The copper (Cu) and nickel (Ni) metals were reported to be more active and selective towards
1,2-PDO synthesis from glycerol. Cu based catalytic system yielded nearly 90% 1,2-PDO
[52,53]. However, Ni-based catalysts were a little less selective towards 1,2-PDO due to
affinity towards ethylene glycol formation via C—C dissociation [54,55]. Cu and Ni-containing
catalysts can be used either in batch mode or continuous mode. The continuous mode is
superior from a practical point of view. Now the catalyst development for 1,2-PDO synthesis
from glycerol has been shifted from high yield to long catalyst life and the resistance to the
impurity of glycerol [56] because glycerol purification is a costly process [57]. The better

support and Cu interaction or use of a good promotor can increase the life of Cu in a catalyst.

The use of a non-aqueous reaction medium is also found to be effective in increasing catalyst
life [58]. In one case, it was found that the use of rare-earth metal additives helped increase the
catalyst performance [59]. In another case, catalyst Cu/SiO; prepared via hydrothermal method
was reported to have a longer life, here stronger interaction between Cu and SiO2 support

increases the catalyst life [60].

While the 1,2-PDO formation from glycerol is easy and doesn’t require any special catalytic
material/metal for its synthesis, the synthesis of 1,3-PDO from glycerol is complicated and
challenging. Moreover, it also requires the catalyst to possess some unique features like a high
ratio of Bronsted to Lewis acidity, sufficient surface area, non-leaching catalytic components,
etc. As stated earlier, various noble metals were reported to be active for the hydrogenolysis of
glycerol to 1,3-PDO. However, only two catalytic systems have effectively converted glycerol
to 1,3-PDO. Those are catalysts containing Ir-ReOx and containing Pt-WOx catalytic systems.
We will briefly discuss the results observed over these catalysts together with some other

catalysts.
2.2.2 Catalysts for 1,3-PDO synthesis

Chaminand et al. [46] have used Rh/C catalyst together with HoWO4 in water or sulfolane, or
dioxane. Their best results were with sulfolane as a 4% 1,3-PDO yield. Oh et al. [47] have
reported a 55.6% yield of 1,3-PDO over Pt-sulfated ZrO; catalyst in DMI solvent. Despite the
good yield of 1,3-PDO reported by Oh, the use of organic solvents can be a problem.
Moreover, Gong et al. [61] reported that protic solvents like water and ethanol favor the
formation of 1,3-PDO compared to aprotic solvents like DMI and sulfolane during glycerol

hydrogenolysis. Ethanol and/or methanol are the organic products of glycerol hydrogenolysis;
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hence choosing them as a solvent may affect the analysis of the reaction. Water is the most
common protic solvent, and it doesn’t affect the reaction analysis. Therefore, glycerol
hydrogenolysis in water over a heterogeneous catalyst would be preferable industrially and

environmentally.
a) Ir-ReOx containing catalytic systems

Tomishige’s group has reported the broadest work over a catalyst containing Ir and ReOx
[48,62—-66]. Nakagawa et al. [48] first reported work on Ir-ReOx/Si0O; catalyst in 2010. The
work shows that the catalyst is most effective for glycerol hydrogenolysis to 1,3-PDO over Re-
containing catalysts. The authors tried different noble metals like Ir, Pd, Pt, Ru, and Rh
catalysts. Ir—ReOx/SiO, catalyst showed the highest selectivity for 1,3-PDO. The maximum
yield of 1,3-PDO was 38% with 81% glycerol conversion after 36 h. Moreover, Rh—ReOx/S102
catalyst showed comparable activity, and the rest showed lower activity. However, Rh—
ReOx/SiO> showed lower selectivity for 1,3-PDO. Furthermore, monometallic catalysts like
I1/Si02 or ReOx/Si0, were totally inactive for glycerol hydrogenolysis. Here, the reaction
conditions used were: catalyst 150 mg, 31 umol Ir, 4 g glycerol, 1 g water, sulfuric acid (H/Ir
=1), 80 bar H>, and 120 °C. In the other study from the same group over Ir-ReOx/S10; catalyst
[63], the authors varied the catalyst's Re/Ir mole ratio. The results show, with no Re in the
catalyst (Ir/Si02 the glycerol conversion is zero. With an increase in Re amount in the catalyst,
the glycerol conversion was increased till Re/Ir ratio 2; beyond this ratio, the glycerol
conversion drops. However, the selectivity of 1,3-PDO remains unchanged except for high Re
amounts, where it slightly decreased. The results show a decrease in average Ir particle size
with an increase in Re amount. Moreover, the characterization results suggest that the ReOx
cluster partially covers the Ir surface, and the Re amount increases the number of Ir—Re pairs
(see Figure 2.2). The authors claim that these pairs may be acting as an active site for glycerol
hydrogenolysis.

Ir-ReQ,/SiO, (Re/lr = 1)
(Calcined) (Reduced)

P et
Reduction
—b.
-485 K Ir
Sio, SiO,
———p —p
5 nm 2nm

Figure 2.2. Structure of Ir-ReOx/SiO; catalyst under reductive conditions (reproduced with
permission, [65]).
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This was the first group that proposed the direct hydrogenolysis of glycerol [65] reaction
mechanism over the Ir-ReOx/SiO» catalyst (see Figure 2.3). Here, a molecule of glycerol
adsorbs over the surface of ReOx and forms metal alkoxide. Meanwhile, the hydride-like
species get activated on the Ir metal, which attacks the 2-position of the alkoxide and breaks

the C—O bond. The hydrolysis of this reduced alkoxide releases the product.
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Figure 2.3. Direct hydrogenolysis of glycerol to propanediols over Ir-MOx/SiO; catalyst
(reproduced with permission, [67]).

In this process, the adsorption of glycerol can result in two types of alkoxides, viz. 2,3-
dihydroxypropoxide (the terminal alkoxide) or 1,3-dihydroxyisopropoxide (the internal
alkoxide). If 1,3-dihydroxyisopropoxide or 2,3-dihydroxypropoxide (I) (7 membered-ring)
structure forms, it will lead to 1,2-PDO. Whereas, if 2,3-dihydroxypropoxide (II) (6 membered-
ring) forms, then it will produce 1,3-PDO. Here, the cleavage of the 2° C-O bond is favored
over 1° because 6-membered-ring transition states are more stable than 7-membered-ring
transition states. This reaction mechanism appears more plausible than the dehydration-
hydrogenation reaction mechanism (see Figure 2.1) because it combines the oxophilic nature
of Re and the interface with Ir (Re-Ir bonding). However, the 6-membered-ring transitional
structure is difficult to detect by experiment. Similarly, the catalyst Rh—ReOx/Si0O; is also
active for C—O hydrogenolysis. It is similar in many aspects to Ir—-ReOx/S10; like kinetics,
suitable reaction conditions, catalyst structure, substrate, and proposed reaction mechanism

[64,68,69]. However, it largely produces 1,2-PDO than 1,3-PDO from glycerol [70-72].



Though the catalyst looks attractive and produces 1,3-PDO with high selectivity, the leaching
of active metals like Ir and Re compromises the stability of these catalysts [48,62]. Therefore,
a robust and stronger Pt-WOx based catalytic system appears to be a better option for glycerol

hydrogenolysis to 1,3-PDO [73-75].
b) Pt-WOx containing catalytic systems

In comparison to Ir-ReOx based catalytic system, the Pt-WOx based catalytic system seems
more attractive from a practical point of view, perhaps due to the low cost of W, being active
without adding any liquid acid (e.g., H2SO4), as well as tunability by using a variety of supports.
Moreover, Ir-ReOx and Pt-WOx based catalysts have different structures. Ir-ReOx is featured
with 3D ReOx clusters decorated on the surface of Ir NPs, while the Pt-WOx is typically in the
form of Pt NPs on the 2D WOx sub-monolayers. Moreover, the Ir-ReOx catalysts are active at
lower temperatures (120 °C) than Pt-WOx catalysts (160—180 °C). Table 2.1 summarizes the
yield of 1,3-PDO reported over different catalysts; moreover, the following section briefly

discussed the various Pt-WOx catalytic systems for glycerol hydrogenolysis to 1,3-PDO.
¢) Polyoxometalates containing catalysts

The polyoxometalates (POMs) are a polyatomic ion, mostly an anion, consisting of 3 or more
transition metal oxyanions linked by shared oxygen atoms to form closed 3-D frameworks.
POMs are widely preferred in catalysis due to their chemical properties like acidities, redox
potentials, and solubility, which can be adjusted by selecting the elemental composition and
counter cations [76,77]. Acid-type POMs are soluble in polar solvents or water; hence they can
be used as homogeneous catalysts. Heteropolyacids (HPAs), also known as POMs, are early
transition metal-oxygen anion clusters that exhibit a broad range of compositions, molecular
sizes, and architectures [78]. HPAs with Keggin type structures are known to be environment-
friendly and economically feasible solid acids [79]. Various types of HPAs were used as
catalysts, among them phosphotungstic acid (HPW), silicotungstic acid (HSiW), and
phosphomolybdic acid (HPMo) was widely used because of their high catalytic activity [45,80—
84].

Dam et al. [85] studied the effect of acidic additives over commercially available Pd/Si0,,
Pd/Al,03, Pt/Si0,, and Pt/Al>O3 catalysts in water at 40 bar H> and 200 °C. The acidic additives
were phosphotungstic acid (HPW), silicotungstic acid (HSiW), tungstic acid (HoWO4), and
hydrochloric acid. The results (see Figure 2.4) show that the Pt-based catalyst and tungstic

additives were active for producing 1,3-PDO with 20 to 40% selectivity, and hydrochloric acid
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was less active. When Pd was used as an active metal, the main products were 1-PrOH or/and
1,2-PDO. The types of tungstic additive or catalyst support showed limited influence on the

selectivity trend.
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Figure 2.4. Effects of tungsten compounds addition on Pd/Pt-based catalysts. Conditions: active
metal (5 mmol), 100 mM aqueous glycerol (5 mL), additive (HCL, pH 1.5; H;WO4, 40 mM;
polyacid: 3.5 mM), H; (40 bar), 200 °C, 18 h (reproduced with permission, [85]).
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Table 2.1. Pt-WOx/supported and Pt-WOx catalysts for glycerol hydrogenolysis to 1,3-PDO

S-N. Catalyst [OTC] [bl;r] \?Ir_lng\// (f/i ) S 1[’(3)23) © Yl[ﬁ/'o"]"o Reference
1 Rh/C+H,WO4 180 80 168 h 32 12 3.8 [46]
2 Pt/m-WOs3 180 55 12 h 18 39.2 7.1 [86]
3 Pt/WOx 140 10 12 h 59.8 36.3 21.7 [87]
4 AuPt/WOx 140 10 12 h 81.4 51.6 42 [75]
5 La/Pt/WOx 140 10 1h! 39.9 413 16.5 [88]
6 Pt/Au/WOs3 155 55 7.5h 30.7 543 16.7 [89]
7 Pt/Nb-WOx 160 50 12h 40.3 27.5 11.1 [90]
8 Pt/H-WO; 160 50 12h 63.8 43.1 27.5 [91]
9 Pt/ALLOs+HSIW 200 40 18 h 49 28 13.7 [85]
10 Pt-HSiW/SiO, 200 60 0.045h! | 81.2 38.7 314 [92]
11 Pt-HSiW/ZrO, 180 50 0.09 h'! 24.1 48.1 11.3 [93]
12 Pt-LiHSiW/ZrO, 180 50 0.09 h'! 43.5 53.6 233 [94]
13 Pt-HSiW/mALO; 200 40 15h 60.5 333 20.1 [95]
14 Cu-HSiW/SiO; 210 5.4 0.08 h'! 83.4 32.1 26.8 [96]
15 Pt/W-SBA-15 150 40 30h 86.8 70.8 61.5 [97]
16 Pt/WO0O3-A1,03-Si0; 160 60 12h 48 56 27 [98]
17 Pt-WO3/SBA-15 210 1 1.02 h! 86 42 36 [99]
18 Pt-WOx/Si0, 210 -- 50h 42.6 25.8 11 [100]
19 Pt-WOx/Si0, 140 80 30h 100 57 57 [101]

20 WPt/Si0O, 160 80 18 h 64.2 57.2 36.7 [102]
21 Pt-WOx/SAPO-34 210 1 50h 48 18.8 9 [103]
22 Pt-WOx/Si0,-A1,03 210 1 50h 53 24.3 12.8 [104]
23 Pt/WO3/Ti02/Si0, 180 55 12h 15.3 50.5 7.7 [105]
24 Pt/WO3/ZrO, 170 80 18 h 85.8 28.2 24.2 [73]
25 Pt/WO3/ZrO, 170 55 12 h 31.6 34.9 11 [61]
26 Pt/WO;/ZrO, 130 40 24 h 70.2 45.6 32 [106]
27 Pt/WO3/ZrO, 180 80 50h 71.7 21.9 23.1 [107]
28 Pt-WOx/t-ZrO, 140 80 24 h 78.3 64.8 49.4 [108]
29 Pt/WOx/S10,-ZrO, 180 50 1to3h!' | 543 52 28.2 [109]
30 Pt/WO3/AlLO; 180 50 1h! 57.5 40.4 23.2 [110]
31 Pt/WOx/Al,03 220 45 24 h 60.3 31.2 18.8 [111]
32 Pt/WOx/Al,03 260 1 0.14 h! >99 14 14 [112]
33 Pt/WOx/Al,03 200 45 16 h 80.3 38.5 30.9 [113]
34 Pt/WOx/AIOOH 180 50 12 h 100 66 66 [74]
35 Pt-WOx/ALL,O3 160 50 0.09 h! 64.2 66.1 42.4 [114]
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36 Pt-WOx/ALO3 200 25 16 h 594 | 559 33 [115]
37 Pt/ZrW38Mn3 180 55 18h 56.2 45 25.3 [116]

This work showed the mixture of noble metal and tungsten species is effective in forming 1,3-
PDO from glycerol. However, the use of homogeneous additives in the reaction mixture is not
preferred practically. Moreover, it is easy to find the interaction between HPAs and active
metals in heterogeneous catalytic systems. Therefore, heterogeneous catalysts containing both

POMs and active metals have been studied by various researchers.
d) Heterogeneous catalysts with active metal and POMs

Zhu et al. [96] studied the vapor-phase glycerol hydrogenolysis over a Cu-HSiW/Si0; catalyst
prepared via incipient wetness impregnation in a fixed-bed reactor. The glycerol conversion
and product selectivities showed dependence on the reaction temperature, H» pressure, initial
water content, and space velocity. The presence of water showed a decrease in both activities
and 1,3-PDO selectivity over Cu-HSiW/SiO> catalyst. At optimized conditions (210 °C, 5.4
bar H», and no water), the conversion and 1,3PDO selectivity reached 83.4% and 32.1%,
respectively. Afterward, the same group reported a study using aqueous phase glycerol on Pt—
HSiW/Si0; catalyst [92]. The catalyst was prepared using the same technique, and the reaction
was studied with the same conditions and reactor. The characterization results, like Raman
spectroscopy, showed the presence of Keggin structure, XRD patterns showed a reduction in
the Pt peaks with an increase in HSiW amount in a catalyst. CO chemisorption result shows an
increasing and decreasing trend in Pt dispersion with the increase in HSiW amount. Py-FTIR
results show an increase in acid sites, especially Bronsted acid sites in a catalyst with an
increase in HS1W amount. Under the reaction condition where Cu—HSiW/S10; catalyst showed
9.1% glycerol conversion with 8.9% 1,3-PDO selectivity, the Pt—-HSiW/SiO; catalyst showed
81.2% conversion and 38.7% selectivity. The maximum glycerol conversion and 1,3-PDO
selectivity were observed at 15% HSiW loading. Here, the glycerol conversion and 1,3-PDO
selectivity significantly depended on temperature, H> pressure, and space velocity. The same
group published a study on glycerol hydrogenolysis to propanols (1 and 2) over Pt—
HSiW/ZrO,. Under the optimized condition (200 °C, 50 bar H»), the maximum yield of
propanol was 94.1%. The catalyst showed 160 h long performance. Although the study focuses
on synthesizing propanols, 1,3-PDO selectivity and glycerol conversion were 40% and 60%,

respectively, at 160 °C. The Raman spectra of fresh and spent catalyst showed SiW2040*
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(950-1020 cm ™) bands, signifying that the Keggin structure was remained intact even after the
reaction run (see Figure 2.5). Moreover, the XRD and CO adsorption results of fresh and spent
catalysts verified that the Pt particles on ZrO> support had no remarkable agglomeration. The
strong interaction between acidic sites HSiW and weakly basic sites of the ZrO, support would
be the reason for the good stability of Pt-HSiW/ZrO, catalyst. The catalyst Pt-HSiW/ZrO»
performance was further improved by modifying it with alkali metals [94]. Alkali metals like
K, Li, Cs, and Rb were doped into Pt-HSiW/ZrO, catalyst using an alkali nitrate precursor by
an ion-exchange technique. The ratio of alkali metal to HPAs was set to 2. The Pt-
LiHSiW/ZrO; catalyst showed 43.5% glycerol conversion with 53.6% 1,3-PDO selectivity at
180 °C. The authors stressed that the modification effect with Li includes adjusting the acidity

and improving the tolerance to water solvent.
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Figure 2.5. Raman spectra of fresh and spent Pt-HSiW/ZrQ; catalysts (reproduced with
permission, [117]).

Alhanash et al. [117] reported the use of acid-type polyoxometalate for glycerol
hydrogenolysis. The author prepared Rh and Ru supported Csz sHosPW12040 (CsPW) catalyst.
CsPW is a well-known water-insoluble strong Bronsted acid salt with a large surface area ¢100
m? g ') and good thermal stability. The catalysts were prepared using the impregnation
technique with CsPW and metal chloride solution. The results show high selectivity for 1,2-
PDO, while 1,3-PDO was observed only over Rh/CsPW catalyst with 7.1% selectivity. Rapid
catalyst deactivation was also observed, which was explained by loss of acidity from tungsten
(VD) reduction in the POMs. The authors claim that the deactivation of catalyst can be overcome

by using a more stable polyoxometalate such as SiW 12040

From the preceding discussion, it is clear that both HoWO4 and tungsten HPAs can convert

glycerol to 1,3-PDO. However, HPAs as a constituent of heterogeneous catalysts can yield
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more 1,3-PDO than soluble tungsten catalysts. In addition to the HPAs acidity, the ratio of
active metal like Ru, Rh, Pt to W atom is overlooked. This is one of the key parameters which
affects the 1,3-PDO formation rates. Furthermore, the homogeneous mixture of tungstic acid
or tungsten HPAs is difficult to recover and reuse. Even if HPAs were supported over some
oxide supports, a risk of HPA leaching remains during the hydrothermal reactions. Good
interaction between support and HPAs is required, or more robust Pt-WOx catalysts are

required.
e) Supported Pt-WOx catalysts

A broad range of supported Pt-WOx catalysts has been reported for glycerol hydrogenolysis
due to their robustness, tunable acidity, and improved Pt-WOx interactions. Kurosaka et al.
[73] studied the glycerol hydrogenolysis over Pt/WO3 supported on different oxide supports,
including Si02-ALO;, AI-MCM-41, AlO3, HY zeolite, anatase TiO;, and ZrO> in 1,3-
dimethyl-2-imidazolidinone (DMI) solvent. The Pt/WO3/ZrO> catalyst showed the highest 1,3-
PDO yield (24.2%) and glycerol conversion (85.8%). The superior performance of
Pt/WO3/ZrO; catalyst over other catalysts does not seem conclusive due to the absence of in-
depth characterizations of the catalyst. Qin et al. [118] investigated Pt/WO3/ZrO> performance
for aqueous phase glycerol hydrogenolysis. Their results showed glycerol conversion of 70.2%
with 45.6% 1,3-PDO selectivity at 130 °C and 40 bar H» pressure over a catalyst with 10 wt%
W and 3 wt% Pt loadings. Therefore, the two studies discussed above show a considerable
difference in the performances of the same catalyst Pt/WO3/ZrO;. This is partly because of the
solvent effect; the two groups in their studies used different solvents. Gong et al. [61] studied
the effect of different solvents for glycerol hydrogenolysis over Pt/WO3/ZrO; catalyst. Their
results show that the selectivity of 1,3-PDO was higher in water than in DMI solvent. More
interestingly, when a 1:1 water:DMI mixture was used as a solvent, the yield of 1,3-PDO
almost doubled compared to using a single solvent by doubling the amount. Other reasons for
the difference in the behavior of the ‘same’ catalyst in different studies could also be
differences in catalyst synthesis technique and the loading of Pt and WOx, both of which were
different in the two studies on Pt/WO3/ZrO, mentioned above. The different loading of the
active metals would have resulted in differences in dispersion and interfacial structure. This
ultimately leads to variations in activity and selectivity. However, the better performance in
protic solvent compared to aprotic solvent cannot be ignored. Gong et al. [105] have also
published a study on a series of Pt/'WO3/Ti02/SiO> catalysts with different loadings in the

hydrogenolysis of aqueous glycerol. The catalyst performance showed a volcano-curve type
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dependence on the WO3 and TiO» loading (see Figure 2.6). The acidity characterization results

showed that the addition of WOs3 increases the acidity of catalyst in terms of both the number

of acid sites (especially Brensted acid sites) and its acid strength. XRD results of

Pt/WO3/Ti02/S10; catalyst showed no peaks corresponding to Pt, TiO>, and WO3, whereas
Pt/WO3/S10; and Pt/Si0; showed the peaks representing Pt.
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Figure 2.6. Influence of WOs3 (A) and TiO: (B) loadings on Pt/WO3/Ti0,/SiO; catalysts

(reproduced with permission, [105]).

Hence, it looks like one of the roles of TiO; is to improve the dispersion of Pt in a catalyst. The

optimum loadings of WO;3 and TiO2 were 5% and 10%, respectively. The results show 15.3%

glycerol conversion and 50.5% 1,3-PDO selectivity. All the studies reported above show the
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requirement of WOX in a catalyst for producing 1,3-PDO from glycerol. The formation of 1,3-
PDO requires Bronsted acid sites, and this is closely related to the WOx loading in a catalyst.

Besides Pt/WQO3/ZrO or Pt/WO3/Ti02/S10; catalysts, the combination of Pt, WOx, and Al,O3
based supports has been explored extensively. They are found to be some of the most effective
catalysts for the hydrogenolysis of glycerol to 1,3-PDO. Suzuki et al. of KAO corporation first
patented the use of 5%Pt-5%W/Al,Os catalyst for glycerol hydrogenolysis [119]. Their result
shows 23% conversion of glycerol with 67% 1,3-PDO selectivity at 160 °C and 55 bar H»
pressure. Arundhathi et al. [74] from the Tomishige group reported the use of boehmite
(AIOOH) supported Pt-W catalyst for glycerol hydrogenolysis. The loading of Pt and W was
1.8% and 8%, respectively. This catalyst has the highest glycerol conversion and 1,3-PDO
selectivity; the observed glycerol conversion was 100% with 66% 1,3-PDO selectivity at 180
°C and 50 H». This is one of the best results reported; the AIOOH surface area was 180 m?* g~
!, When the catalyst was prepared using AIOOH support of lower surface area 56 m? g, the
selectivity of 1,3-PDO was reduced to 37%. The authors have also compared Pt/WO3/AIO0OH
catalyst performance with Pt/WO3/Al,03;. AIOOH and y-Al,O3 were used with the same
surface area. The activity and 1,3-PDO selectivity were much lower over Pt/WO3/Al,03
catalyst. However, Uttraporn et al. [120] have reported poor performance of boehmite
supported (Pt/WOx/AIOOH) catalyst compared to Al,Os; supported (Pt/WOx/y-Al,03)
catalysts. The authors credited the superior performance of Pt/WO3/AIOOH catalyst to the
number of surface AI-OH species in the catalyst, which was, however, not supported by the
data provided; the XRD results contradict the statement. Moreover, the reaction mixture used
for the reaction 1s very small 1 mmol of glycerol (92 mg or 0.073 ml) in 3 ml of water, and the

reactor volume was 50 ml. We wonder how the reaction mixture was stirred.

Zhu et al. [114] investigated glycerol hydrogenolysis to 1,3-PDO over Pt/ WOx/Al,03 catalyst
in a fixed-bed reactor. They have studied the effect of an increase in WOx loading from 5 to
20 wt%. The loading of platinum was fixed at 2 wt%. The result shows that when the loading
of WOx reached 10 wt%, the catalyst showed maximum activity and selectivity as 64.2%
glycerol conversion with 66.1% 1,3-PDO selectivity. The characterization results showed that
the increase in WOX content of catalyst increases platinum dispersion, acidity, both Lewis and
Bronsted acidity up to 10 wt% WOx. However, a further increase in WOx content slightly
reduces the dispersion of Pt and acidity. The authors claim that the 10 wt% loading is the
dispersion threshold of WOx. Because at this loading, the WOx would have reached the sub-

monolayer coverage. Furthermore, the addition of WOx significantly reduced the reduction
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temperature of PtOx, due to the strong electronic interaction between PtOx and WOx species.
From the XPS results, it is clear that with the addition of WOx metallic Pt species on the surface
had been reduced to zero-valent (Pt°). The authors claim that over the surface of ALO; exists
an electron donor-acceptor interaction between WOx and Pt’, where electrons were easily
transferred from Pt to WOx species. The high performance of the catalyst was credited to the
higher amount of Brensted acid sites and strong electronic interaction between Pt and WOx
species. Over the Pt/WOx/AL>O; catalyst, Lei et al. [121] reported the glycerol hydrogenolysis
in a fixed-bed reactor and achieved the highest space-time yield of 1,3-PDO (191.7 mgi3-
ppO/gcat.h) at 180 °C and 50 bar H,. The glycerol conversion and 1,3-PDO selectivity showed
strong dependence on W and Pt loadings. Moreover, the appropriate molar ratio of Pt/W was
in the range of 1/2-1/4. The optimum loading of Pt was around 5 wt%, and for W, it was
between 10—15 wt%. The authors claim that on the surface of Al,O3, the WOX existed as sub-
monolayer polytungstates, and metallic Pt was highly dispersed (dispersion > 50%) on WOx,
which promoted the in-situ generation of strong Brensted acid sites via. hydrogen dissociation

and spillover. This will help in getting 1,3-PDO from glycerol selectively.

Garcia-Fernandez et al. [111] showed that the tungsten surface density (W atoms nm2) could
also affect the glycerol hydrogenolysis over Pt/WO3/Al>O;3 catalyst. The authors claim that the
maximum selectivity of 1,3-PDO was achieved at a W loading where highly dispersed highest
polytungstate species can be formed. They have found that the tungsten density could control
the type of WOx species present on the catalyst, namely monotungstates (coordinated structure:
WO,), polytungstates (coordinated structure: WOs/WOQOs), and WOs3 crystalline nanoparticles.
The presence of polytungstates generated a relatively low amount of weak/medium Brensted
sites, which was beneficial for the selective formation of 1,3-PDO from glycerol. The
maximum selectivity of 1,3-PDO was obtained as 51.9% with 53.1% glycerol conversion at

200 °C temperature and 45 bar Hz over 9%Pt-8%WOx/AL,Os catalyst.

Very recently, Liu et al. [101] from the Tomishige group prepared Pt-WOx/SiO; catalyst and
applied it for glycerol hydrogenolysis. The authors reported the 1,3-PDO yield of 57% at 140
°C at 80 bar Hz over Pt-WOx/SiO> (Pt: 4 wt% and W: 0.94 wt%) catalyst, which was in the
highest yield among the reported tungsten-containing catalysts. On the other hand, the use of a
similar catalyst with different WOx loading at 210 °C was reported by Shi et al. [122].
However, their results (18.4% conversion with 19.4% 1,3-PDO selectivity) are totally different
from what is reported by Liu. Moreover, Liu et al. used 5.1 g of the reaction mixture in 190 ml

of the autoclave. We were surprised how the reaction mixture would have been stirred.
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f) Mesoporous WOx supported Pt catalysts

WOx usually has a low surface area and is therefore not suitable as support by itself. However,
the use of WOx as support leads to direct interaction between WOXx and active metal. Longjie
et al. [86] prepared a catalyst Pt supported on mesoporous WO3 (m-WO3) and studied glycerol
hydrogenolysis over it. The m-WOs3 catalyst was prepared using WClg as the precursor and
triblock P123 (EO20PO70EQO20) as the structure-guiding agent. The m-WOs has a surface area
of 22 m? g!. The XRD and TEM results showed highly dispersed Pt particles on m-WOs. For
comparison, when the catalyst was prepared using commercial WO3 (c-WO3), the Pt size of a
larger diameter (>10 nm) was observed. The glycerol hydrogenolysis result over Pt/ m-WO3
was 18% glycerol conversion with 39.3% 1,3-PDO selectivity, whereas the Pt/ c-WOjs catalyst
gave 4.5% glycerol conversion with 29.9% selectivity. The difference in activity and selectivity
were credited to high Pt dispersion and good reducibility of Pt/m- WOs catalyst. Later the same
research group reported a Pt catalyst supported on mesoporous Ti—W oxides [123]. However,
the results for activity and 1,3-PDO selectivity of Pt/Ti—W oxide catalyst were similar to those
of Pt/m-WQO; catalyst.

Wang et al. [75,124] developed mesoporous WOx supported Pt and Pt-Au bimetallic catalysts.
The mesoporous WOx was prepared with a large surface area (126 m’g ') and abundant oxygen
vacancies (x = 2.8), which favored the Pt dispersion as pseudo-single atoms. Such high
dispersion of Pt gave rise to 37.4% glycerol conversion with 35.1% 1,3-PDO selectivity at 140
°C and 10 bar H; [124]. When a small amount of Au was added to the catalyst (Au-Pt/WOx),
it has increased the catalytic performance by a great extent in identical conditions [75].
Characterization results showed that the addition of Au facilitated the reduction of WOx
species and increased the in-situ generated Bronsted acid sites, thereby improving the catalytic
activity and selectivity. Under identical conditions, the glycerol conversion reached 52%

glycerol conversion with 56.3% 1,3-PDO selectivity.
g2) Zeolite catalyzed glycerol dehydration

Zeolites are microporous aluminosilicate minerals with a negatively charged honeycomb
structure. Zeolites are commonly used as industrial catalysts or adsorbents; they occur
naturally; however, they are also produced industrially on a large scale. They are expensive
compared to metal oxides; however, they possess unique features and a large surface area,
which will be very useful in catalytic applications. Protonic zeolite represents the most

important family of solid acid catalysts used in the industry [125]. Their unique properties
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include thermal stability, high Brensted acidity, shape selectivity, facile regeneration, and
tunable acidity [126,127]. Zeolites were found to be effective for glycerol dehydration and

hydrogenolysis due to their versatility.

Kim et al. [128] studied the gas-phase dehydration of glycerol over various H-zeolites in a
fixed bed reactor at 315 °C and atmospheric pressure. The various H-zeolites like H-Bzeolite,
H-ferrierite, H-mordenite, H-Y, and H- ZSM-5 with variable SiO2/Al,0O3 ratio. The results
showed that all the zeolites were active for the glycerol dehydration to acrolein. The glycerol
conversion was decreased in the following order: silica-alumina > H-f (Si/Al-25) > H-B
(S1/A1-27) > y-Al,0O3 > H-mordenite (Si/Al-20) > H-ferrierite (Si/Al-55) > H-ferrierite (Si/Al-
20) > H-ZSM-5 (Si/Al-23) ~ H-B (Si/AlI-350) > H-B (Si/Al-38) ~ H-Y (Si/Al-5.1). Almost
all the catalysts produce acrolein in the first 2 h of reaction with a selectivity greater than 40%
except for H-Y (29.7%), H-B-38 (33.1%), and H-B-350 (38.8%) zeolites (numbers in
parenthesis show acrolein selectivity). H-ferrierite (Si/Al-55) showed the highest selectivity
for acrolein as 59%, and H-Bzeolite (Si/Al-25) showed the highest glycerol conversion as
76.4%. Despite showing the lowest surface acidity, catalyst H-f (Si/Al-350) (0.08 mmol
NHzs/gcat) has shown the higher conversion and higher acrolein selectivity than H-p (Si/Al-
38) (0.50 mmol NH3/gcat) and H-Y (Si/Al-5.1) (0.58 mmol NH3s/gcat). The authors credit the
performance of H-B (Si/Al-350) to its higher external surface area (699 m?g™!) than the H-p
(Si/Al-38) catalyst (578 m?g™). Authors claim that the external surface area is one of the key
factors affecting the glycerol dehydration activity other than the surface acidic sites. Corma et
al. [129] reported a study on glycerol dehydration in a moving bed reactor over a ZSM-5
catalyst. Their best acrolein yield was 55-61% at 350°C. Hoang et al. [130] used the zeolites
(H-ZSM-5, H-Y, H-Mordenite, and H-ZSM-22) to convert glycerol to gasoline range alkyl-
aromatics. The highest yield of acrolein was observed over HZSM-22 as 86% yield with 100%

glycerol conversion at 400 °C and atmospheric pressure.
h) Different metal-supported zeolite for glycerol hydrogenolysis

The zeolites supported metals like Ni, Ru, Cu, Pt, Zn, Zr, etc., were used as a bifunctional

catalyst for glycerol hydrogenolysis to yield valuable products.

Jin et al. [131] have used H-Y zeolite-supported Ru catalysts for glycerol hydrogenolysis. The
main product observed was 1,2-PDO with 81.3% selectivity, and the glycerol conversion was
60.1% at 220 °C and 30 bar H,. Gallegos-Suarez et al. [132] have used KL-zeolite supported
Ru catalysts for glycerol hydrogenolysis at 180 °C and 80 bar H>. Their main product was
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ethylene glycol with 48% selectivity and 1,2-PDO with 32% selectivity; however, the glycerol
conversion was only 7.5%. Lin et al. [133] have used commercial H-B-zeolite (Si/Al = 15.8)
and Ni/Al,O3 catalyst combinations for glycerol hydrogenolysis to 1-PrOH in a fixed-bed
reactor. The glycerol conversion obtained was 89.9%, and the selectivity of 1-PrOH was 60.3%
at 220 °C, 20 bar H>. Additionally, the selectivity of 1,3-PDO and 1,2-PDO was 2.6% and
3.7%, respectively. The glycerol conversion obtained over Ni/Al>O3 catalyst was 60.5%, and
the 1-PrOH selectivity was only 0.2%. The addition of PBzeolite externally to the Ni/Al,O3
catalyst has increased the selectivity of 1-PrOH. Wan et al. [134] have studied the
hydrogenolysis of glycerol to 1,3-PDO over IrOx promoted different zeolites at 180 °C and 80
bar H, pressure. Out of them, [rOx/H-ZSM-5 showed the highest selectivity for 1,3-PDO as
55%, followed by SiO2-Al,O3 catalyst with 36.8% selectivity; H-Mordenite has shown 16%
1,3-PDO selectivity.

Kant et al. [50] have studied the glycerol hydrogenolysis over Ni, Cu, Zn, and Zr supported on
H-B-zeolite (Si/Al = 25) and over H-B-zeolite catalysts at 200 °C and 41.4 bar H, pressure. The
results over the H-B-zeolite catalyst showed glycerol conversion of 85% with 0.2% 1,3-PDO
selectivity and 85% 1-PrOH selectivity after 10 h of reaction. The H-B-zeolite has largely
converted glycerol to 1-PrOH. When the Zr/H-B-zeolite catalyst was used with similar
conditions, the 1-PrOH selectivity was reduced to 64% with 68% glycerol conversion and 4%
1,3-PDO selectivity. When bimetallic Ni-Zr/HB-zeolite catalyst was used for glycerol
hydrogenolysis, the 1-PrOH selectivity was further reduced to 51% with 77% glycerol
conversion, and 1,3-PDO selectivity was increased to 14%. The authors claim that the
reduction in the glycerol conversion and 1-PrOH selectivity over Zr/H-B-zeolite or Ni-Zr/H-p-
zeolite was due to agglomeration of Zr or Ni-Zr crystallites over H-B-zeolite, which reduces
available acid sites (acidity). The reduction in acidity reduces the over hydrogenolysis of

propanediols to 1-PrOH and thereby increases the propanediols selectivity.

Priya et al. [135] investigated the vapor phase glycerol hydrogenolysis over H-mordenite
supported Pt catalyst at 215 °C and atmospheric pressure. Their results shows 94.9% glycerol
conversion with 48.6% 1,3-PDO selectivity [135]. Later in their other study, the authors
prepared Pt-Cu bimetal catalyst supported on H-mordenite and studied the glycerol
hydrogenolysis at 210 °C and 1 bar H». The results showed the glycerol conversion of 90%
with 58.5% 1,3-PDO selectivity [136]. The other groups have also used H-mordenite for
glycerol dehydration [128] and glycerol hydrogenolysis [134]. However, their results show a

poorer performance of H-mordenite compared to other catalysts. Moreover, the glycerol
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hydrogenolysis to 1,3-PDO is favorable at higher hydrogen pressures [92,96]; at such low
pressure getting such a high selectivity of 1,3-PDO is surprising.

i) Zeolite supported Pt-WOx catalysts

Shi et al. [103] reported the hydrogenolysis of glycerol over Pt-WOx/SAPO-34 catalyst at 210
°C, 60 bar Hy. They have varied WOx loading from 0 to 40 wt%; the best results were observed
at a WOx loading of 20 wt%, Pt loading was fixed to 2 wt%. The results showed that after 50
h, the glycerol conversion was reached 48% with 18.8% 1,3-PDO selectivity and 44.1% 1-
PrOH selectivity. Garcia-Ferndndez et al. [115] reported a study on Pt-WOx promoted HZSM-
5 catalyst. They have varied WOx loadings as 5%, 15%, 25%, and Pt loading was fixed to 2
wt%. The best results were observed over Pt-15%WOx/H-ZSMS as 17.3% glycerol conversion
with 20.6% 1,3-PDO selectivity and 65% combined selectivity of 1-PrOH and propane.

The literature shows different catalytic systems which are active for glycerol hydrogenolysis
to 1,3-PDO. When we tried to reproduce the results reported in the literature, we have not

observed any similarities between the reported results and our results (see Table 2.2).

Table 2.2. Hydrogenolysis of glycerol results observed on reported and new catalysts

| ) . Gly. Selectivity (%)
Catalyst Reaction Condition Conver.
() 1704y | 1.3-PDO | 1,2-PDO | 1-PrOH | Others
Pt/WOx 10 bar Hy, 140 °C 12 3.5 3.21 2.67 47.51 | 46.61
2Pt-10WOx-yALO; 50 bar Ha, 180 °C 16 | 219 0 233 6.33 67.24
2Pt-8WOx-AIOOH 40 bar H», 180 °C 12 32 0 45.2 37.83 11.1
2Pt-10WOx-SiO; 40 bar Hy, 180 °C 12 | 28.7 2.4 39.7 41.3 16.6
2Pt-10WOx-ZrO» 50 bar Ha, 170 °C 12 | 293 2.9 35.8 443 17
3Pt-HZSMS5 (30) 40 bar Hy, 215 °C 12 6.3 0 24.8 59.7 15.5
3Pt-10WOx-HZSMS5 (30) 40 bar Hy, 215 °C 12 9.7 3.7 26.7 50.3 19.3
3Pt-Bzeolite (40) 40 bar H», 220 °C 12 7.3 1.6 18.05 49.1 31.3
3Pt-10WOx-Bzeolite (40) 40 bar H», 220 °C 12 114 7.6 16.3 45.7 304
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2.3 New approaches to converting glycerol to 1,3-PDO

The glycerol hydrogenolysis to 1,3-PDO reaction is complex and leads in general to a mix of
different products that necessitate complex product work-up and hence affect the process
economics. The catalytic systems look unselective towards 1,3-PDO from glycerol and make
several products because of the variable reactivity of —OH groups in glycerol. Hence, protecting
the terminal hydroxyl groups of glycerol and performing hydrogenolysis over the protected

group looks encouraging.

Wang et al. [26] have introduced a new approach (see Figure 2.7) to increase the selectivity of
the glycerol conversion process via selective dehydroxylation. In this method, the glycerol is
converted to 1,3-PDO through acetalization of glycerol, tosylation of acetal, and
detosyloxylation (detosylation and hydrogenation). The authors mentioned that to increase the
selectivity of 1,3-PDO, the terminal hydroxyl group (—OH) was protected (acetal), and the
middle hydroxyl group was converted to a strong leaving group (tosylation) followed by
removal of tosyl group via catalytic hydrogenolysis (detosyloxylation). The catalyst used for
hydrogenolysis was Raney—Ni, and the reaction conditions were H2 pressure 30 bar and
temperature 160 °C for 24 h. The yield of 1,3-PDO in this process was at most 72%. The
authors also provided the economics of the process, considering a 74 % yield of 1,3—-PDO. Out
of the total raw material cost, 76% results from the cost of tosyl chloride. The major
disadvantage of the process is the high raw material cost. This is mainly because of the tosyl
chloride. For every kg of 1,3—PDO produced, 3.61 kg of tosyl chloride is required. The reaction
time of hydrogenation is relatively high, that is 24 h.
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Figure 2.7. Conversion of glycerol to 1,3-PDO via new approach (reproduced with permission,

[26]).
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2.4 Conclusion

The literature shows different catalytic systems which are active for glycerol hydrogenolysis
to 1,3-PDO. However, the different group reports different results over the same catalysts,
which looks like difficulties in reproducibility from one lab to the other. In most cases, the
characterization result contradicts with claims offered by authors. Moreover, in many studies,
inadequate characterization of the catalysts was reported. Many studies are on very small
scales, and this being a heterogeneous reaction, good mixing is essential to ensure that the
results are reproducible and reliable. Furthermore, in most of the cases, adequate details of the
reaction apparatus are not provided. The reaction time in most cases is relatively high, which
increases the risk of over hydrogenolysis of propanediols. Most studies report a single-point
conversion and/or selectivity. It is not clear if what is reported is the best that can be achieved
since the reaction network is complex with several series/parallel steps. The catalyst activities
were not reported as TOF, which would have allowed a realistic comparison between different

catalysts.

Moreover, it 1s also got cleared from the literature that the catalyst containing simple metals or
non-noble metals combined with acid supports (mainly Lewis acid) led to the formation of 1,2—
Propanediol. The conversion of glycerol to 1,3—PDO is challenging and requires the presence
of Bronsted acid sites. Here, the catalyst acidity is essential for activity (glycerol conversion),
whereas Brensted acidity of a catalyst is important for 1,3-PDO selectivity. Certain elements
seem to confer the desired features on the catalyst, such as noble metal (Pt and Ir) combined
with WOx, ReOx, SnOx, etc. Heteropolyacids catalysts are considered to be Brensted acid-
type catalysts. Heteropolyacids are always supported on metal oxide to improve their

dispersion and surface area. The catalyst support probably has a role in catalysis as well.

On the other hand, literature broadly reports the Pt-WOx catalysts supported on metal oxides.
Whereas, very few literature reports are available on the zeolite-supported Pt-WOx catalysts,
especially low acidity zeolite (high Si/Al ratio). Therefore, a glycerol hydrogenolysis study
over a catalyst containing noble metal Pt, heteropolyacids, and a low acidity zeolite (B-zeolite-

300) seems worth investigating.
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Chapter 3: EXPERIMENTATION

It is well understood from the literature study (chapter 2) that glycerol hydrogenolysis is a
complex reaction with the combination of various series and parallel reactions. Furthermore,
the reaction mechanism has provided more insight into the hydrogenolysis of the process, and
it is clear that the product selectivity of this reaction is acid sites driven. A catalyst with Lewis
acid sites was found to be effective for 1,2-PDO production, whereas 1,3-PDO synthesis
requires a catalyst with Brensted acid sites. Also, noble metals were found to be active for 1,3-
PDO, while simple or non-noble metals have produced 1,2-PDO. Therefore, a catalyst with
high Brensted acidity, sufficient total acidity, good surface area, well-dispersed noble metal
particles would be useful for 1,3-PDO synthesis. This chapter describes the details of these
materials and procedures followed for preparing the effective catalysts. Hence, the catalytic
materials and synthesis of catalyst were planned based on these insights. Further, the catalysts
prepared were characterized using various techniques, and their performance was assessed in
a suitable reactor. The details about catalyst synthesis procedure and catalyst characterization

techniques will be discussed in the following sections.

3.1 Materials

Glycerol (99.5%) was supplied by Merck Ltd. India. While, molecular hydrogen of 99.999%
purity was sourced from Sunlight Gas, India. The chemicals used in catalyst preparation --
Chloroplatinic acid hexahydrate (99.9%), Tungsten Oxide (99.9%), Ammonium paratungstate
(99.99%), Phosphomolybdic acid hydrate (99.9%), Phosphotungstic acid hydrate (RG),
Silicotungstic acid hydrate (99.9%) — were all obtained from Sigma-Aldrich USA. The H-beta
zeolite (Si02/A1,03 = 300), used as catalyst support, was obtained from Zeolyst International
USA. Analytical standards and reagents such as n-butanol, 1,3-Propanediol, 1,2-Propanediol,
1-Propanol, 2-Propanol, Ethanol, Methanol, Hydroxyacetone, Acetone, Acrolein, Ethylene
glycol, etc. were obtained from Merck Ltd. India.
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3.2 Catalyst preparation

The Pt-STA/B-zeolite catalysts were prepared by using the sequential impregnation method;
Figure 3.1 A shows the setup used. The obtained B-zeolite powder was calcined in static air
with a temperature ramp of 5 °C/min and held for 4 h at 550 °C. The calcined B-zeolite was
impregnated with aqueous solutions containing the desired amounts of silicotungstic acid
(STA) viz. We have made 0.1 STA to B-zeolite ratio using 5 g B-zeolite and 0.5 g of STA in 50
ml water followed by evaporation at 100 °C. The formed xSTA/B-zeolite samples were dried

at 110°C for 12 h and further calcined at 450°C in static air for 4 h.

(A)

Temperature indicator

Stand

Thermocouple

Catalytic mixture

Magnetic heating plate

Heat controlling knob RPM controlling knob

(B) Pressure gauge 3 Furnace Body

=
Gasoutiet R : iIiialiiiiiissisieaemaratinany

-

Quartz Tube
Flange Gas inlet

Emergency ON/OFF Switch
Temperature controller/programmer

Figure 3.1. (A) Catalyst preparation setup and (B) Calcination and reduction setup

They were then impregnated with an aqueous solution of hexachloroplatinic acid
(HoPtCls-6H20). Here, 5 g of 0.3STA/B-zeolite was impregnated with 3.2 ml of 8 wt%
hexachloroplatinic acid aqueous solution followed by evaporation at 100 °C. The impregnated

samples were dried at 110°C for 12 h followed by calcination in static air at 400°C for 4 h. The
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final catalyst was designated as Pt/xSTA/B-zeolite, where x stands for STA to B-zeolite ratio.
Table 3.1 represents different catalysts prepared with various STA/HPA to B-zeolite ratios. For
comparison, Pt/B-zeolite samples without STA were also prepared by impregnating the
calcined B-zeolite with an aqueous solution of H2PtCls-6H20 as per the procedure mentioned
before. The loading of platinum (Pt) was fixed at 5wt% in all the catalysts (Entry 1 to 20 in
Table 3.1) except for four catalysts, which were prepared with 2.5 and 10 wt% Pt loading to
investigate the effect of platinum loading (Entry 21 to 24 in Table 3.1). All the prepared
catalysts were reduced in flowing hydrogen at 100 ml/min, at 400°C for 3 h. Figure 3.2 (B)

shows the setup used for catalyst reduction.

3.3 Apparatus and Procedure

The experimental setup is shown in Figure 3.2. Glycerol hydrogenolysis was performed in a
100 ml capacity stainless steel batch reactor (Amar Equipment Pvt. Ltd.). The reactor is
equipped with a magnetic drive and a thermocouple attached to a temperature controller. The
stirring speed was set, and the controller controlled the reaction temperature according to the
given set point. The autoclave is equipped with a pressure relief valve and a ruptured disc for
safety against any pressure surges during the reaction. The outlets of the relief valve and rupture
disc were safely directed to the exhaust through steel tubing. The gas line to the autoclave is
equipped with a non-return valve to avoid any backflow from the autoclave. The autoclave
temperature is controlled by circulating water in a submerged cooling coil as and when

required.

1. Hydrogen gas cylinder 2. Pressure Regulator 3. Pressure gauge
4. High Pressure hose 5. Electric motor 6. Magnetic drive
7. Autoclave reactor 8. Control panel 9, Assembly table
10 & 10". Electric cable

Figure 3.2. Schematic of the experimental setup for hydrogenolysis of glycerol
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Table 3.1. Different catalyst prepared with variable STA to B-zeolite ratio

Entry Catalysts . ST%‘/HPA. to
(Pt/xSTA/Pzeolite) Bzeolite ratio (x)

1 Pt/B-Zeolite 0

2 Pt/0.07STA/B-Zeolite 0.07
3 Pt/0.1STA/B-Zeolite 0.1
4 Pt/0.2STA/B-Zeolite 0.2
5 Pt/0.3STA/B-Zeolite 0.3
6 Pt/0.4STA/B-Zeolite 0.4
7 Pt/0.5STA/B-Zeolite 0.5
8 Pt/0.6STA/B-Zeolite 0.6
9 Pt/0.7STA/B-Zeolite 0.7
10 Pt/0.8STA/B-Zeolite 0.8
11 Pt/1.0STA/B-Zeolite 1

12 Pt/1.5STA/B-Zeolite 1.5
13 Pt/2.3STA/B-Zeolite 23
14 Pt/4.0STA/B-Zeolite 4

15 Pt/9.0STA/B-Zeolite 9

16 Pt/STA --

17 Pt/0.3PTA/B-Zeolite 0.3
18 Pt/0.3PMA/B-Zeolite 0.3
19 Pt/0.7PTA/B-Zeolite 0.7
20 Pt/0.7PMA/B-Zeolite 0.7
21 2.5%Pt/0.3STA/B-Zeolite 0.3
22 10%Pt/0.3STA/B-Zeolite 0.3
23 2.5%Pt/0.7STA/B-Zeolite 0.7
24 10%Pt/0.7STA/B-Zeolite 0.7

In a typical run, the reactor (100 ml) was charged with 2.0 g of synthesized catalyst (2.5 wt%
of the reaction mixture) and 80 ml of 5 wt% aqueous solutions of glycerol. The reactor was

then sealed and purged 5 times with 10 bar N> gas, then pressurized with H» gas to the desired
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level. Heating was started, and once the reactor reached the required temperature, the stirrer
was switched on. This time (20-25 min) was considered as the “zero-reaction time.” Reaction
samples were collected intermittently over the period in a bomb and immediately cooled down.

The reactor was then repressured to the original pressure.

In several cases, the experiments were repeated two times to check reproducibility and get an
idea of the standard error of measurements, and in all such instances, the reproducibility was
found to be satisfactory. Error bars in the figures discussed in the coming sections show the

spread of results from repeat experiments.

3.4 Analysis

The liquid samples were filtered through a 0.2 pm syringe filter and then analyzed on a gas
chromatograph (Mak Analytica, India) equipped with a ZB-WAX capillary column (30 m long,
0.25 mm inner diameter, and 0.25 pm thickness) from Phenomenex. N> was used as a carrier
with a flowrate of 30 ml min™! with 1-butanol as an internal standard on the flame ionization
detector (FID). Injector and detector were kept at 230° C temperature. The oven was
programmed as follows: - Hold at 80° C for 4 min followed by a heating ramp of 20 °C/min up
to 180° C; hold for 2 min, followed by a heating ramp of 10 °C/min up to 230 °C; hold for 4
min followed by cooling to 80 °C. Standard samples are used for calibration of the instrument
in the experimentation range. The identified compounds are glycerol, 1,3-PDO, 1,2-PDO, 1-
propanol (1-PrOH), 2-propanol (2-PrOH), ethanol (EtOH), hydroxyacetone, ethylene glycol,

acetone, methanol (MtOH), and acrolein.

3.5 Catalyst Characterization

In the chemical/catalyst industry, noble metal-containing catalysts are preferably prepared by
dispersing them onto high surface area solids. For any metal-supported catalysts, their metal
crystallite size, catalyst porosity, and surface chemistry can affect the catalytic activity and
product selectivity. The role of the support in a catalytic reaction is still a matter being
investigated, and it is widely reported in the literature that the nature of supports and dispersion
of noble-metal nanoparticles can influence the reactions [137-139]. The catalyst preparation

technique used or the nature of catalyst support can induce electronic perturbation resulting in
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a metal-support interaction [140]. Physico-chemical characterization methods for catalysts are
important to understand the different aspects of the catalysts to explain the outcomes of

experimental data.

In this thesis, various catalyst characterization techniques have been used. These include - N>
physisorption for surface area (Brunauer—Emmett-Teller (BET) method) and pore size
distribution analysis. X-ray diffraction (XRD) for phase analysis, Transmission electron
microscopy (TEM), Electron Spectroscopy for Chemical Analysis (ESCA)/ photoelectron
spectroscopy (XPS) for the oxidation state of tungsten, and to understand other electronic
interactions. Temperature- programmed desorption of ammonia (NH3—TPD), temperature-
programmed reduction (TPR), and pulse-chemisorption. As understood from the literature
reviewed in Chapter 2, Bronsted/Lewis acidity seems to be an important factor in directing the
reaction. These were therefore characterized by several methods such as FT-IR with pyridine
as probe (Py-IR) thermogravimetric analysis (TGA) after adsorbing pyridine and 2,6-di-tert-
butylpyridine.

3.5.1 Catalyst surface area and pore size distribution

It is essential to know the total surface area, pore size, and pore size distribution of the catalysts,
especially those supported on porous materials. The N> physisorption analysis is performed to
measure all the stated properties. Measurements for N> physisorption were performed using a
Micromeritics 3Flex instrument. Before doing the measurements, the samples were degassed
at 300 °C for 8 h. The specific surface area, pore volumes, and size distribution were calculated
from the collected isotherm data for nitrogen physisorption at -196 °C. Surface areas were
calculated using the BET/t-plot method, and the pore volumes were calculated using the BJH
method. The total surface area for each catalyst was obtained from the BET method. The
micropore surface areas and micropore volumes were determined by the t-plot method. The

pore size distribution was obtained by applying the BJH model to the adsorption isotherm.
3.5.2 X-ray powder diffraction (XRD)

X-ray diffraction (XRD) is commonly used to determine the bulk structure and composition of
heterogeneous catalysts with crystalline structures [141,142]. Because most catalysts are in the
form of polycrystalline powders, the XRD analysis is typically limited to the identification of
specific lattice planes that produce peaks at their corresponding angular positions 26,

determined by Bragg’s law, 2d sinf = nl. In spite of this limitation, the characteristic patterns
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associated with individual solids make XRD quite useful for identifying the bulk crystalline
components of solid catalysts. The powder X-ray diffraction (XRD) patterns were collected
using a Philips X'-pert diffractometer instrument for the prepared catalyst and support. The data
were collected over a 20 range of 5-90° at a scan rate of 2° min™! using Cu Ka radiation (k =

1.5418 A) at 40 kV and 40 mA.

3.5.3 Pulse chemisorption and TPR

To determine the metal-support interaction (via H>-TPR), dispersion, and acidity/alkalinity,
temperature program (CO-TPD, TPR) and pulse-chemisorption techniques were used (TPDRO
1100, Thermo Scientific). The analysis involves three steps- pre-treatment, Pulse
chemisorption, and temperature-programmed desorption (TPD). In a typical pre-treatment
procedure, the first step is cleaning the gas line with inert gas (such as Argon). The second step
is pre-treatment with 5% O2/He followed by 5% H/Ar to ensure that the exposed catalyst
surface is oxidized and reduced completely. Finally, high-temperature desorption is carried out
by the inert gas argon. Thus, it is ensured that the catalyst's active metal surface is at zero

oxidation state, and the catalyst is free from impurities.

For the H> temperature-programmed reduction (TPR) run, about 100 mg of non-reduced
catalyst samples were initially pre-treated in Ar at 160 °C for 90 min and then cooled to room
temperature. Subsequently, 10%H>—90%Ar mixture was added to the apparatus. Afterward,
the sample was heated at a ramp rate of 10 °C/min up to 900 °C, and at the same time, the

readings from the thermal conductivity detector were recorded.

For every run of CO chemisorption analysis, about 100 mg of reduced catalyst sample (reduced
priorly at 400 °C, 3 h) was initially pre-treated in Ar at 160 °C for 90 min and then cooled to
room temperature. The catalyst sample was then saturated by pure CO at room temperature by
providing the known amount of calibrated pulses of pure CO followed by desorption at the
same temperature, which was recorded against time. To determine the Pt particle size, the

stoichiometry factor for adsorbed CO to platinum atom was taken as 1 [143,144].
3.5.4 Crystallite size by transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) resembles optical microscopy, except those
electromagnetic lenses instead of optical lenses are used to focus an electron beam on the

sample. Two modes are available in TEM, a bright-field mode where the intensity of the
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transmitted beam provides a two-dimensional image of the density or thickness of the sample
and a dark-field mode where the electron diffraction pattern is recorded. A combination of
topographic and crystallographic information, including particle size distributions, can be
obtained in this way [145]. Since TEM has a higher resolution than SEM (down to 0.1 nm), it
is often used to image nanosized catalysts such as metal oxide particles, supported metals, and
catalysts with nanopores. TEM analyses were used to obtain the platinum crystallite size and
size distribution. The requirement for thin specimens containing no volatile components limits

the range.

To measure the crystallite size of the active phase of the catalyst, first, catalysts were suspended
in the water, followed by sonication for 80-90 min. Further, the prepared solution was
dispersed onto a 3 mm diameter TEM grid (a thickness of approximately 0.3 mm in such a way
that in the center of the disc, the material is fully etched away). Usually, around this hole, there
will be sufficiently thin areas (approximately 100 nm) to permit electrons to pass through.
Finally, the grid is dried under IR-lamp for 30—35 minutes before subjecting to the analysis.
The TEM analysis of the best performing catalysts was performed on a high-resolution field
emission transmission electron microscope (HR-TEM, JEOL-2100F) using an accelerating

voltage of 200 kV.
3.5.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS or ESCA) can analyze the surface's chemical state and
electronic state (top surface: - 0-10 nm). XPS is based on the photoelectric effect arising when
a high-energy photon hits a material. During the process, the kinetic energy and number of

electrons that escape from the material's surface are analyzed [146].

X-ray photoelectron spectroscopy (XPS) analysis was performed on VG Multi Lab 2000
spectrometer with Mg Ka radiation and multichannel detector to determine platinum and
tungsten species' binding energies and state. The catalyst was reduced in flowing hydrogen at
400 °C for 3h before the measurement. Samples were prepared by dispersing the catalytic
powders on the aluminum foil. The working pressure of Argon at the analysis chamber was
less than 1.5 X 10”7 Pa. Kinetic energies were converted to binding energy (BE (eV) = (1486.6
- KE) + 0.5) for monochromatic Al Ko source, where 0.5 eV is used as a correction. The

obtained binding energy values were calibrated by the C 1s peak at 284.8 eV.
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3.5.6 Acidic characteristics of catalysts

Given the importance of different types of acid sites in the mechanism of glycerol
hydrogenolysis, acidity was characterized in several different ways. The total acidity of the
catalyst is often estimated using a temperature desorption technique with NH3 or pyridine as a
probe molecule, the former being preferred frequently [24,47,92-94,114,147]. We have
employed NH3 as the probe molecule in the present study. The reduced (at 400 °C) catalyst
sample is heated to eliminate any impurities, followed by cooling. NH3 is then adsorbed over
the cooled catalyst, followed by its heating/desorption. Depending on the strength of the acid
sites over which NH3 molecules adsorb, viz. weak or medium or strong Lewis/Brensted sites,
ammonia desorption peaks occur at different temperatures. It has been reported that the (high
temperature) peak representing the strong acid zone corresponds to Brensted acid sites [148].
In contrast, the low-temperature peaks are due to contributions from weak Bronsted or Lewis
acid sites. To separately estimate the Bronsted and Lewis acidity, the most preferred method
is pyridine FTIR analysis [92-94,114,134,147]. We have used the Py-FTIR technique to
measure the Bronsted and Lewis acidic sites in reduced (Pt-xSTA/B-zeolite) catalysts. The
Bronsted and Lewis acid sites were measured from the peaks corresponding to pyridine ion at
particular wavelengths. In addition to these peaks, the acid sites can also contribute to other
peaks in combination or from bridging hydroxyl groups (Si—OH-Al), silanol groups (Si—OH),
A", AI(OH)**, AlO*, AI(OH),", AIO(OH), AI(OH); [149]. As an additional technique,
Bronsted and the total acidity of the reduced catalyst samples were also measured using
thermogravimetric analysis (TGA). The total concentration of acid sites (total acidity, sites/m?,
or mol/g) was measured using temperature-programmed desorption of pyridine as a probe
molecule using TGA as explained in literature [28,52]. Measurement of Bronsted acidity was

done using temperature-programmed desorption of 2,6-di-tert-butylpyridine (dTBpy).

It is clear from the above description that the different techniques employed probe different
aspects of acidity. It would be interesting to see which results correlate best with which aspects
of performance. The procedure for acidity measurement using these techniques is described in

the following sections.
a) Temperature-Programmed Desorption of Ammonia (NH3-TPD)

When probes with specific adsorption characteristics are used, additional chemical information
can be extracted from adsorption-desorption experiments. Temperature-programmed

desorption (TPD), in particular, is often employed to obtain information about specific sites in
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catalysts [151,152]. The temperature at which desorption occurs indicates the strength of
adsorption. In contrast, the amount of gas consumed in the uptake or the amount of desorption
upon heating suggests the concentration of the surface sites. The most common molecule used

in TPD to probe acidic sites is NH3.

Here, NH3-TPD experiments were conducted using Micromeritics 3-Flex instrument equipped
with a thermal conductivity detector (TCD). In a typical procedure, about 100 mg of sample
was loaded in a U-model quartz tube and supported by quartz wool. Then, it was treated at 800
°C at a rate of 10 °C/min under a flow of He (50 cm® min™!) for 1 h, and then the temperature
was decreased to 50 °C. The sample was then saturated with the NH3 under a 30 ml/min flow
of NH; (10%)/He gas mixture, followed by purging with the highly purified He at 50 °C for an
hour. Subsequently, the temperature increased from 50 to 800 °C at 10 °C/min in flowing He

(30 cm® min™), and desorption of NH3 was monitored.
b) Fourier-transform infrared spectroscopy (FTIR) of adsorbed pyridine

In catalysis, infrared (IR) spectroscopy is commonly used to characterize specific adsorbates.
Because of the localized nature and particular chemical specificity of molecular vibrations, IR
spectra are pretty rich in information. They can be used to extract or infer both structural and
compositional information on the adsorbate itself and its coordination on the catalyst's surface.
In some instances, IR spectroscopy is also suitable for directly characterizing solids, mainly if
they can be probed in the far-IR region [153—155]. For example, the acid-base properties of
specific surface sites can be tested by recording the ensuing vibrational perturbations and
molecular symmetry lowering of either acidic (CO and CO») or basic (pyridine and ammonia)

adsorbates.

FT-IR was carried out using Nexus 470 FT-IR made by Nicolet to figure out the functional
group (qualitative analysis of Brensted and Lewis acid sites) within the catalysts and obtained
organic compounds. Highly pure potassium bromide (KBr) powder was dried at 110 °C
overnight to remove the moisture and then mixed with 10 mg of solid catalyst to make the
pellets (100 mg KBr). The pellet was then placed on the magnetic holder and then set in the
FTIR sample chamber for the rest of the procedure. The quantification of Brensted and Lewis
acid sites was estimated from the integrated area of adsorption bands at ca. 1540 and 1450

1

cm ', respectively, described elaborately in previous reports [153,156].
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¢) Thermogravimetry Analysis (TGA) for Acidic sites measurement

In the case of Pt-xSTA/Pzeolite catalyst, the STA forms tungsten bronze (HxWO3) species after
reduction, which is deep blue in color. As the ratio of STA/Bzeolite increases, the color
intensity of the final catalyst increases, and it becomes difficult to apply the IR technique to
the colored catalyst. Hence, we have used the thermogravimetry analysis (TGA) technique to

estimate all the catalysts' concentrations of acid sites.

The total number of acidic sites (sites m 2 or g'') over each catalyst was estimated using the
temperature-programmed desorption of pyridine (TPD-pyridine) as the probe molecule.
Similarly, the Bronsted acidity for all the catalysts was measured using the 2,6-Di-tert-
butylpyridine (d{TBPy) as a probe molecule. The typical procedure is thermogravimetry (TGA)
was performed from ambient temperature to 600 °C at a heating rate of 10 °C/min, in a stream
of dry N> flowing at 40 cm® min ™!, using a NETZSCH STA 449F3 thermogravimetric analyzer

[150]. Changes in the mass of the sample were recorded during the ramping operation.

The analysis was performed using 50 mg of the catalyst after pre-treatment at 250 °C for 3 h in
the air before the exposure to the probe molecule. 15-20 mg of pyridine—covered samples were
subjected to TG analysis on heating up to 600 °C (at 20 °C/min heating rate) in dry N> (flow
rate = 40 ml/min). The mass loss due to desorption of pyridine from the acidic sites was
determined as a function of total surface acidity as sites g or m™ of the catalyst. The equation

used to calculate the acid density site is as follows:

site )

moles of pyridine desorbed XAvogadro number(mole

Acid site density = Eq3.1

Z
weight of the sample (g)XBET (m?)

A similar procedure was adopted for measuring the Bronsted acidity of the catalyst. Here, the

2,6-Di-tert-butylpyridine (dTBPy) was used as a probe molecule.

The loss due to the desorption of pyridine or dTBPy was used from the acidic sites, was
measured as a function of both the total acidity and Brensted acidity, respectively, in the

catalysts. The Lewis acidity was estimated as a difference between total and Brensted acidity.
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3.6 Conversion, yield, and Activity

With standard samples, the relation between peak area/height from the gas-chromatograms and
the weight of the components provide the calibration factors. These calibration curves give the
mass/moles of every single component available in the reaction mixture. In this way, the time-
dependencies of the glycerol hydrogenolysis are mapped by plotting the concentration of

reactants and products.

The glycerol conversion and product selectivity or yield are estimated using the concentration

of reactants and products obtained from gas-chromatogram calibration.
The glycerol conversion, product selectivity, product yield, and 1,3-PDO productivity are
defined as in eq. 3.2-3.5 below.

moles of glycerol reacted
initial moles of glycerol

Conversion (%) = 100 Eq 3.2

moles of desired product formed

Selectivity (%) = x 100 Eq 3.3

moles of glycerol consumed

Yield (%) = fractional conversion X fractional selectivity X 100 Eq3.4

glycerol initial moles x yield of 1,3—PDO x 76 (g mol™1)

1,3-PDO productivity (h'1) = Eq3.5

total Pt amount (g) X reaction time (h)
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Chapter 4:
CATALYST CHARACTERIZATION
RESULTS

In Chapter 3, we have synthesized the Pt/B-zeolite and different STA promoted Pt/B-zeolite
catalysts with STA loadings varying from 0 to 100% STA loadings. In addition, we have also
synthesized PTA and PMA containing catalysts with PTA or PMA to B-zeolite ratios as 0.3
and 0.7. This chapter will discuss the results observed after the characterization of these

catalysts using different catalyst characterization techniques discussed in chapter 3.

The effect of the addition of STA on Pt/B-zeolite catalyst properties like acidity, surface area,

pore volume, dispersion, metal interaction, etc., will be observed in this chapter.
4.1 Catalyst characterization

4.1.1 Surface area and pore size distribution

The textural properties of the Pt—xSTA/B-zeolite catalysts were measured by nitrogen
physisorption measurements at -196 °C. The corresponding results for the samples are listed in
Table 4.1. Furthermore, the obtained nitrogen adsorption-desorption isotherms and the
corresponding BJH pore size distribution are shown in Figure 4.1(1)-(I) and Figure 4.1(III)-
(IV), respectively. The observed surface area for the parent -zeolite (Si/Al = 300) sample was
580 m? g”! with 0.462 cm® g! total pore volume. The results show that the addition of platinum

(Pt) and silicotungstic acid (STA) have reduced the catalyst's surface area and pore volume.

The reduction in the surface area is attributed to the decrease in -zeolite pore volume from
0.462 t0 0.023 cm® g'! after the addition of STA and Pt. The Pt-xSTA/pB-zeolite catalyst samples
generally gave the same type I isotherm (microporous) as the parent B-zeolite except for Pt-

9.0STA/B-zeolite and Pt/STA catalysts which showed a mesoporous nature.
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Table 4.1. Textural properties, surface coverage, and surface W density of the prepared catalyst

surface W
Catalyst SeET Smicro Smeso Viotal Vmicro Surface density
m’g"h) | (m’g") | (m’g’) |(ecm’g")|(cm’g")| coverage W nm?)
B-Zeolite 580 423 157 | 0.462 | 0.184 -- --
Pt/B-Zeolite 540 403 137 0.441 | 0.166 0.0 0.0
Pt/0.07STA/B-Zeolite| 524 392 132 0.425 | 0.163 0.2 0.3
Pt/0.1STA/B-Zeolite | 505 376 129 | 0.413 | 0.152 0.3 0.5
Pt/0.2STA/B-Zeolite | 481 369 112 0.384 | 0.148 0.5 0.9
Pt/0.3STA/B-Zeolite | 362 284 78 0.294 | 0.114 0.9 1.6
Pt/0.4STA/B-Zeolite | 334 263 71 0.246 | 0.099 1.1 2.2
Pt/0.5STA/B-Zeolite | 304 241 63 0.233 | 0.096 1.4 2.7
Pt/0.6STA/B-Zeolite | 284 226 58 0.176 | 0.092 1.6 33
Pt/0.7STA/B-Zeolite | 277 222 55 0.169 | 0.09 1.9 3.6
Pt/0.8STA/B-Zeolite | 239 190 51 0.147 | 0.081 2.2 4.3
Pt/1.0STA/B-Zeolite | 208 166 42 0.133 | 0.062 2.7 6.2
Pt/1.5STA/B-Zeolite | 160 128 32 0.093 | 0.052 4.1 9.6
Pt/2.33STA/B-Zeolite| 130 107 23 0.076 | 0.043 6.4 13.8
Pt/4.0STA/B-Zeolite | 107 86 21 0.066 | 0.035 11.0 19.2
Pt/9.0STA/B-Zeolite 46 43 2 0.023 | 0.017 24.7 50.5
Pt/STA 8 7 1 0.005 | 0.003 -- 286.5
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The results suggested that the loaded amount of Pt and STA does not significantly affect the
textural properties of the B-zeolite, as reported in the literature [50,157]. A hysteresis loop of
type H3 was observed after P/P° = 0.42 in the sorption isotherm for the samples up to 0.5 STA
to B-zeolite ratio, resulting from plate-like particles with slit-like pores, surface roughness, and
external surface [158]. Beyond this, loading up to 4.0 STA to B-zeolite ratio type H4 hysteresis

was observed, which arises due to narrow slit-like pores [158].
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Figure 4.1. N physisorption isotherm and pore size distribution for synthesized catalysts

However, micro-porosity was present in those samples. Finally, the catalysts Pt-9.0STA to -
zeolite and Pt/STA show an isotherm type IV, characteristic of mesoporous solids. The shifts
in isotherms with increased STA to B-zeolite ratio are mainly due to the reduction in the amount

of B-zeolite in the catalyst. The micro-porosity was mostly due to the B-zeolite in the catalysts.

The parent B-zeolite and various Pt-xSTA/B-zeolite catalyst samples showed a pore size
distribution in the range of 1.1-10 nm, centered at ca. 7 nm except for Pt/0.07STA/B-Zeolite,

for which the PSD is centered around ca. 10 nm. A similar pore size distribution for f-zeolite
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catalyst was also reported elsewhere [157,159]. The parent B-zeolite catalyst showed the
micropore volume of 0.184 cm® g’!, which was reduced with the addition of Pt and STA

species, probably due to the blockage of B-zeolite pores by the same species.

Additionally, we have estimated the surface/monolayer coverage capacity of WO3 over the 3-
zeolite catalyst and the tungsten surface density using the formula given by Ketzer et al. [149]
and Thomas et al. [160] (see Eq. A.1 and A.2 in Appendix-A), respectively (see Table 4.1).
Costa et al. [161] reported that the WO3 monolayer coverage capacity for USY zeolite catalyst
with surface area 750 m?*/g lies near 32% WOs loading. Our results over the B-zeolite catalyst
with a surface area of 580 m2/g showed that the STA to B-zeolite ratio of 0.3 or surface
coverage value 0.9 reaches the sub-monolayer capacity or dispersion threshold. Moreover, the
catalyst with STA to B-zeolite ratio of 0.4 or surface coverage value 1.1 goes beyond the
monolayer capacity. Therefore, STA loadings (STA to B-zeolite ratio) equal to or higher than

0.4 would result in excess STA or STA multilayer formation.

Barton et al. [162] prepared a series of tungsten-promoted ZrO» catalysts. They reported three
different zones based on the tungsten loadings or tungsten surface densities (W atoms per nm?
of catalyst support). They are monotungstate (WQO4) species with tungsten surface density 0—4
W nm known as the sub-monolayer region, polytugstate (WOs/WOQg) species with tungsten
surface density 4-8 W nm™ known as a polytungstate growth region, and coexistence of
polytungstate and crystalline WOs3 with tungsten surface density >8 W nm™ known as
polytungstate/crystalline WO3 coexistence region. Moreover, Barton et al. [163] also reported
that the sub-monolayer region on the ZrO; surface contains well dispersed distorted octahedral
WOx species (tungsten species) with constant absorption edge energy as 3.49 eV. These
species are difficult to reduce and contain fewer acidic sites. The optical absorption edge energy
is defined as the minimum photon energy required to excite an electron from the highest
occupied molecular orbital (HOMO, at the top of the valence band in semiconductor domains)
to the lowest unoccupied molecular orbital (LUMO, at the bottom of the conduction band). At
intermediate tungsten loadings (4-8 W nm™) or in the polytungstate growth region, the WOx
species domain size rises. The absorption edge energy reduces from 3.49 to 3.16 eV, and their
reduction becomes easier, which increases the reactant conversion rates with an increase in
tungsten loadings. At higher tungsten loadings (tungsten surface density >8 W nm™), part of
the WOx species polymerizes to tungsten trioxide (WO3) and the polytungstate species coexists
with crystalline monoclinic WO3; (m-WO3) species. In this region the absorption edge energy

maintains at a constant value of 3.16 eV. Moreover, in this region, a second absorption edge
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appears at 2.6 eV but the formation of crystalline m-WO3 reduces the reactant conversion rates
because the polytungstate species (WOs/WOg) becomes inaccessible to the reactants. It is worth
noting that, Barton and co-workers reported maximum o-xylene iso-merization turnover rates
over WOx—ZrO; catalysts at tungsten loading 12 wt% or WOx surface densities 10 W nm >
that exceed the theoretical monolayer capacity of ZrO,. Moreover, 12 wt% tungsten loading
exist in the polytungstate/crystalline WO3 coexistence region. This means the optimum loading

of tungsten (W) in a catalyst lies above the monolayer coverage of W over a solid.

On the contrary, Zhu et al. [114] reported the glycerol hydrogenolysis over Pt-WOx/AL,O3
catalyst. Their best results were observed at a tungsten loading of 10 wt%, which reaches sub-
monolayer coverage of the AlO; catalyst. They have reported, when WOx content reaches
sub-monolayer coverage or dispersion threshold over WOx/AL>O3 catalyst, the polytungstate
species became dominant and held the maximum acidity. Moreover, based on theoretical
calculations, the authors also said the octahedral polytungstate species have the most abundant
edge sites due to the condensation process at monolayer coverage. The edge sites are the most
acidic units [164]. Therefore, the catalyst Pt—10WOx/Al>O3 possessed strong acid sites due to
the generation of interconnected WOx species. Thus, according to Zhu et al. [114], the
maximum acidity or optimum loading of tungsten (W) in a catalyst lies at the sub-monolayer

coverage of W over a solid catalyst.

Both the reported studies above claim that tungsten-promoted catalyst/solids can give better
results either at the sub-monolayer coverage region or at the polytungstate/crystalline WO3
coexistence region. In search of finding the best results over STA or WOx promoted (-zeolite
catalyst, we varied the STA loading from 0 to 100% STA and studied their properties and
performance, which will be discussed in the coming sections. In our case, the monolayer

coverage was observed beyond 0.3 STA to B-zeolite ratio loading.

4.1.2 XRD results: Detection of HyWO3 species

Figure 4.2 depicts the X-ray diffraction patterns of the P-zeolite and Pt—xSTA/B-zeolite
catalysts. The parent B-zeolite catalyst showed diffraction peaks around 7.9° and 22.6°
[159,165]. The intensities of these peaks were reduced with an increase in STA to B-zeolite
ratio up to 0.7. Most of the STA (WOx) is likely to remain on the B-zeolite's external surface
due to the catalyst preparation technique (wet impregnation) used. With a further increase in
STA to B-zeolite ratio beyond 1.0, the peaks corresponding to B-zeolite have vanished. This

may be because either the surface of B-zeolite is entirely occupied by the STA species or the
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reduction in the percentage of B-zeolite (although it is still nearly 50%) in the catalysts is

responsible for the disappearing B-zeolite peaks.

For catalysts with an STA to B-zeolite ratio less than or equal to 0.1, diffraction peaks
corresponding to WOx species were not detected, indicating a homogeneous dispersion of
WOx on the B-zeolite surface. At higher STA to B-zeolite ratios viz. 0.2 and 0.3, the peaks at
23.5° (coexisting with B-zeolite peak) and 33.5° (a new peak) were detected, which correspond
to HxWOs species, and the spectra resemble the Ho 53 WO3; (JCPDS: 01-072-1712) XRD spectra.
Moreover, the formation of Ho.s3WOj3 species can be clearly seen at a higher STA to B-zeolite
ratio (2.33, 4.0, 9.0, and Pt/STA). Barton et al. [162] reported that H> could restore Bronsted
acidity by reducing WOXx species or forming the acidic HxWOs species. Moreover, Baertsch et
al. [166] said that the clusters of WOy possessed the Breonsted acidity, possibly as HxWO3
species or as hydroxyls on monotungstate and polytungstate Zr-O-W linkages. Thus, we
conclude that the presence of Hos3WOs3 species in our synthesized catalyst indicates the
existence of Breonsted acid sites, which are believed to help 1,3-PDO formation during the
glycerol hydrogenolysis [105,123,145,150]. At higher STA loading, say 0.4, 0.5, or 0.6, we
have observed peaks related to m-WOs3 species, which would have formed due to excess STA
to B-zeolite ratio [163]. As discussed above, at 0.3 STA to -zeolite ratio, the catalyst reaches
the sub-monolayer capacity or dispersion threshold of p-zeolite. Therefore, loadings higher
than 0.3 would have resulted in excess STA and thus started forming m-WO;3 species.
Furthermore, at higher STA to B-zeolite ratios, say 2.33, 4.0, 9.0, and Pt/STA, the peaks

corresponding to m-WQO3 were not visible/present.
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Figure 4.2. XRD patterns of prepared catalyst samples
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This may be because at higher STA loadings, either the dominance of HiWO3 species is very
high, because of which peaks related to m-WOs3 species are not distinguishable, or STA has
wholly converted to HxWOs3 species.

The diffraction peaks at 39.89, 46.4, 67.71, 81.57, and 86.04° corresponds to the 111 planes of
Pt (fce) structure, and the next (200), (220), (311), and (222), respectively. The intensity of Pt
peaks was reduced with an increase in STA to B-zeolite ratio up to 0.4. Thus, it can be
concluded that the increase in STA loading facilitates the dispersion of Pt particles in
agreement with the previous reports [92,114]. With the further increase in STA to B-zeolite
ratio (0.4 onwards), the Pt peaks become evident. However, the Pt peaks were less intense
compared to the Pt peak intensity over Pt/B-zeolite catalyst for the same amount of Pt loading.
This may be because excess STA loadings block the available pores of B-zeolite, making Pt

peaks evident.
4.1.3 Temperature-Programmed Desorption of Ammonia (NH3-TPD)

NH3-TPD method was employed for Pt-xSTA/B-zeolite catalysts to probe the available surface
acidic sites and determine their strength. The spectra obtained are shown in Figure 4.3. The
catalyst Pt/B-zeolite showed well-resolved desorption peaks at two distinct temperature zones,
viz. low-temperature zone (150-300°C) and medium temperature zone (300-500°C); no peak

was observed in the high-temperature zone (500-650°C).
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Figure 4.3. NH3-TPD profiles for the prepared catalysts.

These temperature zones correspond to weak, moderate, and strong acid site strengths,

respectively [82,147]. Wang et al. [167] reported the NH3-TPD results for various -zeolite
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catalysts. Their work shows a decrease in catalyst acidity with an increase in SiO2/Al>Os ratio.
The B-zeolite with SiO2/Al,03 ratio 350 has shown the lowest acidity. The B-zeolite used in
our work has a SiO2/Al>03 ratio of 300. In the case of STA promoted catalysts, the peaks
representing the strong acid sites were observed along with the peak corresponding to weak
acid sites. It is worth noting that a separate peak representing moderate acid sites was absent in
the case of STA promoted catalyst which was present in the Pt/B-zeolite catalyst (see spectra
(a) from Figure 4.3A). However, after adding STA, the weak acid site peak got broader, and a
shoulder peak at a temperature of more than 200°C appeared. It is attributed to the merging of
peaks related to weak acid sites with moderate acid sites. Such broad peaks after the deposition
of STA were also observed by Atia et al. [82] and Zhu et al. [93], and the broad peaks in the
case of zeolites were observed by Wang et al. [167] and Kim et al. [128]. Moreover, the NH3-
TPD study for the STA catalyst was carried out by Raveendra et al. [168]. Their results show

that STA catalyst contains only strong acidic sites.

The results show that the addition of STA to the Pt/B-zeolite catalyst improves its acid strength.
The total acidity of the catalyst increased with an increase in STA to -zeolite ratio from 0.07
to 0.5. With a further increase in STA to B-zeolite ratio beyond 0.6, the total acidity of the
catalyst decreased. After catalyst calcination, the STA species converts into WOX species at
lower STA loadings. However, at higher STA loadings, part of WOx species polymerizes to
WO; species, and both co-exist in a catalyst. The higher STA to B-zeolite ratio increases the
formation of both WOx and WO3 species. Since WOx contributes largely to the acidity, its
higher concentration increases the catalyst's acidity. However, the higher concentration of WO3
species reduces the acidity by blocking the WOx species. The blocking of WOx species reduces
their access with the reactant (here NH3), and that's how acidity reduces. Our results show a
decrease in total acidity after the STA to B-zeolite ratio of 0.6 due to the formation of higher
amounts of WOs3 species. It is worth noting that the catalyst Pt-0.7STA/B-zeolite showed the
highest strong acidic sites and less weak acidic sites. It may be because the excess WO3 species
would have blocked the weak acidic sites present over the Pt-0.7STA/B-zeolite catalyst (see
NH3-TPD profiles), and the WOx species have provided the strong acidic sites at this particular
loading. Though the WOs3 species are less active, their concentration and dispersion alter the
catalyst acidity. Therefore, the catalyst will give results in the way WO3 species have changed

the acidity.
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Table 4.2. Acidic sites of prepared catalysts measured using different techniques

TGA NH3-TPD Py-FTIR
Catalyst (nmol gea.™) (umol geat™) (umol geat™")
Bronsted?| Total® | weak® medium®strong®| Total® |Brensted®| Lewis®
Pt/B-Zeolite 79.9 784.1 | 280.1 50.3 -- 3304 2.8 210.1
Pt/0.07STA/B-Zeolite | 200.0 | 821.6 | 490.2 -- 130.1 | 620.3 6.1 162.4
Pt/0.1STA/B-Zeolite 273.8 848.3 | 570 -- 210.2 | 780.2 14.9 173.7
Pt/0.2STA/B-Zeolite 300.1 877.5 1 790.3 -- 350.1 | 11404 35.2 188.6
Pt/0.3STA/B-Zeolite 390.5 915.0 | 850.1 -- 440.4 | 1290.5 74.0 187.7
Pt/0.4STA/B-Zeolite 313.0 [1000.6| 1270 -- 320.1 | 1590.1 40.5 201.5
Pt/0.5STA/B-Zeolite 330.3 [1024.1|1430.4 -- 280 | 17104 42.3 204.1
Pt/0.6STA/B-Zeolite 3427 | 993.2 |1244.2 -- 392.1 | 1636.3 47.9 218.5
Pt/0.7STA/B-Zeolite 467.3 958.1 | 739.1 -- 546.1 | 1325.2 87.9 157.7
Pt/0.8STA/B-Zeolite 354.7 831.7 | 813.3 -- 380 | 1193.3 53.1 207.6
Pt/1.0STA/B-Zeolite 280.5 754.77 | 850 -- 2974 | 1147.4 37.2 138.8
Pt/1.5STA/B-Zeolite 202.8 595.7 1 900.3 -- 214.1 | 11144 -- --
Pt/2.33STA/B-Zeolite 132.9 | 489.3 | 487.2 -- 180.3 | 667.5 -- --
Pt/4.0STA/B-Zeolite 99.4 273.1 | 217.1 -- 133.3 | 3504 -- --
Pt/9.0STA/B-Zeolite 60.6 190.8 | 160.2 -- 80.2 | 2404 -- --
Pt/STA 50.2 107.4 | 40.1 -- 60.4 100.5 -- --

2 The amount of Total and Brensted acid sites was determined by desorbed pyridine and 2,6-dTBpyridine respectively from
TGA analysis. ® The amount of weak, medium, strong, and Total acid sites was determined by desorbed ammonia (NH3)

using NH3-TPD analysis. © The amount of Lewis and Bronsted acid sites were calculated from Py-FTIR band intensities using
the molar extinction coefficients.
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The total acidity of all the catalysts can be estimated based on ammonia injection calibration
experiments, and the obtained results for the acidic sites are given in Table 4.2. The total acidity
increased with the increase in STA to -zeolite ratio up to 0.5. Increasing STA to B-zeolite ratio
beyond 0.5 resulted in decreasing the total acidity of the catalyst. However, the strong acidity
was highest over Pt-0.7STA/B-zeolite catalyst and second-highest over Pt-0.3STA/B-zeolite
catalyst.

4.1.4 Acidity determination through Thermogravimetry Analysis (TGA)

The measurement total and Brensted acidity of the catalysts was also performed using
thermogravimetry analysis (TGA). The typical procedure is already explained in the
experimental section (Chapter 3). The number of total acidic sites was calculated using pyridine
as a probe molecule, as pyridine adsorbs over all the acidic sites present in the catalyst sample.
In the tungsten-supported catalysts, W®" Lewis centers coordinate with pyridine molecules, and
pyridine molecules can also be protonated by Brensted acid sites. Hence, pyridine as a probe

molecule can estimate all types of acidic sites present in the catalyst sample [150].

The number of Bronsted acidic sites was estimated using 2,6-di-tert-butylpyridine as a probe
molecule. 2,6-di-tert-butylpyridine is a good candidate to calculate the Brensted acidity present
in the catalyst. It only adsorbs over the Bronsted-acid sites because of its steric hindrance.
Unlike the pyridine molecule, which adsorbs over all the acidic sites present in the catalyst, the
2,6-di-tert-butylpyridine does not coordinate with the Lewis acid centers, while its protonation
by Brensted acid sites is possible [166]. The Lewis acid sites can be estimated by the difference

between total acidity and Brensted acidity present in a particular catalyst.

The observed results are reported in Table 4.2. The results show that the total acidity of the
Pt/B-zeolite catalyst increases with an increase in STA to -zeolite ratio up to 0.5 followed by
a decrease in the total acidity of the catalyst on further increase in STA to B-zeolite ratio.
Brensted acidity increases with an increase in STA to B-zeolite ratio up to 0.3, and decreases
with further increase in STA to B-zeolite except for 0.7 STA to B-zeolite which showed the
highest Bronsted acidity. The TGA results are consistent with NH3-TPD results. In both cases,
the total acidity was increased till 0.5 STA to B-zeolite ratio followed by a decrease in total
acidity. Similarly, the catalyst Pt/0.7STA/B-zeolite showed the highest Bronsted acidity in
TGA analysis, and in NH3-TPD, it showed the highest strong acidity. The catalyst Pt/0.3STA/B-

zeolite showed the second-highest Bronsted/strong acidity.
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4.1.5 FTIR of adsorbed pyridine (Py-FTIR)

FTIR spectroscopy with adsorbed pyridine as a probe molecule was carried out to determine

the Lewis and Brensted acidity of the synthesized catalysts.

After catalyst reduction, the color of STA/WOx promoted catalysts became darker (deep blue)
due to the formation of HxWOs3 species. The intensity of color increased with an increase in
the STA to B-zeolite ratio. The FTIR technique's analysis of the darker samples is difficult as
it affects the light absorption during analysis. Hence, we could only measure or study the Py-
FTIR spectra of the catalyst up to STA to B-zeolite ratio 1.0 (Pt-1.0STA/B-zeolite). The results

observed using this technique are discussed in the following section.

FTIR spectra of adsorbed pyridine for the prepared catalysts are shown in Figure 4.4. The
catalyst samples show typical pyridine adsorption bands coordinated to Lewis sites centered at
ca. 1450 cm™! [94]. The bands at ca. 1540 cm™! were attributed to the pyridine adsorbed at
Bronsted acid sites. Moreover, adsorption bands around ca. 1489 cm™! were assigned to the
combined contribution of pyridine adsorbed over Lewis and Brensted acid sites [169]. The
amounts of Lewis and Bronsted acid sites were calculated from the adsorption band intensities
at ca. 1450 and 1540 cm™!, respectively, using molar extinction coefficients [170]. The

calculated values for both the acidic sites are reported in Table 4.2.
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Figure 4.4. Py-FTIR spectra for the prepared catalyst: - (a) Pt/B-Zeolite, (b) Pt/0.07STA/B-
Zeolite (c) Pt/0.1STA/B-Zeolite, (d) Pt/0.2STA/B-Zeolite, (¢) Pt/0.3STA/B-Zeolite, (f)
Pt/0.4STA/B-Zeolite (g) Pt/0.5STA/B-Zeolite, (h) Pt/0.6STA/B-Zeolite, (i) Pt/0.7STA/B-Zeolite, (j)
Pt/0.8STA/B-Zeolite, (k) Pt/1.0STA/B-Zeolite

The Py-FTIR results show that the intensity of the adsorbed bands at ca. 1450 cm™! was slightly
reduced over the Pt/0.07STA/B-zeolite catalyst. This may be due to the partial pore blockage
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of B-zeolite by STA species, which hinders the access to acidic sites for the pyridine molecules
[147]. The result shows a reduction in the Lewis acid sites and the increase in Bronsted acid
sites of Pt/0.07STA/B-zeolite catalyst. This could be due to the conversion of Lewis acid sites
to Bronsted acid sites in the presence of Pt particles [171]. Further increase in the STA to f3-
zeolite ratio in the catalyst has increased the bands' intensities and amounts associated with
Lewis and Brensted acid sites. The band's intensity at ca. 1540 cm™ increased continuously
with the addition of STA up to Pt/0.3STA/B-zeolite catalyst followed by a slight decrease at
0.4 to 0.6 STA to B-zeolite ratio. The 1540 cm™! band intensity increased further at a catalyst
Pt/0.7STA/B-zeolite, which shows the highest intensity peak and contains the highest Bronsted
acidic sites in the studied series. The catalyst Pt/0.7STA/B-zeolite has demonstrated the highest
ratio for Brensted to Lewis acidic sites. According to Triwahyono et al. [171], the Brensted
acid sites came from the surface OH groups located on the specific configuration of tungsten
or well-dispersed WOx of WO3/ZrO; catalyst. In contrast, the removal of the same surface OH

groups produces Lewis acid sites.

Thus Py-FTIR results allow us to conclude, Pt—0.7STA/B-zeolite catalyst showed the highest
Brensted acidity (or contained well dispersed acidic HiWOj3 sites) followed by Pt—0.3STA/B-
zeolite catalyst, in agreement with TGA and NH3—TPD results.

Barton et al. [11] and Zhu et al. [10] reported that with an increase in WOx or STA loading in
the catalyst, its acidity increases. The former said at intermediate WOx loadings (4—8 W nm"
2), the reactant conversion rate increases (per W atom). Our results agree with them as the
glycerol conversion increases up to Pt-0.5STA/B-zeolite catalyst. On the other hand, Zhu et al.
[114] reported that when WOx content reached sub-monolayer coverage over WOx/Al,03
catalyst, the polytungstate species became dominant and held the maximum acidity. Our result
contradicts them. However, we observed that at sub-monolayer coverage, the catalyst possesses
higher strong/Brensted acidity, which reduces with an increase in STA loading beyond
monolayer coverage due to the formation of WO3 species (See XRD spectra of Pt-0.5STA/B-
zeolite). However, the acidity is still increasing because the WOx species domain increases
(WOx and WOs coexist) with an increase in the STA to B-zeolite ratio up to 0.5. Hence, loading
up to 0.5 STA to B-zeolite ratio will provide one catalyst with higher Bronsted acidity at sub-

monolayer coverage.

Further, increase in STA to -zeolite ratio from 0.6 to 100% STA the total acidity was reduced
due to the formation of excess WO3 species. However, the catalyst Pt-0.7STA/B-zeolite showed

the highest Bronsted acidic sites. This may be because with an increase in the STA to -zeolite
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ratio, the formation of both WOx and WOj3 species increases. The former is mainly responsible
for the increase in acidity, while the latter is slightly helpful in acidity. Moreover, the latter
blocks the acidic sites of the support, and in the case of the Pt-0.7STA/B-zeolite catalyst, it
would have blocked weak acid sites as observed in the NH3-TPD experiment (see Figure 4.3B).
The strong acidic sites were increased due to an increase in the amount of WOx species.
Moreover, the peak representing strong acid sites/high-temperature zone is reported to be
attributed to NH3 desorption from the Bronsted acid sites [ 148]. Hence, we suggest that the 0.7
STA to B-zeolite ratio is the optimum loading with the highest Brensted acidity in a B-zeolite
(S1/A1=300) supported catalytic system. Furthermore, the Bronsted acidity measured through
TGA and FTIR also confirms the presence of the highest Bronsted acidity over a Pt-0.7STA/f-

zeolite catalyst.
4.1.6 Pulse chemisorption

The particle size of Pt and its dispersion over the catalysts can be estimated using the quantity
of CO adsorbed over the catalyst. Taylor et al. [33] reported that CO adsorbs over the surface
of Pt atoms at room temperature preferentially over WOx species. Additionally, the
stoichiometry of CO chemisorption will vary based on the type of adsorption sites available,
and the adsorption stoichiometric ratio for CO/Pt typically varies in-between 1 and 2 [172],
although the most commonly used CO/Pt adsorption stoichiometric ratio to estimate platinum
dispersion and platinum size is 1 [143,144]. Here, the Pt particle dispersion and the Pt size were
determined from the irreversible CO-chemisorption for synthesized catalysts Pt—xSTA/B-
zeolite (x=0 to 1). The results are shown in Figure 4.5 and Table 4.3.

Platinum dispersion vs catalyst

Dispersion (%)
=

Catalyst

Figure 4.5. Observed platinum dispersion on prepared catalysts
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The results show that the catalyst Pt/B-zeolite has the lowest dispersion of Pt (7.5%). The
dispersion increased with an increase in STA to B-zeolite ratio up to 0.3. The catalyst Pt-
0.3STA/B-zeolite shows the highest Pt dispersion (37.0%) (see also Table 4.3). Indicating that
the STA addition has a favorable effect on the dispersion of Pt particles.

However, a further increase in STA to B-zeolite ratio reduces the Pt particle dispersion and
increases the calculated Pt cluster size. Such behavior of decrease in Pt particle dispersion was
not essentially due to the change in Pt particle sizes but may be due to the partial blockage of
Pt particles by the excessive amount of STA species [114]. This can be assigned as the dual

effect of STA particles, the dispersion effect, and the bimetallic coverage effect.

Table 4.3. Tabulated Pt dispersion and Pt size of prepared catalysts

Catalysts Pt dispersion | Pt size Amount gas Amount of metal

(%) (nm) | adsorbed (umol/g) | reacted (umol/g)
Pt/B-Zeolite 7.5 13.5 19.3 19.3
Pt/0.07STA/B-Zeolite 15.9 6.4 40.8 40.8
Pt/0.1STA/B-Zeolite 22.0 4.6 56.4 56.4
Pt/0.2STA/B-Zeolite 24.8 4.1 63.5 63.5
Pt/0.3STA/B-Zeolite 37.0 2.8 94.8 94.8
Pt/0.4STA/B-Zeolite 23.2 4.4 59.6 59.6
Pt/0.5STA/B-Zeolite 16.3 6.2 41.8 41.8
Pt/0.6STA/B-Zeolite 15.2 6.7 39.1 390.1
Pt/0.7STA/B-Zeolite 14.3 7.1 36.7 36.7
Pt/0.8STA/B-Zeolite 11.8 8.7 30.1 30.1
Pt/1.0STA/B-Zeolite 9.5 10.7 24.4 24 4
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Similar effects of metal particles coverage by metal oxides species have been broadly explained
for the catalysts like Ir-ReOx/SiO» [63], Pt-SnOx/AlO3 [173], and Ru-MoOx/ZrO, [174].
Chen et al. [174] reported that in the case of Ru-MoOx/ZrO; catalyst, the small loadings of
MoOx promote the dispersion of Ru particles. However, excessive loadings of MoOx species

can cover the Ru particle sites and thereby reduce the Ru particle dispersion.
4.1.7 Reducibility property (Temperature programmed reduction)

Figure 4.6 shows the H>—TPR profiles of Pt/B-zeolite and Pt—xSTA/B-zeolite catalysts (x = 0
to 1.0). It was anticipated that after calcination under an oxygen atmosphere, the platinum salt
from the catalyst forms oxidic PtO and PtO: species. These PtO and PtO; undergo reduction at
various temperatures based on their initial oxidation state and their location in the zeolite
support (external surface, acid or basic sites, internal channels of the support, etc.) or on their

initial oxidation state.
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Figure 4.6. H,-TPR profiles of the prepared catalysts up to Pt-1.0STA/B-zeolite

Pt on B-zeolite support can form five different species, which includes: PtO (80 °C) and PtO-
(160 —180 °C) species located inside the zeolite channels; Pt** ions (250 °C) and Pt*' ions (320~
350 °C) located in the zeolite formed by ion-exchange process (by replacing H ions which
were generated from NH*" ions after calcination of p-zeolite, which were present in the zeolite

13* substitution in place of Si*") and

framework to balance a negative charge produced during A
lastly Pt** ions coordinated with silanol group as Pt—(O—SiE)i'y species (400-550 °C) in the
defects of B-zeolite [175,176]. In our case, the Pt/B-zeolite catalyst shows a broad reduction

peak at a maximum temperature around 400 °C, which shows a strong interaction between Pt**
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ions and B-zeolite support. These Pt*" ions after reduction with H» give rise to protons (See Eq

4.1) of significant Brensted acidity [175],
P> + H, —» Pt®+ 2H' Eq 4.1

The addition of STA to the Pt/B-zeolite catalyst considerably reduced the PtOx reduction
temperature, perhaps due to the strong electronic interaction between WOy (STA) and PtOx
species [114]. The STA-loaded catalysts show the other peaks at higher temperatures which
correspond to the reduction of WO3; or WOx species [114]. The reduction profiles for Pt-
xSTA/B-zeolite catalysts are very broad and may contain multiple overlapping peaks.
According to Barton et al. [162], the reduction profiles for WO3 are broad and contain three
overlapping peaks in three different temperature zones: at 300-500 °C (WO3 to WO2.9) at 550—
700 °C (WO29 to WO2) and at 750-850 °C (WO to W). After reduction with Hz, the WO3 or
WOx species forms the HxWO3 species, which has considerable acidity and is helpful in
glycerol hydrogenolysis.

From the foregoing discussion of the catalyst characterization results, it is clear that the catalyst
Pt—0.3STA/B-zeolite and Pt—0.7STA/B-zeolite exhibit sufficient surface area, good platinum
dispersion, good reducibility, and high Brensted acidity. Therefore, these catalysts were further
subjected to chemical state and TEM analysis. The following section explains the obtained

results.

4.1.8 Crystallite size by transmission electron microscopy (TEM)

davg =20+0.5m Total particle counts : 150

Percentage (%)

Particle size (nm)

Figure 4.7. TEM images of the catalyst Pt/0.3STA/B-zeolite, the particle size distribution, and
the average particle diameter.
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The size and morphology of Pt—0.3STA/B-zeolite and Pt—0.7STA/B-zeolite catalysts were
determined by high-resolution transmission electron microscopy (HRTEM). The obtained
results are illustrated in Figure 4.7 and Figure 4.8, which show the HRTEM images of the
reduced Pt/0.3STA/B-zeolite and Pt/0.7STA/B-zeolite catalysts, respectively.

The average particle size of Pt in both cases varies from 1 to 4 nm (see the histogram, particle
count 150 to 250) with highly dispersed spherical platinum particles. It can be observed that
the Pt particles were largely located on the external surface of the B-zeolite catalyst, and a small
fraction of Pt might have been located within the B-zeolite channels. This result shows a good
dispersion of the platinum particles on the 0.3STA/B-zeolite and 0.7STA/B-zeolite catalyst

support, and there was not any noticeable agglomeration of Pt particles present.

The observed particles in the HRTEM images were confirmed as metallic platinum by means
of the lattice fringes (d = 0.23 nm) of the Pt 111 plane. It was observed that the average particle
size of metallic platinum on the Pt/xSTA/B-zeolite catalyst was totally dependent on the STA
loading.

Here, for the Pt/0.3STA/B-zeolite catalyst, the average Pt particle size estimated from the TEM
histogram is 2 £ 0.5 nm and from the CO-chemisorption is 2.8 nm which is slightly higher.
Similarly, for the Pt/0.7STA/B-zeolite catalyst, the TEM histogram shows the average Pt
particle size as 2.3 + 0.5 nm, whereas CO-chemisorption estimated it to be 7.1 nm which is
very large. Iglesia et al. [177] reported that the average particle sizes obtained by TEM are

actual sizes and CO-chemisorption uptakes over predicts the particle sizes.

da‘,g =23+05nm Total particle counts : 246

35

Percentage (%)

Particle size (nm)

Figure 4.8. TEM images of the catalyst Pt/0.7STA/B-zeolite, the particle size distribution and the
average particle diameter.
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These results confirm that the reduction in Pt dispersion or increment in Pt size determined by
CO-chemisorption is not due to an actual reduction in Pt size but due to blocking Pt particles

by excess STA species.
4.1.9 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a helpful method to probe the oxidation state,
elemental composition, and the electronic environment of each component present on the
catalyst surface [178—181]. In this work, XPS analysis has been used to identify the surface
chemical states of the Pt-0.3STA/Bzeolite and Pt-0.7STA/Bzeolite catalysts after reduction at
400 °C. Figure 4.9 (A) shows the W 4f spectra, and Figure 4.9 (B) shows the Pt 4d spectra of
the Pt/0.3STA/Bzeolite catalyst. The Pt 4d lines were analyzed instead of the most intense Pt
4f lines due to their serious overlapping with the strong Al 2p peaks [173]. The two peaks at
ca. 315.2 and 331.5 eV were ascribed to Pt 4ds;; and Pt 4d3, of metallic Pt, respectively. The
obtained results suggest that the surface Pt species had been completely reduced to zero-valent
Pt (Pt0) [46]. Figure 4.10 (B) consists of two spin-orbit components. In the W 4f region, the
doublet at ca. 34.9 and 37.2 eV binding energies corresponded to W 4f7, and W 4fs, of W7,
The binding energies at 35.9 and 38.1 eV were assigned to W 4f7, and W 4fs;, of WS'. The
intensity ratio of W>*/(W>* + W%") is 0.12. The amount of W>* formed corresponds to the

density of Brensted acid sites.
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Figure 4.9. W 4f (A) and Pt 4d (B) XPS photoemission peaks of Pt/0.3STA/B-zeolite catalyst

Similarly, the Pt/0.7STA/B-zeolite catalyst was analyzed using the XPS technique. Figure 4.10
(A) shows the W 4f spectra, and Figure 4.10 (B) shows the Pt 4d spectra of the Pt/0.7STA/B-

zeolite catalyst. In this case, the results show that the surface Pt particles were reduced to zero-
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valent Pt (Pt®) completely. The intensity ratio of W>*/(W>* + W%") was 0.14, slightly higher
than the former catalyst. This could be attributed to the higher concentration of the Brensted
acid sites present in the Pt/0.7STA/B-zeolite catalyst, which would have formed after the
reduction of W' ions to W at a temperature of 400 °C. These results also confirm that the
catalyst Pt/0.7STA/B-zeolite contains higher Brensted acidity than Pt/0.3STA/B-zeolite
catalyst in agreement with TGA and FTIR results.
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Figure 4.10. W4f (A) and Pt 4d (B) XPS photoemission peaks of Pt/0.7STA/B-zeolite catalyst.

Fan et al. [108] have reported a W>*/(W>" + W®") intensity ratio of 0.12 for Pt-WOx/t-ZrO,
catalyst, over which they found a considerable selectivity for 1,3-PDO (74%). Zhu et al. [114]
reported the existence of strong electronic interaction between Pt’ and WOx species where the
electron was likely to move from Pt’ to WOx species, which resulted in the formation of W>*
species. In our case, the presence of W>" species clearly shows the hydrogen spillover from Pt
to STA species. It helps in generating active hydrogen and W>* species simultaneously, which
greatly enhances the reaction rate of hydrogenation of intermediates (3-hydroxypropanal) in

glycerol hydrogenolysis.

4.2 Heteropolyacid promoted catalyst

Heteropolyacids (HPAs) have shown excellent catalytic activity in homogeneous as well as
heterogeneous acid-catalyzed reactions due to their unique features, such as adjustable acidity
and well-organized structures [182,183]. HPAs have stronger Brensted acidity, uniform acid

sites, and acidity that is more easily tunable than that of metal oxides [184]. In addition to this,
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HPAs are less toxic, relatively stable under humid conditions, easily soluble in polar solvents
such as water, ketones, and lower alcohols [79,83]. HPAs are used as catalysts in different acid-
catalyzed reactions, viz. glycerol dehydration, alcohol dehydration, hydration of olefins or
esters, and alkene hydration [185,186]. It was reported by Micek-Ilnicka [187] that the
tungsten-containing HPAs possess higher thermal stability, lower oxidation potential, and
stronger acidity compared to molybdenum-containing HPAs. However, the main drawbacks of
using unsupported HPAs as a catalyst in the reaction are their low surface area (<10 m%/g), less
thermal stability, and easy leaching in polar solvents affecting their performance in a long hour
reaction under severe reaction conditions. To address this issue, HPAs are often supported over

high surface area porous materials, viz. Si0,, ZrO,, Al>O3, AC, etc.

Moreover, the dehydration step involved in glycerol hydrogenolysis requires a strong acid; the
use of supported HPAs would be promising. Furthermore, the high SiO; to Al>O3 ratio zeolites
have low acidity but high surface area. Hence, supporting the HPAs on such zeolites will impart
acidity to the zeolites and surface area to the HPAs. It is worth studying the HPAs promoted
zeolites with a high SiO; to Al,Os3 ratio as an acid catalyst for hydrogenolysis of glycerol to

1,3-PDO using Pt as an active metal.

Three HPAs, namely silicotungstic acid (STA), phosphotungstic acid (PTA), and
phosphomolybdic acid (PMA), were supported on B-zeolite. The characterization results for
STA promoted catalysts have already been discussed in the sections above. PTA and PMA
supported on B-zeolite are compared with the earlier results here. The loading of PTA or PMA
is chosen as 0.3 and 0.7 because over these loadings STA promoted catalysts have shown

higher Bronsted acidity, which favors the formation of 1,3-PDO from glycerol.

The PTA and PMA promoted catalysts were characterized using similar techniques as

discussed in the previous sections. The results are discussed in the following section.

4.3 Physico-chemical properties of heteropolyacid

promoted catalysts

The textural properties of the Pt—xHPA/B-zeolite (x=0.3 and 0.7) catalysts are listed in Table
4.5. The nitrogen adsorption-desorption isotherms are shown in Figure 4.11 (A). The surface

area of the Pt-0.3PTA/B-zeolite catalyst was 369 m? g'!, that of Pt-0.3PMA/B-zeolite catalyst
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was 365 m? g'!. In the case of Pt-0.7PTA/B-zeolite and Pt-0.3PMA/B-zeolite catalysts, the
surface area was 287 and 284 m? g!. The surface area in both cases is nearly similar to STA

promoted catalysts.

Figure 4.11 (A) shows that all catalysts with HPA to B-zeolite ratio 0.3 showed type I isotherm
with type H3 hysteresis loop after P/P° = 0.42 as observed for B-zeolite [50,157] and also for
Pt-0.3STA/B-zeolite catalyst (See Figure 4.1(I)). In the case of HPA to B-zeolite ratio 0.7
catalysts, the sorption isotherm was of type I with hysteresis loop of type H4 as observed in the
case of Pt-0.7STA/B-zeolite catalyst (See Figure 4.1(I)). This confirms that the deposition of
Pt and HPAs does not affect the qualitative aspects of the porous structure of the parent -
zeolite catalyst. The microporosity was retained in the prepared catalysts. The reduction in the
micropore volume of B-zeolite (0.184 cm® g'!) catalyst after the addition of HPA indicates HPA

deposition in the pores of the B-zeolite catalyst.
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Figure 4.11. N, physisorption isotherm (A) and XRD spectra (B) of heteropoly promoted
catalyst

Figure 4.11(B) shows the diffraction patterns of the Pt—-HPAs/B-zeolite (HPA=PTA and PMA)
catalysts with 0.3 and 0.7 HPA to B-zeolite ratio. The diffraction peaks for parent B-zeolite, Pt,
WO;, and HxWOs3 were already discussed in the previous section (see section 4.1.2). In the case
of Pt-0.3PMA/B-zeolite, the peaks correspond to neither the PMA keggin structure (JCPDS:
01-070-1705) nor the PMA decomposition products such as molybdenum phosphate/MoP>07
(JCPDS: 00-039-0026) or molybdenum oxide/MoO3 (JCPDS: 00-001-0706) was observed,
most likely because of their good dispersion over the -zeolite support. While in the case of Pt-

0.7PMA/B-zeolite, the peaks corresponding to MoOs3; were observed. This may be because the
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formation of MoO3 from PMA starts at a temperature of 350 °C [82], and due to the excess

amount of PMA in a catalyst, the formed MoOj3 is visible in XRD spectra.

On the other hand, Pt-xPTA/B-zeolite (x=0.3 and 0.7) has shown some peaks either
corresponding to HxWO3 or m-WOs. However, the peaks representing keggin PTA were not
present, indicating that either the tungsten-HPAs have fully decomposed to Ho 53 WO3/m-WO3
or the keggin tungsten-HPAs were dispersed well over the B-zeolite surface. The peaks
corresponding to m-WOs3 were present in both the catalysts and their intensity was increased in
the case of the Pt-0.7PTA/B-zeolite catalyst. The Ho.s3WOs3 possess the Bronsted acid sites

which are essential for the selective conversion of glycerol to 1,3-PDO [150].

4.4 Platinum dispersion and acidic properties of HPA/B-

zeolite catalysts

The platinum (Pt) particle dispersion over the Pt-xHPA/B-zeolite (x=0.3 and 0.7) catalysts was
estimated using CO adsorbed quantity over it. The observed results of Pt dispersion are shown

in Table 4.4.

Table 4.4. Textural properties and Pt dispersion of heteropolyacid promoted catalysts

SBET Smicro Smeso Viotal Vmicro Pt diSperSiOIl
Catalyst
(m* g™ | (m*g") |(m*g")|(cm’ g!) | (cm’ g™) (%)
Pt/0.3PTA/B-Zeolite 369 287 82 0.310 0.125 309
Pt/0.3PMA/B-Zeolite| 365 285 80 0.295 0.115 22.8
Pt/0.7PTA/B-Zeolite 287 229 58 0.174 0.099 13.1
Pt/0.7PMA/B-Zeolite| 284 227 57 0.170 0.094 11.9

The results show that the dispersion of Pt increased with the addition of HPA to Pt/B-zeolite
catalyst. It shows the addition HPAs to the -zeolite catalyst increases the metal dispersion due
to increased interaction between HPAs and B-zeolite. For 0.3 HPA to B-zeolite ratio, the Pt

dispersion was higher over Pt-0.3PTA/B-zeolite followed by Pt-0.3PMA/B-zeolite catalyst. For
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0.7 HPA to B-zeolite ratio catalysts, the trend was similar; the Pt dispersion was higher over
Pt-0.7PTA/B-zeolite and then Pt-0.7PMA/B-zeolite catalysts. The STA containing catalysts has
given the highest Pt dispersion with both the loadings.

The total, Lewis, and Brensted acidity of the xHPA/B-zeolite (x=0.3 and 0.7) catalysts were

measured using different techniques. The observed results are shown in Table 4.5.

Table 4.5. Acidic sites of heteropolyacid promoted catalysts using different techniques

Py-FTIR? TGAP
B 4. |NH3-TPD® (umol gea.™)
Catalyst (umol geat.™) (nmol geat.™)

Bronsted | Lewis |Bronsted| Total | Weak | Strong | Total

Pt/0.3PTA/B- 65.9 205.7 | 313.2 | 1017.4 | 945.1 | 403.2 | 1348.4
Zeolite

Pt/0.3PMA/B- 9.2 223.6 | 70.0 836.5 |897.7| 312.5 | 1210.2
Zeolite

Pt/0.7PTA/B- 78.2 189.9 | 403.5 | 1083.7 | 875.9 | 498.2 | 1374.1
Zeolite

Pt/0.7PMA/B- 233 2184 | 96.3 895.5 | 844.1| 397.2 | 1241.3
Zeolite

The results show that the catalyst Pt-0.3PTA/B-zeolite showed the highest total acidity, whether
by FTIR or by TGA (higher than Pt-0.3STA/B-zeolite catalyst). However, the Pt-0.3PTA/B-
zeolite catalyst showed Brensted acidity lower than Pt-0.3STA/B-zeolite catalyst but higher
than the Pt-0.3PMA/B-zeolite catalyst. The 0.7 HPA to B-zeolite ratio containing catalysts
followed the same fashion as the Pt-0.7PTA/B-zeolite catalyst showed the highest total acidity
and second-highest Bronsted acidity. The catalyst Pt-0.7PMA/B-zeolite showed the lowest total

and Brensted acidity.
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4.5 Conclusion

The characterization results of Pt-xHPA/B-zeolite catalysts showed how STA or HPA is
beneficial in increasing the Bronsted acidity of the catalyst preferentially. This is relevant in
view of the literature suggesting that Brensted acidity is required to enhance the 1,3-PDO
selectively in glycerol hydrogenolysis. The N> physisorption result shows the addition of STA
doesn't affect the textural properties of B-zeolite, and micro-porosity was retained up to 4.0
STA to B-zeolite ratio. The XRD data revealed the existence of tungsten bronze phase
(Ho.53WO3) and crystalline m-WOs3 in STA or PTA promoted catalysts. In the case of PMA
containing catalysts, peaks related to MoO3 were observed at 0.7 PMA to B-zeolite ratio. The
CO-chemisorption results revealed an increase in the dispersion of platinum with the increase
in STA or HPA to B-zeolite ratio. The HRTEM analysis proves that the reduction in Pt
dispersion or increase in Pt size at higher HPA to B-zeolite ratio was not due to size change but

due to covering Pt particles by excess HPA species.

The TPR analysis shows a reduction in temperature due to increased interaction between Pt
and WOx species and confirms the spillover of hydrogen from Pt to WOx species. The XPS
analysis also revealed Hx spillover and strong electronic interaction between Pt and WOx
species. The acidity characterization study revealed that the addition of HPA increases the
acidity of the catalyst. In the case of STA promoted catalyst, the Pt—0.7STA/B-zeolite catalyst
showed the highest Bronsted acidity followed by Pt-0.3STA/B-zeolite catalyst, and Pt—
0.5STA/B-zeolite catalyst showed the highest total acidity. The PTA-containing catalysts
showed higher total acidity. However, their Bronsted acidity is still less than STA-containing

catalysts.

The catalyst characterization results of this chapter will be helpful in relating the performance

of glycerol hydrogenolysis over each catalyst in the coming chapters.
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Chapter 5:
RESULTS AND DISCUSSION

5.1 Results and discussion

From the catalyst characterization results given in Chapter 4, it is clear that the addition of STA
to Pt/B-zeolite catalyst increases catalyst acidity, dispersion, reducibility properties, etc. In this
chapter, we will study the performance of STA promoted catalysts on glycerol hydrogenolysis
reaction to relate the reaction performance to physicochemical characteristics of the catalysts
and find the best performing catalyst from the series of catalysts. The effect of reaction
parameters is then explored. The performance of the catalyst will be decided primarily by its

1,3-PDO selectivity.

The hydrogenolysis of glycerol was studied over the synthesized catalysts at standard reaction
conditions, viz. 220 °C, 40 bar initial H» pressure, 2.0 g of synthesized catalyst (2.5 wt% of
reaction mixture), 80 ml of 5 wt% glycerol aqueous solution and a reaction time of 5 h. In
several cases, the experiments were repeated two times to check reproducibility, and in all
cases, the reproducibility was found to be satisfactory. The results from repeat experiments

have been shown by error bars in the figures discussed in the coming sections.
5.1.1 Performance evaluation: Role of catalyst constituents

The catalyst of interest is the combination of three species: platinum (Pt), silicotungstic acid
(STA), and B-zeolite. Each of these species plays a role in the reaction, and we try to understand
the same by conducting reactions with specific catalyst formulations. The hydrogenolysis of
glycerol was studied over B-zeolite, Pt/B-zeolite, Pt/0.1STA/B-zeolite, and 0.3STA/B-zeolite,
under otherwise similar conditions. Figure 5.1 compares the results. In All the figures
(experiment results), the term "Others" represents a lumping of products such as 2-propanol,

acetone, ethanol, methanol, hydroxyacetone, acrolein, ethylene glycol, etc.
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The results show that the conversion of glycerol (see Figure 5.1 (I)) improved with the addition
of Pt to B-zeolite catalyst. However, 1,2-PDO selectivity (see Figure 5.1 (III)) also increased,
and Pt/B-zeolite catalyst has shown the highest selectivity towards the 1,2-PDO. It is probably
due to the higher Lewis acid content of the catalyst. Zhu et al. [93] have observed a similar

trend over Pt/ZrO» catalyst due to its larger Lewis acidity.
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Figure 5.1. Glycerol hydrogenolysis reactant and product profiles for different catalyst
formulations: (a)p-zeolite, (b) Pt/B-zeolite, (c) 0.3STA/B-zeolite, (d) Pt/0.1STA/B-zeolite

When we used B-zeolite as the catalyst, the main reaction product was ethanol, which would
have formed via C—C cleavage of glycerol (ethylene glycol to ethanol). The addition of Pt
reduced the ethanol formation but increased the 1-PrOH formation. This could be due to an

increase in the hydrogenation of dehydrated glycerol to 1-PrOH by metal sites. Here, the reason
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for the formation of higher 1-PrOH is the -zeolite support itself. Many published studies on
glycerol hydrogenolysis over zeolite catalysts have reported a higher selectivity to 1-PrOH
[50,115,134]. Sometimes, even using a physical mixture of zeolites with other solid catalysts
like Ni/Al,O3 or Ir-ReO,/Si0; has resulted in high selectivity to 1-PrOH [62,133]. Thus, the
obtained results and literature clearly show that 1-PrOH forms as one of the main products of

glycerol hydrogenolysis over zeolite-supported catalysts.

A possible route through which 1-PrOH may form over Pt/B-zeolite catalyst is the over
hydrogenolysis of propanediols [93]. While this is possible, Figure 5.1 (IV) clearly shows the
formation of 1-PrOH from the very start of the reaction in all cases. This result indicates the
existence of a possible parallel route to 1-PrOH directly from glycerol over Pt/B-zeolite
catalyst. It could be via glycerol dehydration to acrolein over-acidic sites, followed by fast
hydrogenation to 1-PrOH over metal sites [62]. The dehydration of glycerol to acrolein over
different zeolites has already been proven [128]. Therefore, we hypothesize that the higher
formation of 1-PrOH over Pt/B-zeolite catalyst is via acrolein through a dehydration-
hydrogenation route. It is worth noting that we have not observed a noticeable amount of
acrolein during the reaction (around 4-7% w/w), suggesting a high rate of hydrogenation of
acrolein under the prevailing conditions [188]. 1-PrOH formation can thus be reduced either
by blocking the active sites of B-zeolite, which promote the 1-PrOH or ethanol formation [50]
or by reducing the surface area of f-zeolite because of which glycerol gets converted to acrolein

despite the low acidity of B-zeolite [128].

On the other hand, as has been noted and it is widely reported [105,123,145,150] that the
formation of 1,3-PDO from glycerol hydrogenolysis requires the presence of Bronsted acid
sites. These sites are essential for the conversion of glycerol to 3-hydroxypropanal (3-HPA)
(see Figure 2.1), which is an intermediate for the formation of 1,3-PDO [189]. It has also been
reported that the addition of tungsten species (STA) increases the Bronsted acid sites or acidic
protons of the catalyst [123,162]. Additionally, promoting the Pt-containing catalysts with STA
may increase the hydrogen spillover, which increases the catalyst performance by increasing
the hydrogenation of 3-HPA to 1,3-PDO [114]. Our results do indeed show that the presence
of STA (WOx) in the Pt/B-zeolite catalyst helps in improving the 1,3-PDO selectivity and
glycerol conversion (see Figure 5.1 (II)) results related to Pt/0.1STA/B-zeolite).

Most importantly, the selectivity of 1,2-PDO was reduced by a great extent when STA was
added. However, the 1-PrOH selectivity has further increased, probably due to the over
hydrogenolysis of 1,2-PDO as 1-PrOH forms largely via 1,2-PDO, as discussed later. Hence,
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while the addition of STA looks attractive, its amount needs to be optimized so that the
formation of 1-PrOH via 1,2-PDO (on Lewis acid sites) is curtailed. Therefore, different
catalysts with varying STA to B-zeolite ratios were prepared and investigated, as discussed in

the next section.

In order to further investigate the role of Pt and the possible synergy between Pt and STA, we
studied the glycerol hydrogenolysis over Pt-free 0.3STA/B-zeolite catalyst. The results show
that the glycerol conversion dropped to only 3.82% (after 5 h). The main product of the reaction
was acrolein with 63.96% selectivity (see Figure 5.1 (V)); acetol was also observed with
10.86% selectivity. Alhanash et al. [45] have reported that the Lewis acid sites predominantly
produce acetol (an intermediate in the formation of 1,2-PDO) and the Brensted acid sites are
responsible for the formation of acrolein (which forms by the dehydration of 3-HPA) during
the glycerol dehydration process. Our results clearly show that the addition of STA provides
the Bronsted acidity to the catalyst, as the primary product of the reaction was acrolein, and
hence, the results are in agreement with those of Alhanash and others [93]. However, it is worth
noting that 1,3-PDO was not formed at all over the 0.3STA/B-zeolite catalyst and the glycerol
conversion was also very low, which clearly indicates the importance of metal catalyst in the
formation of 1,3-PDO from glycerol. The hydrogenation metal (Pt) activates the hydrogen

molecule present in the reaction environment [47,93,94].
5.1.2 Optimizing STA loading

The STA to B-zeolite ratio was varied over the range 0.07-100% STA, and the hydrogenolysis
of glycerol was studied under otherwise similar conditions. The characterization result showed
an increase in acidity up to 0.5 STA to B-zeolite ratio followed by a decrease in acidity (see
Table 4.2). Moreover, the catalyst with a 0.3 and 0.7 STA to B-zeolite ratio showed higher
Brensted acidity than others. In view of these results, the optimization of STA is carried out by
dividing the catalysts into three groups on the basis of STA to B-zeolite ratio: from 0.07 to 0.5,
0.6 to 1.0, and from 1.5 to 100% STA. The results are discussed in the same sequence in the

following subsections.
a) STA to f-zeolite ratio from 0.07 to 0.5

Figure 5.2 shows the reactant conversion and product selectivity profiles over Pt/p-zeolite
catalysts with STA to [B-zeolite from 0.07 to 0.5. The glycerol conversion increased

continuously with an increase in STA to B-zeolite ratio (see Figure 5.2 (I)). This can be
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attributed to the increase in total acidity of the catalyst with increased STA loading (see Table

4.2). The 1,3-PDO selectivity showed an increasing trend with an increase in STA loading up
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Figure 5.2. Glycerol hydrogenolysis reactant and product profiles for catalysts with different
STA loadings: (a) Pt/0.07STA/B-zeolite, (b) Pt/0.2STA/B-zeolite, (c) Pt/0.3STA/B-zeolite (d)
Pt/0.4STA/B-zeolite, (¢) Pt/0.5STA/B-zeolite

to 0.3 (see Figure 5.2 (II)) but declined for higher loadings. The catalyst Pt-0.3STA/B-zeolite
offered the higher 1,3-PDO selectivity as 31.04 + 1.41% after 5 h, although an even higher

selectivity was observed at higher STA loadings which will be discussed in the next section.

As the characterization result showed, Brensted acidity (see Table 4.2) was higher for this

catalyst in the studied STA to B-zeolite ratio range (0.07 to 0.5), which helps in the selective

formation of 1,3-PDO. It is also noteworthy that the catalyst has reached sub-monolayer

coverage of STA at this loading (see Table 4.1). Similar results are reported by Zhu et al. [114]
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for Pt—-10WOyx/Al>0; catalyst. Furthermore, 1,3-PDO is more stable compared to 1,2-PDO in
the reaction environment, and its further conversion to 1-PrOH or other products is not that
easy [93,190]. As expected, the selectivity of 1,2-PDO was also seen to be decreasing with an
increase in STA to -zeolite loading, but only up to 0.2 (see Figure 5.2 (II1)). The catalysts with
the higher STA loadings of 0.4 and 0.5 offered little higher selectivity (12 to 14%) for 1,2-
PDO. The catalyst Pt-0.2STA/B-zeolite showed the lowest selectivity (8.17 + 1.41% after 5 h)
for 1,2-PDO, followed by Pt-0.2STA/B-zeolite (10.37 + 0.75% after 5 h). As mentioned
already, the 1-PrOH essentially forms from 1,2-PDO; we have observed the catalyst, which has
shown the lowest 1,2-PDO selectivity, yielding the highest formation of 1-PrOH as seen in
Figure 5.2 (IV). Here, most of the 1,2-PDO has been converted to 1-PrOH. Interestingly, the
1-PrOH selectivity seems to go through a maximum with conversion, the maximum occurring
at about 10% conversion, but the formation of others increases continuously with the
conversion. This indicates a need for careful optimization of the conversion target in the interest
of the desired selectivity. We further observe that excessive acidity is also not favorable for

this reaction as it may increase the over hydrogenolysis of PDOs to 1-PrOH.

The catalyst Pt-0.3STA/B-zeolite has shown the lowest value for 1-PrOH and others (see Figure
5.2 (IV) and (V)), and this is due to the highest Bronsted acidity, which converts glycerol to
1,3-PDO, and 1,3-PDO does not easily hydrogenolyse to subsequent products.

A catalyst reusability study for Pt-0.3STA/B-zeolite catalyst was also performed. For that, the
catalyst of run 1 was washed with methanol 5 times, centrifuged, and then dried at 120 °C
overnight. The dried catalyst was used for run 2, and the reaction was performed. The recovered
catalyst of this run was used for run 3 and so on by following a similar procedure. The results
of all of these reactions were consistent even after 4 runs. After the 4™ run (5-hour), the
conversion of glycerol and 1,3-PDO selectivity were only lower by 1% and 0.88%,

respectively.
b) STA to p-zeolite ratio from 0.6 to 1.0

This section shows the results of glycerol hydrogenolysis over the catalysts containing STA to
B-zeolite ratios as 0.6, 0.7, 0.8, and 1.0. The hydrogenolysis of glycerol was studied under

otherwise similar conditions. The results of this study are discussed in detail below.
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Figure 5.3. Glycerol hydrogenolysis reactant and product profiles for catalysts with different
STA loadings: (a) Pt/0.6STA/B-zeolite, (b) Pt/0.7STA/B-zeolite, (c) Pt/0.8STA/B-zeolite (d)
Pt/1.0STA/B-zeolite

The product selectivity and glycerol conversion profiles over Pt-xSTA/B-zeolite catalysts (x =
0.6 to 1.0) are shown in Figure 5.3. The results show that the catalyst Pt-0.6STA/B-zeolite gives
the highest glycerol conversion as 34.14 + 1.65%; beyond this, the glycerol conversion was
reduced with an increase in STA to B-zeolite ratio as 26.76 + 1.27% with 0.7, 24.8 £ 1.15%
with 0.8, and 20.05 £+ 1.04% with 1.0 STA to B-zeolite ratio (see Figure 5.3 (I)). The probable
reason for the drop in glycerol conversion would be a decrease in the total acidity of catalysts
(See Table 4.2) and surface area (See Table 4.1) with an increase in the STA to -zeolite ratio
0.6 to 1.0. The 1,3-PDO selectivity was increased with an increase in STA to -zeolite ratio

from 0.6 to 0.7 (see Figure 5.3 (II)) but declined for higher ratios. The catalyst Pt-0.7STA/B-
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zeolite shows the highest 5-hr selectivity to 1,3-PDO at 38.81 £ 1.39%. The highest selectivity
of 1,3-PDO is attributed to the highest amount of Brensted acid sites or the relatively high ratio
of Brensted to Lewis acid sites (see Figure 4.4 and Table 4.2). Moreover, this catalyst showed
well-dispersed small Pt particles (See Figure 4.8 TEM results), good interaction between Pt
and WOx species (see Figure 4.6 H>-TPR and Figure 4.10 XPS results), and sufficient surface
area (see Table 4.1). The catalyst with the highest Bronsted acidity (see Table 4.2) in the entire
STA to B-zeolite ratio series has shown the lowest 1,2-PDO selectivity, the highest selectivity
to 1,3-PDO and high rates of 1,2-PDO hydrogenolysis over it. The catalyst with higher Lewis
acidity has shown the larger 1,2-PDO selectivity (see Figure 5.3 (III)). The observed 1,2-PDO
selectivity over Pt-0.6STA/B-zeolite catalyst was 15.5 = 1.15% and over Pt-0.7STA/B-zeolite
catalyst was 8.07 £ 0.82%. The 1-PrOH selectivity is nearly constant in all the cases. However,
the Pt-0.7STA/B-zeolite catalyst has the lowest value, as seen in Figure 5.3 (IV). This is
probably due to the higher selectivity to 1,3-PDO, which is stable in the reaction environment,
which will be discussed later. In all the STA promoted catalysts, it is only in the Pt-0.7STA/B-
zeolite catalyst that the 1,3-PDO selectivity crosses the 1-PrOH selectivity. Due to the stability
of 1,3-PDO in the reaction environment, it is more stable compared to 1,2-PDO, and its over
hydrogenolysis to 1-PrOH or other products is not easy [15,16]. Hence, an increase in
selectivity of 1,3-PDO decreases the selectivity of 1-PrOH. The formation of others increases
continuously with the conversion over all the catalysts; however, catalyst Pt-0.7STA/B-zeolite

(see Figure 5.3 (V)) shows the lower amounts.

A reusability study for the Pt-0.7STA/B-zeolite catalyst showed that the catalyst was reusable
even after 5 cycles. After the 5™ run (5-hour), the conversion of glycerol and 1,3-PDO

selectivity were only lower by 1.3% and 1.1%, respectively.
¢) STA to f-zeolite ratio from 1.5 to 100% STA

This section shows the glycerol hydrogenolysis over the catalysts containing STA to 3-zeolite
ratios as 1.5, 2.3, 4.0, 9.0, and 100% STA (Pt/STA). The hydrogenolysis of glycerol was
studied under otherwise similar conditions. The results of this study are discussed in detail

below.

The product selectivity and glycerol conversion profiles over Pt-xSTA/B-zeolite catalysts (x =
1.5t0 9.0, and Pt/STA) are shown in Figure 5.4. The results show that the glycerol conversion
was reduced with an increase in STA to B-zeolite ratio from 1.5 to 2.33, as observed over

previous catalysts (0.6 to 1.0STA/B-zeolite). The catalyst Pt-1.5STA/B-zeolite showed 14.87%
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and Pt-2.33STA/B-zeolite showed 12.46%. On the other hand, we observed a strange behavior
in glycerol conversion over a further increase in STA to B-zeolite ratio from 4.0 to Pt/STA
catalyst. The glycerol conversion increased with an increase in the STA to B-zeolite ratio:
13.6% at 4.0 STA to B-zeolite ratio, 16.4% at 9.0 STA to B-zeolite ratio, and 19.9% with
Pt/STA catalyst (see Figure 5.4 (I)). The reason for an increase in the glycerol conversion at
higher STA loadings despite the decrease in total acidity (see Table 4.2) is given by Tai et al.
[191]. According to them, HXxWO3 species dissolve in hot water and act as a homogeneous

catalyst. The catalyst again comes to HxWOs3 species on cooling.

Moreover, the catalyst was reusable at least 17 times without losing activity. In our case, the
amount of HxWOj3 species increases with an increase in STA to B-zeolite ratio. These HxWOs
species are responsible for the rise in conversion beyond STA to B-zeolite ratio 4.0. We haven't
performed the reusability study over these catalysts because the selectivity of 1,3-PDO over
them is less compared to other (previously studied) catalysts. In addition to HxWO3 species,
other factors also affect the rate of reaction, viz. surface area, acidity, Pt dispersion, etc. The
Pt/STA catalyst has a very little surface area (SA) than the Pt-0.5STA/B-zeolite catalyst (its SA
is 38 times more than Pt/STA). This could be the reason the latter catalyst has given higher
glycerol conversion compared to the former, despite the high amount of HxWOj3 species and

their dissolution in hot water in the case of the former (Pt/STA) catalyst.

On the other hand, it may be possible the platinum species would have leached in the solvent
during HxWOs3 dissolution in hot water, but this study is out of our scope. This catalyst was
prepared by impregnating STA and chloroplatinic acid at one time, followed by drying,

calcination, and reduction.

It also needs to be emphasized that we have prepared the Pt/STA catalyst by calcining STA
first, followed by Pt deposition (impregnation), then calcination and reduction of the formed
catalyst. The observed glycerol conversion over this catalyst (prepared by separate calcination)
was only 3.5%. This may be because prior calcination of STA will result in crystalline WO3
species. These species are difficult to reduce, and only a small part will be able to convert to
HxWOs. Therefore, they possess less acidity and give low reactant conversion. However, using
STA and Pt precursor together during synthesis will help it form HxWOj3 species during the
reduction process, which possesses the Bronsted acidity as well as dissolves in hot water.
Therefore, the conversion of the reactant is higher over a Pt/STA catalyst prepared via

combined calcination than Pt/STA prepared via separate calcination.
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The catalyst Pt/STA has shown the highest 1,3-PDO selectivity as 23.6% in this range of STA
to B-zeolite ratio (1.5 to 100%STA), attributed to the higher concentration HxWOj3 species of
Pt/STA catalyst which possesses the Bronsted acidity. All other catalysts showed 1,3-PDO
selectivity in between 20 to 23% (See Figure 5.4 (II)).

The 1,2-PDO selectivity was lowest over a catalyst Pt-4.0STA/B-zeolite at 14.0%. All other
catalysts showed 1,2-PDO selectivity in between 14.8 to 18% (See Figure 5.4 (III)). Moreover,
this particular catalyst showed the highest selectivity for 1-PrOH as 40.2%, other catalysts
showed 1-PrOH selectivity between 37 and 39% (See Figure 5.4 (IV)). As described
previously, the 1-PrOH largely forms from 1,2-PDO and we have observed the catalyst which
gives less 1,2-PDO is happened to give more 1-PrOH except for the highest Bronsted acidity
catalyst (Pt-0.7STA/B-zeolite). Similar trends were also observed for Pt-0.2STA/B-zeolite and
Pt-0.8STA/B-zeolite catalysts.

The selectivity to others was lowest over a Pt/STA catalyst as 14.7%, attributed to the highest
selectivity of 1,3-PDO, which will not undergo over-hydrogenolysis easily. The other catalyst
showed selectivity to others in between 15 to 17% (See Figure 5.4 (V)).

The selectivity to gaseous products, mainly propane, ethane, and methane, obtained through

mass/carbon balance was in the range of 5 to 9% over all the catalysts.

To sum up, the best performing catalysts from the 1,3 PDO selectivity point of view in the
entire STA to B-zeolite ratio range is Pt-0.7STA/B-zeolite, followed by Pt-0.3STA/B-zeolite
catalyst.

The glycerol hydrogenolysis study over catalysts containing STA to B-zeolite ratio from 0 to
100% STA revealed that the addition of STA certainly affects the product distribution.
Moreover, the interesting catalyst which offered higher 1,3-PDO selectivity and higher glycerol
conversion lies in the range of 0 to 1.0 STA to B-zeolite ratio. In this ratio range, we have
observed two regions. In region one, the glycerol conversion increases with an increase in STA
to B-zeolite ratio up to 0.5. In another region, the glycerol conversion drops with an increase in
STA to B-zeolite ratio beyond 0.5. On the other hand, we have observed higher 1,3-PDO
selectivity in region one at sub-monolayer coverage and the highest 1,3-PDO selectivity in
region 2 at STA to B-zeolite ratio 0.7. As our interest in the study is to focus on 1,3-PDO
selectivity, and it was only higher in the STA to B-zeolite ratio range from 0 to 1.0. Therefore,
we conclude that the interesting catalysts exist in the STA to B-zeolite ratio range from 0 to

1.0.
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Figure 5.4. Glycerol hydrogenolysis reactant and product profiles for catalysts with different
STA loadings: (a) Pt/1.5STA/B-zeolite, (b) Pt/2.33STA/B-zeolite, (c) Pt/4.0STA/B-zeolite (d)
Pt/9.0STA/B-zeolite (e) Pt/B-zeolite

Moreover, total acidity is responsible for higher glycerol conversion and Brensted acidity is

responsible for 1,3-PDO selectivity. Therefore, we tried to relate the effect of total or Brensted

acidity with glycerol conversion or 1,3-PDO selectivity for these two regions, which will be

discussed in the following section.



5.1.3 Effect of total and Brensted acidity

a) Catalysts with STA to f-zeolite ratio in the range 0 to 0.5

Glycerol hydrogenolysis involves acid-catalyzed dehydration as an initial step to form the
intermediates and subsequent hydrogenation on metal sites leading to the formation of several
products. Hence, the presence of acid sites is extremely important for the initiation of glycerol
hydrogenolysis [93,192,193]. Figure 5.5 (a) shows the total acidity, Brensted acidity, and STA
surface coverage of the catalysts synthesized. The total acidity was measured by NH3-TPD
technique, Bronsted acidity was measured by py-FTIR technique and surface coverage of STA
was estimated using the formula given by Liu et al. [194]. The results show that the acidity of
Pt/B-zeolite catalyst increases with the addition of STA continuously over the range of STA
loadings studied, in line with the previous report [114]. The total acidity of the catalyst

increased with an increase in STA to B-zeolite ratio up to 0.5.

On the other hand, the Bronsted acidity of the catalyst increases up to 0.3 STA to B-zeolite ratio
and then decreases. It is seen that the surface coverage of STA on the Pt/B-zeolite catalyst
increases continuously with the STA/B-zeolite ratio, achieving sub-monolayer coverage for 0.3
STA to B-zeolite ratio and then increasing further as the ratio is increased. The catalyst Pt-
0.3STA/B-zeolite, with sub-monolayer coverage, has also shown the highest Bronsted acidity
[114]. Further, we have also tried to correlate the 1,3-PDO selectivity (Si13-ppo), its productivity
(P13-pp0), and turnover frequencies TOF (since comparisons among catalysts for activity are
best made in terms of TOF) with surface coverage as shown in Figure 5.5 (b). TOFs were
calculated from the maximum reaction rate in each case, as determined from the concentration
vs. time plot. The concentration of active sites of Pt per gram of the designed catalyst was
determined using CO-chemisorption (See Table 4.3). It is seen that the catalyst Pt/0.5STA/B-
zeolite shows the highest TOF; this may be attributed to its high total acidity (highest in the
series, see Figure 5.5 (a)). On the other hand, the catalyst Pt/B-zeolite has shown the second
highest TOF in the studied series despite its low Pt dispersion (see Table 4.3). This seems
consistent with the finding of Koningsberger et al. [195]. According to them, the high value of
TOF for Pt on zeolite catalyst system is due to the high Si/Al ratio, polyvalent cations, and the
extra-framework Al, leading to an increase in the TOF even at low Pt dispersion. Both the
catalysts however, show the lower 1,3-PDO selectivity/productivity, correlating with its lowest
Brensted acidity. The addition of STA has improved the values of P;3.ppo and Si3-ppo due to

increased Pt dispersion and Brensted acid sites (See Table 4.2 and Table 4.3). The catalyst Pt-
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0.3STA/B-zeolite has shown the highest values for P13.ppo and S13-ppo, attributed to the highest
Pt dispersion and highest Bronsted acidity, which was observed at sub-monolayer coverage.
Moreover, the higher surface coverage (multilayer) has increased the catalyst's total acidity,
eventually increasing the glycerol conversion up to 0.5 STA to B-zeolite ratio, as shown in
Figure 5.5 (c¢). The reason for the highest glycerol conversion at 0.5 STA to B-zeolite ratio can

be attributed to the higher catalyst acidity.
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vs. surface coverage (c) glycerol conversion vs. total acidity (d) 1,3-PDO yield vs. Brensted
acidity
As mentioned before, Bronsted acid sites are responsible more for the formation of 1,3-PDO
by removing the middle —OH of glycerol [92,105,123,196]. Hence, we have attempted to relate
the Bronsted acid sites obtained by the Py-FTIR technique over each catalyst with 1,3-PDO
yield observed over that catalyst in Figure 5.5 (d) (see Figure A.3 in the Appendix-A for
correlation using TGA technique). The results show that the yield of 1,3-PDO correlates nearly
linearly with the amount of Brensted acid sites. The catalyst (Pt-0.3STA/B-zeolite) with the
higher Bronsted acid sites has shown the higher 1,3-PDO yield in this series of catalysts (0 to
0.5 STA/B-zeolite ratio). Similar results for higher 1,3-PDO yield over a higher Bronsted
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acidity catalyst were also reported by Zhu et al. [94,114], Gong et al. [105], and Oh et al. [47].
The Bronsted acidity reduces beyond STA to B-zeolite ratio 0.3 because part of STA forms m-
WO3 as described under the discussion of XRD results.

It can thus be concluded that the addition of STA to the Pt/B-zeolite catalyst has enhanced the
total acidic sites in the catalysts, leading to higher conversion of glycerol. Still, the selectivity

decreases beyond sub-monolayer coverage, correlating with Breonsted acidity.
b) Catalysts with STA to f-zeolite ratio in the range 0.6 to 1.0

In this section, we tried to relate the effect of a further increase in STA to B-zeolite ratio from

0.6 to 1.0 on glycerol conversion and 1,3-PDO (product of interest) selectivity.

Figure 5.6(a) shows the amount of total and Brensted acidity available over each catalyst.
While Figure 5.6(b) shows the relationship between the total acidity (NH3-TPD) of the Pt-
xSTA/B-zeolite catalysts vs. glycerol conversion. The results show that the glycerol conversion
was reduced with an increase in STA to -zeolite ratio from 0.6 to 1.0. The Pt/0.6STA/B-zeolite
catalyst showed the highest total acidity, followed by the catalyst Pt/0.7STA/B-zeolite.
Likewise, the total acidity of the catalysts was reduced with an increase in STA to B-zeolite
ratio, and therefore, the glycerol conversion was reduced with a reduction in acidity [114]. The
catalyst Pt/0.6STA/B-zeolite showed the highest glycerol conversion in this STA to B-zeolite
ratio range (0.6 to 1.0), and it is attributed to its highest acidity. However, this glycerol
conversion is still less than the glycerol conversion observed over Pt/0.5STA/B-zeolite catalyst,
which showed the highest glycerol conversion in the entire series of catalysts studied (0 to

100%STA) due to its highest acidity.

On the other hand, the catalyst Pt/0.7STA/B-zeolite showed the highest Bronsted acidity. The
Bronsted acid sites of a catalyst favor the elimination of middle —OH of glycerol and eventually
promote the formation of 1,3-PDO [92,105,123,196]. To prove this fact, we have tried to
correlate the amount of Brensted acid sites vs. 1,3-PDO yield obtained over each catalyst.
Figure 5.6 (c) shows the correlation between 1,3-PDO yield and concentration of Brensted acid

sites over
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different catalysts obtained using the Py-FTIR technique. The result shows that the yield of
1,3-PDO is strongly proportional to the Brensted acid sites. The yield of 1,3-PDO was
increased with an increase in catalysts Bronsted acidity. The catalyst Pt-0.7STA/B-zeolite has
shown the highest 1,3-PDO yield and selectivity attributed to its highest concentration of
Brensted acidity confirmed by TGA and Py-FTIR techniques (See Table 4.2). It is worth noting
that this catalyst has shown the highest 1,3-PDO yield in the entire catalyst series attributed to
its highest Bronsted acidity; the results are in line with the reported results [47,94,105,114].

Additionally, we have also tried to correlate the 1,3-PDO productivity (P13-ppo), its selectivity
(S1.3-pp0), and turnover frequencies TOF with tungsten density, as shown in Figure 5.6 (d). The
results show that the values for TOFs were roughly equal in all the cases. However, the catalyst
Pt-1.0STA/B-zeolite has shown the highest value. In contrast, the catalyst Pt-0.7STA/B-zeolite

has shown the highest values for P13.ppo and S13.ppo, attributed to its highest Bronsted acidity.

Furthermore, literature reports that 1,2-PDO preferentially forms over the Lewis acid sites

[17,33]. However, its correlation with Lewis acid sites in both the zones (provided in
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Appendix-A see Figure A.2) is unsatisfactory, probably due to its instability which will be

discussed in detail in the coming section (see section 5.1.5).

5.1.4 Performance evaluation of heteropolyacids promoted catalyst

a) Catalysts with HPA to f-zeolite ratio 0.3

From the performance evaluation study of STA promoted catalysts, it is clear that the catalyst
with STA to B-zeolite ratio 0.3 and 0.7 has performed better compared to catalysts other STA
to B-zeolite ratio because of their higher Bronsted acidity. Heteropolyacids (HPAs) are known
to have high Brensted acidity. Therefore, we have studied the effect of HPAs addition to -
zeolite catalyst on glycerol hydrogenolysis. The HPA loading was kept as 0.3 and 0.7 for
exploring this effect to facilitate comparison with STA catalysts because at this loading STA

promoted catalyst showed better performance.

In this section, we have studied the glycerol hydrogenolysis over heteropolyacids (HPAs)
promoted catalysts, namely catalysts containing phosphotungstic acid (PTA),
phosphomolybdic acid (PMA), and silicotungstic acid (STA). The study on STA-containing
catalysts has already been reported in the sections above. However, its results will be further

used in this section for comparison.

Figure 5.7 shows the results of glycerol hydrogenolysis observed over Pt-0.3HPA/B-zeolite
catalysts. The conversion of glycerol (see Figure 5.7(1)) increased with the addition of HPAs
to the Pt/B-zeolite catalyst. The catalyst Pt-0.3PTA/B-zeolite showed the highest glycerol
conversion as 26.90 £ 1.1%, attributed to its highest total acidity. The order of total acidity
among the synthesized catalysts was Pt/B-zeolite < Pt-0.3PMA/B-zeolite < Pt-0.3STA/B-zeolite
< Pt-0.3PTA/B-zeolite. Therefore, we have observed a similar trend in glycerol conversion.
Moreover, the Bronsted acidity was highest over the Pt-0.3STA/B-zeolite catalyst, followed by
Pt-0.3PTA/B-zeolite catalyst. Here, the 1,3-PDO selectivity (see Figure 5.7(I1)) was highest
over Pt-0.3STA/B-zeolite catalyst followed by Pt-0.3PTA/B-zeolite catalyst due to their
Bronsted acidity. The Pt/B-zeolite catalyst has shown the highest 1,2-PDO selectivity (see
Figure 5.7 (III)) due to its large Lewis acidity and lower total acidity. The former will help in
glycerol conversion to 1,2-PDO and the latter will not allow over-hydrogenolysis of the formed
1,2-PDO [93,197]. Unsurprisingly, the selectivity of 1,2-PDO decreased after the deposition of
HPAs to the Pt/B-zeolite catalyst. However, the catalyst Pt-0.3PMA/B-zeolite has shown
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slightly higher selectivity for 1,2-PDO as 19.86 + 1.60% after 5 h of reaction compared to
catalyst with tungsten-HPAs (STA and PTA).

(I) Glycerol conversion vs time (II) 1,3-PDO selectivity vs conversion
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Figure 5.7. Glycerol hydrogenolysis reactant and product profiles: (a)- Pt/p-zeolite, (b)-
5%Pt/0.3PMA/B-zeolite, (c)- Pt/0.3STA/B-zeolite, (d)- 5%Pt/0.3PTA/B-zeolite

This was due to the formation of MoOs after the decomposition of PMA at 450 °C (calcination

temperature), increasing the Lewis acid sites considerably than the Bronsted acid sites leading
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to a rise in 1,2-PDO selectivity [93]. The selectivity of 1-PrOH (See Figure 5.7 (IV)) looks
nearly the same in all the cases. However, the catalyst Pt/p-zeolite showed the lowest selectivity
for 1-PrOH. The HPA containing catalysts showed higher selectivity for 1-PrOH compared to
Pt/B-zeolite catalyst. It was attributed to their higher acidity and affinity towards the formation
of 1,2-PDO. Higher acidity helps in the over-hydrogenolysis of PDOs. This is the reason Pt-
0.3PMA/B-zeolite catalyst has shown lesser 1,2-PDO yield as compared to Pt/B-zeolite catalyst
despite having the higher Lewis acidity [16]. Lewis acidity helps the formation of 1,2-PDO,
but higher Lewis acidity promotes 1,2-PDO over hydrogenolysis to 1-PrOH. Hence, the
catalysts Pt-0.3PTA/B-zeolite and Pt-0.3PMA/B-zeolite showed higher 1-PrOH selectivity
because the former has a higher total acidity and the latter has the highest Lewis acidity.
Furthermore, the selectivity of others (see Figure 5.7(V)) was lowest over Pt-0.3STA/B-zeolite
catalyst because of the higher stability of 1,3-PDO in the reaction environment. It will be

further discussed in detail in the hydrogenolysis of different substrate sections.
b) Catalysts with HPA to f-zeolite ratio 0.7

Figure 5.8 shows the glycerol hydrogenolysis result observed over Pt-0.7HPA/B-zeolite
catalysts. The results show that catalyst Pt-0.7PTA/B-zeolite showed the highest glycerol
conversion (see Figure 5.8 (I)), attributed to its highest total acidity. The trend of glycerol
conversion over Pt-0.7HPA/B-zeolite catalysts was Pt-0.7PTA/B-zeolite > Pt-0.7STA/B-zeolite
> Pt-0.7PMA/B-zeolite. The selectivity of 1,3-PDO (see Figure 5.8 (II)) was highest over Pt-
0.7STA/B-zeolite catalyst followed by Pt-0.7PTA/B-zeolite catalyst and then Pt-0.7PMA/f-
zeolite catalyst. This is attributed to the highest Brensted acidic sites of STA promoted catalyst
followed by PTA and PMA catalyst. The catalyst Pt-0.7PMA/B-zeolite showed the highest
Lewis acidity, attributed to the formation of MoOs3 (see Figure 4.11), which will contribute to
increases in Lewis acid sites [93]. Hence, the selectivity of 1,2-PDO (see Figure 5.8 (III)) was
higher over Pt-0.7PMA/B-zeolite. Moreover, selectivity for 1-PrOH (see Figure 5.8 (IV)) was
also highest over this catalyst attributed to its higher acidity, which will over-hydrogenolyse
1,2-PDO to 1-PrOH.
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Figure 5.8. Glycerol hydrogenolysis reactant and product profiles: (a)- Pt/0.7PMA/B-zeolite, (b)-
Pt/0.7STA/B-zeolite, (c)- Pt/0.7PTA/B-zeolite
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5.1.5 Hydrogenolysis of different substrates (PDOs or 1-PrOH)

a) Hydrogenolysis using Pt-0.3STA/p-zeolite catalyst

The hydrogenolysis of substrates like 1,2-PDO, 1,3-PDO, and 1-PrOH over the Pt-0.3STA/B-
zeolite catalyst was studied in a similar environment. Figure 5.9 (I) represents reactant
conversion vs. time, Figure 5.9 (II) represents 1-PrOH selectivity vs. time, Figure 5.9 (III)

shows others selectivity vs. time, Figure 5.9 (IV) shows the gaseous product selectivity vs.

time.
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Figure 5.9. 1,3-PDO, 1,2-PDO, and 1-PrOH hydrogenolysis profiles: (a)- 1,3-PDO, (b)- 1-PrOH,
(¢)- 1,2-PDO
The result shows that the observed conversion of 1,2-PDO over Pt-0.3STA/B-zeolite (see
Figure 5.9 (I)) catalyst was the highest (86.61 + 1.78%), followed by conversion of 1-PrOH
(31.91 £ 1.26%), and finally the conversion of 1,3-PDO as 15.52 + 0.71%, after 5 h of reaction.
These experiments were conducted to check the stability of glycerol hydrogenolysis products
in the reaction environment. The conversion of 1,2-PDO was nearly 6 times the conversion of
1,3-PDO. Furthermore, the conversion of 1-PrOH was 2 times the conversion of 1,3-PDO,

which means 1,3-PDO is more stable compared to 1,2-PDO and 1-PrOH in the reaction
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environment. Here, the key product from both PDO hydrogenolysis was 1-PrOH (see Figure
5.9 (I)) with selectivity as 82.56 + 3.70% from 1,3-PDO and 78.23 + 2.81% from 1,2-PDO
after 5 h of reaction. Thus, it is clear that 1-PrOH largely comes from the 1,2-PDO, in line with
the previous report [190]. Furthermore, the selectivity of others (see Figure 5.9 (III)) was also
the highest in the case of 1,2-PDO as 15.58 + 1.43%, followed by 12.32 £ 1.29% from 1,3-
PDO, and 3.84 + 0.14% from 1-PrOH after 5 h of reaction. In the case of 1-PrOH
hydrogenolysis, the major products were gaseous (see Figure 5.9 (IV)) propane with selectivity
96.16 + 0.86% after 5 h of reaction. These results confirm that the gaseous products originate

by and large from the hydrogenolysis of 1-PrOH.
b) Hydrogenolysis using Pt-0.7STA/fB-zeolite catalyst

A Similar study was performed over Pt-0.7STA/B-zeolite catalyst under otherwise similar
conditions. Figure 5.10 (I) represents reactant conversion vs. time, Figure 5.10 (II) represents
1-PrOH selectivity vs. time, Figure 5.10 (IIT) shows others selectivity vs. time, and Figure 5.10

(IV) shows the gaseous product selectivity vs. time.
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Figure 5.10. 1,3-PDO, 1,2-PDO, and 1-PrOH hydrogenolysis profiles: (a)- 1,3-PDO, (b)- 1-
PrOH, (¢)- 1,2-PDO.
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The result shows that the conversion of 1,2-PDO reached more than 97% in just 2 h of reaction
over Pt-0.7STA/B-zeolite (see Figure 5.10 (I)). The conversion of 1-PrOH and 1,3-PDO was
36.78 +£ 1.01% and 18.5 + 0.87%, respectively, after 5 h of reaction. The highest conversion of
1,2-PDO over Pt-0.7STA/B-zeolite catalyst was attributed to its highest Bronsted acidity.
Moreover, it also confirms that the rates of 1,2-PDO hydrogenolysis are higher over Pt-
0.7STA/B-zeolite catalysts compared to Pt-0.3STA/B-zeolite catalysts. Furthermore, these
results prove that 1,3-PDO is more stable compared to 1,2-PDO and 1-PrOH in the reaction
conditions. Both the PDOs converted to 1-PrOH (see Figure 5.10 (II)) with selectivity higher
than 75%. The yield of 1-PrOH was highest via the 1,2-PDO route, which confirms 1-PrOH
was largely produced via 1,2-PDO hydrogenolysis. The formation of others (see Figure 5.10
(IIT)) via 1,2-PDO hydrogenolysis was highest and the formation of gaseous product (see
Figure 5.10 (IV)) via 1-PrOH hydrogenolysis was highest after 5 h of reaction. The results over
Pt-0.7STA/B-zeolite catalyst followed the similar trend which was observed over Pt-0.3STA/B-

zeolite catalyst except that the reactant conversion was higher over former catalyst.

From the foregoing discussion, it is clear that the two catalysts viz. Pt-0.3STA/B-zeolite and Pt-
0.7STA/B-zeolite show a better performance in terms of 1,3-PDO yield or selectivity from
glycerol compared to catalysts formulated with other HPAs. Attributed to their higher
concentration of Bronsted acid sites, good Pt particle dispersion, small Pt crystal size, strong
electronic interaction between Pt and STA species, and hydrogen spillover, etc. (see chapter
4). These catalysts can be subjected to study the effect of reaction parameters such as
temperature, pressure, initial glycerol concentration, catalyst loading in reaction, platinum
loading in catalyst, and effect of reaction time. This study will help in carrying out the reaction
at those conditions, which will further improve the yield of 1,3-PDO from glycerol over these
catalysts. The next chapter will show the results obtained during a parametric study carried out

using these catalysts.
5.1.6 Mechanism of glycerol hydrogenolysis over Pt-HPA/B-zeolite catalyst

After carefully observing the effect of catalyst type and reaction conditions on hydrogenolysis
of glycerol, PDOs, and 1-PrOH, a probable reaction pathway may be derived as shown in
Figure 5.11 and Figure 5.12. Figure 5.11 shows the complete reaction mechanism involving all
possible products of glycerol hydrogenolysis, while Figure 5.12 shows the detailed steps
involved in the 1,3-PDO synthesis mechanism from glycerol. The previous reports claim that

the formation of PDOs proceeds via glycerol dehydration to either hydroxyacetone (acetol) or
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3-hydroxypropanal (3-HyPA) over acid catalyst followed by their respective hydrogenation to
1,2-PDO or 1,3-PDO by hydrogen atom concerted on metal sites [98].

The reaction proceeds via adsorption of glycerol molecule on the surface of HPA/B-zeolite (see
Figure 5.12 or route 1 of Figure 5.11), thereby forming an alkoxide species [111]. At the same
time, H, molecule splits into concerted H atoms upon adsorption over the surface of Pt metal.
The hydroxyl (-OH) group of glycerol binds with the proton (H") (oxygen lone pair binds with
proton) donated from Brensted acid sites of either STA or B-zeolite (in the case of Pt/B-zeolite)
catalyst surface. As this bonding (H" and ~OH group) is not affected by steric hindrance, H"
can bind with either terminal or central -OH group of glycerol to generate 1° or 2° carbocation
respectively after dehydration which releases H3O" (hydronium) species. In general, 2°
carbocation are more stable compared to the 1° carbocation. Moreover, 3-
hydroxypropionaldehyde (3-HPA) which proceeds via 2° carbocation, is kinetically more
favorable than hydroxyacetone or acetol, which forms via 1° carbocation [198]. Therefore, the
reaction progresses through protonation of 2° —OH group followed by its dehydration to
produce propene 1,3-diol (route 1 of Figure 5.11). This diol undergoes keto-enol
tautomerization due to instability and forms a stable 3-HPA. It is important to note that 3-HPA
is thermodynamically less stable than acetol [198]. Hence its quick hydrogenation to 1,3-PDO
is indeed important to avoid its further dehydration to acrylaldehyde or acrolein, which may
hydrogenate to 1-PrOH (blue color path in route 1 of Figure 5.11). The hydrogenation step
proceeds via the transfer of H atoms from Pt surface to the adsorbed 3-HPA molecule and
thereby producing 1,3-PDO. The formed 1,3-PDO may release from the catalyst surface by
acid hydrolysis, and the catalyst site will be available for the other molecule. Lastly, the proton
sites of STA or B-zeolite surface will be regenerated by the interaction of H3O" ions with its
conjugate base [45]. Therefore, in our case, Pt/B-zeolite catalyst produced less 1,3-PDO, and
catalyst Pt/0.3STA/B-zeolite produced more owing to their respective Bronsted acidic sites

(See Table 4.2).

Contrastingly, the 1,2-PDO formation occurs via Lewis acid sites. The terminal or middle
—OH group of glycerol can share their lone pair of electrons with the Lewis acid sites by
coordination bond. This coordination is affected by steric hindrance and therefore, the terminal
—OH group of glycerol can more easily coordinate with the Lewis acid sites than the middle
—OH group. Hence, the terminal —OH group of glycerol gets dehydrated by Lewis acid sites,
producing propene 1,2-diol on dehydration (route 2 of Figure 5.11). Due to instability, this diol

may undergo keto-enol tautomerization and form a stable molecule hydroxyacetone (acetol).
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The acetol upon hydrogenation yields 1,2-PDO via transfer of H atoms from the surface of
metallic Pt. The formed 1,2-PDO can be released from the catalyst surface by acid hydrolysis.
The catalyst site will be available for the other molecule to interact. Finally, the Lewis acid
sites of STA or B-zeolite surface gets regenerated by thermal dehydration of their hydrated
forms [45].

Furthermore, PDOs and 1-PrOH hydrogenolysis results revealed that both the PDOs could
further transform to 1-PrOH, ethanol, methanol, or some gaseous products (mostly 1-PrOH),
etc. in extreme hydrogenolysis reaction. The reaction mechanism in Figure 5.11 reveals the

possible pathway for the formation of such products.
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Figure 5.11. Complete reaction mechanism of glycerol hydrogenolysis over Pt-HPA/B-zeolite
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5.1.7 Comparison of observed glycerol hydrogenolysis results with reported

results

Table 5.1 compares the Pt/xSTA/B-zeolite (x=0.3 or 0.7) catalytic performance with those
reported in the literature for glycerol hydrogenolysis reaction. It is found that the selective
transformation of glycerol to 1,3-PDO via hydrogenolysis is still difficult and challenging. A
relatively high 1,3-PDO can be obtained by means of severe reaction conditions such as a high

reaction temperature, a high H» pressure, and a long residence/batch time, etc.

Table 5.1. Comparison of Pt/xSTA/B-zeolite catalytic performance with those reported in
literature

Entry Catalyst [01(;] [b}:ll‘] Batch time (S/i ) S 1[’(3)2: j) © Yl[’(f/'OP]DO Reference
1 Pt/m-WO; 180 | 55 12h 18 | 392 7.1 [86]
2 Pt/WOx 140 | 10 12h  [59.8| 363 | 21.7 [87]
3 Pt/Nb-WOx 160 | 50 12h  [403| 275 11.1 [90]
4 Pt/ALOs+HSiW 200 | 40 18 h 49 28 13.7 [85]
5 Pt-HSiW/mALOs | 200 | 40 15h  |60.5| 333 | 20.1 [95]
6 Pt-WOx/SiO 210 - 75h 426 25.8 11 [100]
7 Pt/WO,/TiO»/SiO> | 180 | 55 12h 153| 50.5 7.7 [105]
8 Pt/WO3/ZrO, 170 | 80 18h 85.8| 282 | 242 [73]
9 Pt/WO5/ZrO, 170 | 55 12h | 31.6]| 349 11 [61]
10 Pt/WO5/ZrO, 180 | 80 50h  [77.7] 219 | 23.1 [107]
11 Pt/WOx/ALO; 220 | 45 24h  [603| 31.2 18.8 [111]
12 Pt/WOx/ALO; 200 | 45 16 h 80.3| 38.5 | 309 [113]
13 | Pt-WOx/Si0-ALOs | 210 - 50 h 53 | 243 12.8 [104]
14 | Pt-WOx/SAPO-34 | 210 | 60 50h 48 | 188 9 [103]
15 | PYISWOX/H-ZSM-5 | 200 | 25 16h 17.3] 20.6 3.6 [115]
16 | Pt/0.3STA/B-zeolite | 220 | 50 5h 27.8| 35.0 9.7 | This work
17 | Pt/0.7STA/B-zeolite | 220 | 50 5h 304 | 42.0 12.8 | This work

Generally, a high glycerol conversion means a sacrifice of the 1,3-PDO selectivity. Moreover,
the higher batch time required for the reaction represents its slower nature (rates). However,

almost all of the studies reported the higher batch times as high as 75 h and as low as 12 h.

The Pt/WO3/Ti02/Si0; catalyst showed the highest 1,3-PDO selectivity of 50.5%. However,
the glycerol conversion was only 15.3% even after 12 h of reaction. 1,3-PDO selectivity over

our (Pt/xSTA/B-zeolite) catalytic systems (35 — 42%) is comparable to most of the catalytic
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systems reported in Table 5.1. In the case of 1,3-PDO yield, we have observed a moderate yield
of 1,3-PDO within 5 h of reaction. The longer reaction time (> 5 h) in our case has increased
the glycerol conversion, but the 1,3-PDO selectivity was decreased due to its over
hydrogenolysis. The glycerol hydrogenolysis study over WOx promoted zeolites (entry 14 and

15) also shows the superior performance of Pt/xSTA/B-zeolite catalyst compared to others.

5.1.8 Tabulated glycerol hydrogenolysis reaction results over all synthesized

catalysts

Table 5.2. Glycerol hydrogenolysis reaction results over different catalysts (synthesized)

Gly. Selectivity (%) i};l)d
Entry Catalyst Conver.
(%) 1,3-PDO | 1,2-PDO | 1-PrOH | Others | 1,3-PDO

1 B-Zeolite 8.7 0.0 15.0 12.9 63.8 0

2 0.3STA/B-Zeolite 3.8 0.0 0.0 17.2 73.8 0

3 Pt/B-Zeolite 15.1 5.0 34.8 355 16.8 0.8
4 Pt/0.07STA/B-Zeolite 17.6 17.0 14.1 44.1 18.5 3.0
5 Pt/0.1STA/B-Zeolite 18.3 18.0 10.4 48.1 16.2 33
6 Pt/0.2STA/B-Zeolite 22.7 20.3 8.2 47.2 18.5 4.6
7 Pt/0.3STA/B-Zeolite 24.9 31.0 10.4 37.1 15.5 7.7
8 Pt/0.4STA/B-Zeolite 29.3 22.0 13.0 41.0 17.6 6.5
9 Pt/0.5STA/B-Zeolite 35.1 21.0 12.2 40.0 20.5 7.4
10 Pt/0.6STA/B-Zeolite 34.1 20.2 15.5 38.1 18.2 6.9
11 Pt/0.7STA/B-Zeolite 26.8 38.8 8.1 35.1 13.8 10.4
12 Pt/0.8STA/B-Zeolite 24.8 29.2 13.0 35.1 14.9 7.2
13 Pt/1.0STA/B-Zeolite 20.1 232 15.1 38.1 16.3 4.7
14 Pt/1.5STA/B-Zeolite 14.9 224 16.6 38.6 15.0 3.3
15 Pt/2.3STA/B-Zeolite 12.5 20.6 18.0 39.1 15.9 2.6
16 Pt/4.0STA/B-Zeolite 13.6 222 14.0 40.2 17.0 3.0
17 Pt/9.0STA/B-Zeolite 16.4 21.6 15.1 37.2 16.4 3.6
18 Pt/STA 19.9 23.6 14.9 37.4 14.8 4.7
19 Pt/0.3PTA/B-Zeolite 26.9 24.1 9.4 40.1 18.9 6.5
20 Pt/0.3PMA/B-Zeolite 19.9 14.5 19.9 41.7 17.2 2.9
21 Pt/0.7PTA/B-Zeolite 29.2 28.5 11.4 37.6 17.0 8.3
22 Pt/0.7PMA/B-Zeolite 21.1 16.0 12.4 45.8 19.8 34

Reaction condition: 80 ml aqueous solution of 5 wt% glycerol in 100 ml autoclave, 2 g of catalyst, stirring at 800
rpm, 220 °C, 40 bar H», 5 h.

Table 5.2 compares the catalytic performance of all synthesized catalysts for hydrogenolysis

of glycerol reaction. The result shows that the addition of STA to Pt/B-zeolite catalyst improves
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the glycerol conversion. The glycerol conversion was increased up to 0.5 STA to B-zeolite
ratio. Further addition of STA resulted in decreased glycerol conversion due to a decrease in
total acidity. Moreover, 1,3-PDO was not formed over B-zeolite or STA/B-zeolite, but Pt/B-
zeolite showed some selectivity for 1,3-PDO, which was further improved after the addition of

STA to it.

The addition of STA to Pt/B-zeolite catalyst increased the 1,3-PDO selectivity up to 0.3 STA
to B-zeolite ratio. Beyond this loading, the 1,3-PDO selectivity was decreased. However, the
Pt/0.7STA/B-zeolite catalyst showed the highest 1,3-PDO selectivity due to its highest

Brensted to Lewis acidity ratio in the entire series of synthesized catalysts.

Additionally, we have also studied the glycerol hydrogenolysis over Pt/B-zeolite catalyst
supported by other heteropolyacids (phosphotungstic, phosphomolybdic acid). The result
shows that the catalyst containing phosphomolybdic acid has performed poorer than

phosphotungstic acid-containing catalysts (see entries 19 to 22).

Lastly, the highest yield of 1,3-PDO was observed over Pt/0.7STA/B-Zeolite catalyst (10.4%)
followed by Pt/0.7PTA/B-Zeolite catalyst (8.3%) and Pt/0.3STA/B-Zeolite catalyst (7.7%).

5.2 Conclusion

The glycerol hydrogenolysis over different synthesized catalysts showed the potential of STA
as a promotor to Pt-B-zeolites (Si/Al=300) to increase glycerol conversion and 1,3-PDO
selectivity. The catalyst B-zeolite has shown some activity towards glycerol; however, the
product of interest (1,3-PDO) was not formed. Adding Pt to B-zeolite catalyst has shown some
selectivity towards 1,3-PDO, and the addition of STA further improved this. This confirms that
Pt and STA are both important in a catalyst for glycerol transformation to 1,3-PDO. The
addition of STA increased the total acidity of the B-zeolite catalyst, which helped in improving
glycerol conversion. The glycerol conversion was increased from 15.06% to 37.58% in 5 h
with an increase in STA to B-zeolite ratio from 0 to 0.5. Further increase in STA to B-zeolite
ratio from 0.6 to 2.33 showed the decrease in glycerol conversion from 34.14% to 12.46%. The
total acidity correlation with glycerol conversion showed a direct relationship. The glycerol
conversion increased with an increase in total acidity and decreased with a decrease in the
catalyst's total acidity. At STA to B-zeolite ratio 4.0 or higher, the glycerol conversion again

increased despite a decrease in total acidity due to an increase in HxWO3 species, which acts
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as a Brensted acid site. The catalyst Pt—0.7STA/B-zeolite with tungsten surface density 3.6
atoms nm? offered the highest 1,3-PDO selectivity up to 38.8% in 5 h, and the catalyst Pt—
0.3STA/B-zeolite with tungsten surface density 1.6 atoms nm™ has offered the second-highest
1,3-PDO selectivity up to 31.04% in 5 h. The 1,3-PDO selectivity was found to improve at
least 7 times and its productivity increased 14 times (over Pt—0.7STA/B-zeolite) compared to
Pt/B-zeolite, which is due to the large concentration of Brensted acid sites of Ho.53WO3 species
with appropriate acid amounts, strong electronic interaction between Pt and STA species, and
hydrogen spillover. The reusability study revealed that the catalysts were reusable even after

the 4" run and has given nearly comparable results to the fresh catalyst.

The correlation between Brensted acidity and 1,3-PDO yield also confirms that the Bronsted
acid sites do favor the formation of 1,3-PDO. Concurrently, the highest yield of 1,2-PDO was
obtained over a catalyst with no STA (Pt/B-zeolite). This may be attributed to a large
concentration of Lewis acid sites, the absence of strong acid sites, and a lower amount of total
acidic sites. The TOF results revealed that the catalyst Pt/B-zeolite showed the highest value
for TOF despite the low Pt dispersion compared to STA promoted catalysts. However, the STA
promoted catalysts offered the higher 1,3-PDO selectivity and productivity compared to the
Pt/B-zeolite catalyst.

The catalytic performance of heteropolyacids (HPAs) modified Pt/B-zeolite catalysts revealed
that STA containing catalyst showed the highest 1,3-PDO selectivity compared to other
catalysts. Attributed to its high thermal stability and large Bronsted acidity compared to PTA
and PMA containing catalysts. The hydrogenolysis of other substrates showed that 1,3-PDO is
more stable in the reaction environment compared to 1,2-PDO or 1-PrOH. It implies that
compounds like 2-PrOH, ethanol, methanol, or part of 1-PrOH, etc., would have formed mainly
via 1,2-PDO. Additionally, the results also indicate that part of 1-PrOH would have directly
formed via acrolein due to its appearance since the start of the reaction. Finally, a possible
reaction mechanism was proposed after carefully observing the trends in the formation of

reaction products and the independent studies on the hydrogenolysis of respective products.
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Chapter 6:

EFFECT OF REACTION
PARAMETER/CONDITION ON THE
KINETICS

The performance evaluation of STA (HPA) promoted catalysts in Chapter 5 revealed that the
two catalysts viz. Pt-0.3STA/B-zeolite and Pt-0.7STA/B-zeolite have shown the highest
selectivity for 1,3-PDO from glycerol. This chapter presents the results of studies on the effect
of reaction parameters such as temperature, pressure, initial glycerol concentration, catalyst

loading in reaction, platinum loading in catalyst, and effect of reaction time.

6.1 Summary results of parametric study over Pt-

0.3STA/B-zeolite catalyst

The details of the parametric study conducted over Pt-0.3STA/B-zeolite catalyst is provided in
the following sections (see section 6.3). Here, the results are summarized in Table 6.1. The
effect of the parameters was studied, taking the conditions of row 2 as the base case — reaction
time (rows 1-3), temperature (rows 2,4, and 5), glycerol concentration (rows 2 and 6), hydrogen
pressure (rows 2,7, and 8), catalyst loading (rows 2, 9, and 10) and Pt loading in the catalyst
(rows 2, 11, and 12). The results in Table 6.1 show that the batch reaction time has a significant
impact on the product distribution. At the longer reaction times, the glycerol conversion was
found to increase together with increase in the selectivity of 1-PrOH, others and gaseous
products, but the selectivity of propanediols was decreased. This is attributed to the over
hydrogenolysis of PDOs. It is thus necessary to also restrict the reaction time to typically less

than or equal to 5 hrs under the conditions of interest (see rows 1-3).
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Table 6.1. Reaction parameter study for glycerol hydrogenolysis reaction over Pt-0.3STA/p-
zeolite (quantitative)

Initial reaction| Reactant . Carbon
. Product selectivities
rates conversion| Balance
Reaction/catalyst Parameters (Creasured/
(mol gear!
i) Glycerol | 1,3-PDO | 1,2-PDO |1-PrOH|Others| gases | Creacted)
*100
220 °C, 40 bar Hz, 10 min, 2
g of 5 wt% Pt cat, 5 wt% gly| 1.86E-05 1.3 37.1 21.3 | 383 |33 0.1 99.9
aqueous solution
220 °C, 40 bar Hz, 5 h, 2 g of]
5 wt% Pt cat, 5 wt% gly 1.86E-05 249 31.0 104 | 37.1 |15.5] 6.0 | 94.0
aqueous solution
220°C,40 bar H2, 16 h,2 g
of 5 wt% Pt cat, 5 wt% gly | 1.86E-05 60.0 25.7 6.5 35.8 |143|17.7| 82.3
aqueous solution
200 °C, 40 bar Hz, 5 h, 2 g of]
5 wt% Pt cat, 5 wt% gly 8.80E-06 12.5 342 145 | 33.8 |12.4| 5.1 94.9
aqueous solution
240 °C, 40 bar Hz, 5 h, 2 g of]
5 wt% Ptcat, 5 wt% gly | 2.34E-05 32.2 9.0 4.1 23.7 [26.9|36.3| 63.7
aqueous solution
220 °C, 40 bar Hz, 5 h, 2 g of|
5 wt% Pt cat, 30 wt% gly | 2.74E-05 34.8 21.9 7.9 33.0 |123.0|14.2| 85.8
aqueous solution
220°C,10 bar H2, 5h,2 g
of 5 wt% Pt cat, 5 wt% gly | 1.30E-05 16.6 14.4 269 | 364 [16.7| 5.6 | 94.4
aqueous solution
220 °C,50 bar H2, 5h,2 g
of 5 wt% Pt cat, 5 wt% gly | 2.00E-05 27.8 35.0 9.1 32.7 |15.0] 8.2 | 91.8
aqueous solution
220 °C, 40 bar H2, 5 h, 1 g of
5 wt% Pt cat, 5wt% gly | 1.14E-05 15.2 20.7 16.7 | 36.1 |21.1| 53 | 94.7
aqueous solution
220 °C, 40 bar Hz, 5 h, 3 g of
5 wt% Pt cat, 5wt% gly | 2.20E-05 304 21.5 8.2 40.0 |18.5|11.8]| 88.2
aqueous solution
220 °C, 40 bar Hz, 5 h, 2 g of
2.5 wt% Pt cat, 5 wt% gly | 1.10E-05 16.7 20.6 17.0 | 39.2 [16.0] 7.2 | 92.8
aqueous solution
220 °C, 40 bar H2, 5 h, 2 g of
10 wt% Pt cat, 5 wt% gly | 2.18E-05 274 25.6 9.3 39.1 |16.9] 9.1 90.9

aqueous solution
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The increase in reaction temperature beyond 220 °C, while it increases the rate of glycerol
conversion, is undesirable from a 1,3-PDO selectivity point of view. The increase in
temperature results in the formation of degradation and gaseous products with their combined
selectivity > 63%. On the contrary, a decrease in reaction temperature adversely affects
glycerol conversion rate but the 1,3-PDO selectivity increases. Hence, the desired temperature

range 1s 200-220 °C (see rows 2,4, and 5).

Another important parameter is the concentration of glycerol in the aqueous phase. We found
that an increase in glycerol concentration increases the reaction rate but at the cost of higher
formation of “others” and gaseous products. A glycerol concentration of 5% w/w in water was
found to be optimal (see rows 2 and 6). The detailed reaction kinetics will throw more light on
this aspect and would help one to optimize the concentration for industrial exploitation of the

reaction.

An increase in reaction (hydrogen) pressure was advantageous for both glycerol conversion
rates and 1,3-PDO selectivity. The conversion was increased to 27.8% and 1,3-PDO selectivity
to 35% when the pressure was raised from 40 to 50 bar H> under otherwise similar conditions
(see rows 2,7, and 8). Thereby reducing the formation of 1,2-PDO and 1-PrOH. Further
increases in reaction pressure may also be helpful but were not explored in this study due to
equipment limitations. Contrary, a decrease in hydrogen pressure to 10 bar reduced the glycerol
conversion to 16.6% and 1,3-PDO selectivity to 14.4%. Followed by a considerable increase

in 1,2-PDO selectivity under otherwise similar conditions (see rows 2,7, and 8).

An increase in catalyst loading resulted in an increased glycerol conversion rate, but again, 1,3-
PDO selectivity decreased considerably. The increase in the catalyst amount in the reaction
mixture resulted in a notable increase in 1-PrOH and gaseous products due to the over-
hydrogenolysis of PDOs. Conversely, decreasing the catalyst loading resulted in lesser glycerol
conversion rates, and 1,3-PDO selectivity also decreased significantly. Therefore, a catalyst

loading of 2 g seems optimal to obtain the best yield towards 1,3 PDO (see rows 2, 9, and 10).

We also found an optimum in the platinum loading on the catalyst for a given total catalyst
loading in the mixture. At higher Pt loading, the formation of 1-PrOH and gaseous products
were enhanced with higher glycerol conversion rates, while at lower Pt loading, 1,2-PDO
formation was promoted with reduced glycerol conversion rates (see rows 2, 11, and 12).
Therefore, platinum loading of 5 wt% in a catalyst was found to be ideal in order to get

maximum yield towards 1,3-PDO.
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6.2 Summary results of parametric study over Pt-

0.7STA/B-zeolite catalyst

Table 6.2 summarizes the results of the effect of parameters on glycerol hydrogenolysis
reaction using Pt-0.7STA/B-zeolite catalyst. The detailed parametric study results observed are
discussed in the following section (see section 6.3). The results over Pt-0.7STA/B-zeolite
catalyst show nearly a similar trend as we have observed over Pt-0.3STA/B-zeolite catalyst
(See Table 6.1). The effect of the following parameters was studied, taking the conditions of
row 2 as the base case — reaction time (rows 1-3), glycerol concentration (rows 2 and 4),
hydrogen pressure (rows 2, 5, and 6), temperature (rows 2, 7, and 8), Pt loading in the catalyst
(rows 2, 9, and 10), and catalyst loading (rows 2, 11, and 12).

The parametric study results show that the batch reaction time has a significant impact on
glycerol conversion and product distribution. At the longer reaction times, the glycerol
conversion was found to increase to 63.5%, but the selectivity to others and gases has increased
and the selectivity to propanediols was decreased. This is attributed to the over hydrogenolysis
of PDOs. On the other hand, at the lower reaction times, the 1,3-PDO selectivity was increased
to 44.7%, but the glycerol conversion was found to decrease to 1.3%. It is thus necessary to
restrict the reaction time to typically less than or equal to 5 hrs under the conditions of interest

(see rows 1-3).

The effect of glycerol concentration in the reaction mixture showed that the increase in glycerol
concentration increases the rate of reaction. We found that an increase in glycerol concentration
to 30% w/w increases the rate of reaction roughly by 41% but at the cost of higher formation
of “others” and “gaseous products.” The higher glycerol concentration adversely affects the
1,3-PDO selectivity. Therefore, a glycerol concentration of 5% w/w in water was found to be
optimal (see rows 2 and 4).

Table 6.2: - Summarized results from a parametric study of glycerol hydrogenolysis
reaction over Pt-0.7STA/B-zeolite catalyst

Initial reaction| Reactant . Carbon
. Product selectivities
rate conversion Balance
Reaction/catalyst C ;
Parameters measured
(mol gea! h)| Glycerol | 1,3-PDO | 1,2-PDO | 1-PrOH| Others |gaseous Creacted)
*100
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220 °C, 40 bar Hz, 10 min, 2
g of 5 wt% Pt cat, 5 wt% gly|
aqueous solution

1.95E-05

1.3

44.7

12.8

35.7

5.8

0.9

99.1

220°C,40bar H2,5h,2 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

1.95E-05

26.8

38.8

8.1

35.1

13.8

4.3

95.7

220°C,40 bar H>,16 h,2 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

1.95E-05

63.5

31.1

4.6

34.7

16.2

13.4

86.6

220°C,40bar H2,5h,2 g
of 5 wt% Pt cat, 30 wt% gly
aqueous solution

3.01E-05

37.7

294

6.7

27.1

19.0

17.8

82.2

220°C,10 bar H2, 5h,2 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

1.13E-05

18.5

12.3

30.8

36.1

15.7

5.1

94.9

220°C,50 bar Hz, 5h,2 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

2.01E-05

30.4

42.0

7.9

27.0

15.1

8.0

92.0

200°C,40 bar H2,5h,2 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

1.14E-05

17.8

41.7

10.1

333

11.9

3.0

97.0

240 °C,40 bar H2, 5h,2 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

2.73E-05

33.9

8.2

3.5

22.2

24.6

41.4

58.6

220°C,40bar H2,5h,2 g
of 2.5 wt% Pt cat, 5 wt%
gly aqueous solution

1.18E-05

17.2

22.7

16.9

36.2

18.0

6.2

93.8

220°C,40bar H2,5h,2 g
of 10 wt% Pt cat, 5 wt%
gly aqueous solution

2.13E-05

30.3

254

7.1

40.2

18.9

8.4

91.6

220°C,40bar H2,5h,1 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

1.27E-05

18.1

23.0

18.6

38.1

17.2

3.1

96.9

220 °C,40 bar H2, 5h,3 g
of 5 wt% Pt cat, 5 wt% gly
aqueous solution

2.78E-05

323

29.1

5.9

41.1

15.8

8.1

91.9

An increase in initial reaction (hydrogen) pressure was found to be beneficial for both 1,3-PDO
selectivity and glycerol hydrogenolysis rates. The glycerol conversion was increased to 30.4%
and 1,3-PDO selectivity was increased to 42.0% when the pressure was raised from 40 to 50
bar Hz under otherwise similar conditions. Thereby reducing the formation of 1,2-PDO and 1-
PrOH. Further increases in reaction pressure may also be helpful but were not explored in this

study due to apparatus limitations. On the contrary decrease in reaction pressure to 10 bar has
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reduced the glycerol conversion to 18.5% and 1,3-PDO selectivity to 12.3%, resulting in an
increase in selectivity of 1,2-PDO to 30.8% and 1-PrOH to 36.1%. Hence, for higher 1,3-PDO

selectivity, the Hy pressure of 40 bar or higher is recommended (see rows 2, 5, and 6).

The temperature effects revealed that an increase in reaction temperature above 220 °C
increases the rate of glycerol hydrogenolysis, but it is undesirable from a 1,3-PDO selectivity
point of view. The temperature of 240 °C increased the glycerol conversion to 33.9%, but the
1,3-PDO selectivity was only 8.2%. The higher temperature results in the formation of
degradation and gaseous products via over-hydrogenolysis with their combined selectivity >
66%. Whereas the decrease in reaction temperature adversely affects glycerol hydrogenolysis
rate but the 1,3-PDO selectivity increases. At 200 °C the 1,3-PDO selectivity was 41.7% with
17.8% glycerol conversion. Hence, the desired temperature range appears to be 200-220 °C

(see rows 2, 7, and 8).

An increase in the platinum amount over a catalyst for a given total catalyst loading in the
reaction mixture resulted in an increased glycerol hydrogenolysis rate. However, the 1,3-PDO
selectivity decreased considerably, for 10 wt% Pt loading 1,3-PDO selectivity was 25.4% with
30.3% glycerol conversion. At higher Pt loading, the formation of 1-PrOH, others, and gaseous
products were enhanced with higher glycerol hydrogenolysis rates, while at lower Pt loading,
1,2-PDO formation was promoted with reduced glycerol conversion rates. For 2.5 wt% Pt
loading 1,3-PDO selectivity was 22.7% with 17.2% glycerol conversion (see rows 2, 9, and
10).

In the case of catalyst loading in a reaction mixture, we have found that an increase in catalyst
loading increases the glycerol hydrogenolysis rates, but again, 1,3-PDO selectivity decreased
considerably. The increase in the catalyst amount in the reaction mixture resulted in a notable
increase in 1-PrOH and gaseous products due to the over-hydrogenolysis of PDOs. At higher
catalyst loading, the conversion of glycerol was 32.3% with 29.1% 1,3-PDO selectivity.
Conversely, decreasing the catalyst loading resulted in lesser glycerol hydrogenolysis rates,
and 1,3-PDO selectivity also decreased significantly. At lower catalyst loading, the conversion
of glycerol was 18.1% with 23.0% 1,3-PDO selectivity. Therefore, a catalyst loading of 2 g
seems optimal to obtain the best yield towards 1,3 PDO (see rows 2, 11, and 12).

The following section shows the detailed study on the effect of reaction/catalyst parameter on

glycerol hydrogenolysis reaction over Pt-0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts.
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6.3 Detailed parametric study over Pt-0.3STA/B-zeolite and
Pt-0.7STA/B-zeolite catalysts

6.3.1 Effect of reaction temperature on glycerol hydrogenolysis over Pt-

0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts

In the literature, a wide range of temperatures ranging from 110 °C [199] to 315 °C [128] has
been tried for glycerol conversion. The experiments were performed at temperatures varying
from 140-240 °C, to determine the effective temperature for glycerol hydrogenolysis over
STA-promoted catalysts with an initial hydrogen pressure of 40 bar and reaction time of 5 h.
The glycerol hydrogenolysis reaction was not even initiated at 140, 150, 160, 170, 180, and
190 °C over both catalysts. Hence, the reaction was studied at a temperature of 200 °C and
higher. The results over Pt-0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts are given in
Figure 6.1 and Figure 6.2, respectively. Here, each figure represents the effect of temperature
on (I) glycerol conversion, (II) 1,3-PDO selectivity, (III) 1,2-PDO selectivity, (IV) 1-PrOH
selectivity, (V) other selectivity, and (VI) gaseous products selectivity vs. time/conversion.
Additionally, (a), (b), (c), and (d) in each figure show the results of the reaction study at 200
°C, 210 °C, 220 °C, and 240 °C respectively.

The glycerol hydrogenolysis results over both the catalysts show that the glycerol conversion
increases with an increase in reaction temperature. In the case of Pt-0.3STA/B-zeolite catalyst,
the glycerol conversion was 12.51% at 200 °C; it was increased to 18.19% at 210 °C, then again
to 24.88% at 220 °C, and finally, it was 32.19% at 240 °C (See Figure 6.1 (I)). While in the
case of Pt-0.7STA/B-zeolite catalyst, the glycerol conversion was 17.81% at 200 °C, it was
increased to 21.96% at 210 °C, then again to 26.76% at 220 °C, and finally, it was 33.88% at
240 °C (See Figure 6.2 (I)). It can be observed that temperature has favorable effects on glycerol

conversion, as shown in previous reports [105,117,118].

The selectivity of 1,3-PDO decreased with an increase in reaction temperature. After 5 h of
reaction, the selectivity to 1,3-PDO over Pt-0.3STA/B-zeolite catalyst was 34.25% at 200 °C,
which was reduced to 33.02% at 210 °C, then to 31.04% at 220 °C, and lastly to 9.02% at 240
°C (See Figure 6.1 (II)). The 1,3-PDO selectivity over Pt-0.7STA/B-zeolite catalyst was
41.72% at 200 °C, which was reduced to 40.48% at 210 °C, then to 38.81% at 220 °C, and to
8.2% at 240 °C (See Figure 6.2 (II)). Literature also shows that temperature has an adverse
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effect on 1,3-PDO selectivity [92,105,117]. 1,2-PDO selectivity over Pt-0.3STA/B-zeolite

catalyst after 5 h of reaction was 14.50% at 200 °C, which was reduced to 12.98% at 210 °C,
10.37% at 220 °C and lastly to 4.15% at 240 °C (See Figure 6.1 (III)).
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Figure 6.1. Effect of reaction temperature on: (I) glycerol conversion, (II) 1,3-PDO selectivity,
(III) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous products
selectivity vs. time/conversion over Pt-0.3STA/B-zeolite. Here, (a) 200 °C, (b) 210 °C, (¢) 210 °C,
(d) 240 °C.
Additionally, the selectivity of 1,2-PDO over Pt-0.7STA/B-zeolite catalyst after 5 h of reaction
was 10.10% at 200 °C, which was reduced to 9.17% at 210 °C, then to 8.07% at 220 °C and to
3.48% at 240 °C (See Figure 6.2 (III)). Zhu et al. [117] found that the 1,2-PDO selectivity

decreases monotonically with an increase in temperature due to its over hydrogenolysis at

higher temperatures [117]. The selectivity to 1-PrOH after 5 h over Pt-0.3STA/B-zeolite
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catalyst was 33.76% at 200 °C, it was increased to 35.05% at 210 °C, then to 37.13% at 220
°C, and then it was decreased to 23.71% at 240 °C (See Figure 6.1 (IV)). While over Pt-
0.7STA/B-zeolite catalyst, it was 33.27% at 200 °C, 34.02% at 210 °C, 35.07% at 220 °C, and
lastly, it was decreased to 22.25% at 240 °C (See Figure 6.2 (IV)).
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Figure 6.2. Effect of reaction temperature on: (I) glycerol conversion, (II) 1,3-PDO selectivity,
(III) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous products
selectivity vs. time/conversion over Pt-0.7STA/B-zeolite. Here, (a) 200 °C, (b) 210 °C, (¢) 210 °C,
(d) 240 °C.
At 240 °C, the selectivity for 1-PrOH was decreased because of its conversion into degradation
and gaseous products. The increase in temperature shows an increase in 1-PrOH selectivity

except for 240 °C. The results are in line with the reported results [105,117,118]. Regarding

the other liquid products (others) selectivities, it increased slightly with an increase in reaction
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temperature from 200 to 220 °C and increased considerably at a temperature of 240 °C. Others
selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 12.43% at 200 °C, which
was increased to 13.86% at 210 °C, then to 15.47% at 220 °C, and 26.86% at 240 °C (See
Figure 6.1 (V)). Whereas the catalyst Pt-0.7STA/B-zeolite showed others selectivity as 11.93%
at 200 °C, it was increased to 12.62% at 210 °C, then to 13.77% at 220 °C, and finally to 24.63%
at 240 °C (See Figure 6.2 (V)).

Finally, the gaseous products selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst
was 5.07% at 200 °C, which was 5.09% at 210 °C, then 5.99% at 220 °C, and it was 36.27% at
240 °C (See Figure 6.1 (VI)). Its selectivity over Pt-0.7STA/B-zeolite catalyst was 2.97% at
200 °C, then 3.71% at 210 °C and 4.28% at 220 °C it was 41.43% at 240 °C (See Figure 6.2
(VD). The gaseous product selectivity was slightly increased when the temperature was raised
from 200 to 220 °C. However, it increased to a great extent when the temperature was further

raised from 220 to 240 °C.

The increase in the selectivities for others and gaseous products were attributed to the fact that
the higher temperature facilitated the C—C bond cleavage, leading to the formation of lower
alcohols like ethanol, methanol, propane, ethane, etc. [136]. Accordingly, lowering the reaction
temperature favors the propanediols (PDOs) selectivity, which may be due to the lower
conversion of the substrate as well as the reduced over-hydrogenolysis of PDOs. Furthermore,
the elevated temperature has also produced gaseous products like propane, ethane, methane,
etc. Their combined selectivity obtained through mass/carbon balance has varied between 5-
10% for a temperature up to 220 °C. However, a reaction temperature of 240 °C has increased
both the degradation products such as ethanol, methanol and gaseous products; their combined
selectivity was > 63%. Hence, further investigation was performed at 220 °C as the reaction
temperature. Amada and coworkers [63] have observed similar results for activity and 1,3-PDO
selectivity over Ir-ReOx/SiO; catalyst. They reported that lower glycerol hydrogenolysis
temperature is beneficial to produce 1,3-PDO with higher selectivity. However, the activity of
the reaction is lower. Huang et al. [96] have reported that the temperature above 230 °C for
glycerol hydrogenolysis over Cu-HsSiW12040/Si0O2 catalyst has resulted in a significant

increase of degradation products selectivities such as ethyl glycol, ethanol, and methane, etc.
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6.3.2 Effect of initial hydrogen pressure on glycerol hydrogenolysis over Pt-
0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts

Experiments were performed to study the effect of initial hydrogen (H2) pressure on the
glycerol hydrogenolysis reaction over best-performing catalysts. The results over Pt-0.3STA/f-
zeolite and Pt-0.7STA/B-zeolite catalysts are given in Figure 6.3 and Figure 6.4, respectively.
The experiments were carried out at three different H, pressures, namely 10 bar, 40 bar, and
50 bar. Figure 6.3 and Figure 6.4 show the effect of initial Hy pressure on (I) glycerol
conversion, (II) 1,3-PDO selectivity, (III) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V)
others selectivity, and (VI) gaseous products selectivity vs. time/conversion. Here, (a), (b), and

(c) in each figure stands for the reaction studied at 10 bar, 40 bar, and 50 bar, respectively.

The result shows that the increase in initial H pressure favors the glycerol conversion. After 5
h of reaction over Pt-0.3STA/B-zeolite catalyst, the glycerol conversion was 16.58% at 10 bar,
increased to 24.88% at 40 bar, and further increased to 27.83% at 50 bar H» pressure (See
Figure 6.3 (I)). On the other hand, the conversion over Pt-0.7STA/B-zeolite catalyst was
18.52% at 10 bar, 26.76% at 40 bar, and 30.4% at 50 bar H; pressure (See Figure 6.4 (I)). This
is attributed to the higher concentration of protons and hydride ions which are formed from the
heterolytic dissociation of H> molecule over the hydrogenation metal at higher H> pressures.
The protons and hydride ions are involved in the activation of glycerol molecules [199]. Similar

effects were also reported in the literature [105,113,117,118,200].

The increase in pressure has a positive impact on the 1,3-PDO selectivity. It increased
significantly with increased hydrogen pressure from 10 to 40 bar and increased slightly at 50
bar. The 1,3-PDO selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was
14.39% at 10 bar, which was increased to 31.04% at 40 bar. Moreover, it has further increased
to 35.03% at 50 bar (See Figure 6.3 (II)). Whereas, trends in selectivity over Pt-0.7STA/B-
zeolite catalyst was 12.28% at 10 bar, 38.81% at 40 bar, and 41.97% at 50 bar initial H pressure
(See Figure 6.4 (II)). The increase in 1,3-PDO selectivity with an increase in H> pressure is
attributed to the increased amount of active hydrogen species, which increased the

hydrogenation of 3-hydroxypropanal to 1,3-PDO.

Trends in 1,2-PDO selectivity revealed that the increase in initial H> pressure had decreased
the 1,2-PDO selectivity considerably. 1,2-PDO selectivity after 5 h over Pt-0.3STA/B-zeolite
catalyst was 26.88% at 10 bar, which was reduced to 10.37% at 40 bar and then remains nearly
constant as 9.1% at 50 bar H> (See Figure 6.3 (III)). Whereas 1,2-PDO selectivity over Pt-
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0.7STA/B-zeolite catalyst was 30.8% at 10 bar, it was 8.07% at 40 bar and 7.94% at 50 bar H>
(See Figure 6.4 (II1)). Zhu et al. [92] reported that an increase in initial hydrogen pressure
increases the selectivity for 1,3-PDO while the selectivity for 1,2-PDO was decreased gradually
with an increase in pressure except at higher H> pressure. Our results are in agreement with
theirs. Additionally, Huang et al. [96] reported that the positive impact of initial H pressure
on 1,3-PDO selectivity is partly due to the thermodynamic limitation of acetol and 3-

hydroxypropanal hydrogenation.
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Figure 6.3. Effect of initial hydrogen (H:) pressure on: (I) glycerol conversion, (IT) 1,3-PDO
selectivity, (IIT) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.3STA/B-zeolite, where (a) 10 bar, (b) 40 bar,
(¢) 50 bar.
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Glycerol conversion vs time 1,3-PDO selectivity vs conversion
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Figure 6.4. Effect of initial hydrogen (H:) pressure on: (I) glycerol conversion, (IT) 1,3-PDO
selectivity (I1I) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.7STA/B-zeolite, where (a) is 10 bar, (b) is 40
bar, (¢) is 50 bar.

The 1-PrOH selectivity was nearly constant with an increase in pressure over both the catalysts
and decreased slightly at higher pressure. Gong et al. [105] and Zhu et al. [92] have reported
similar results; however, they haven’t stressed on the decrease in the selectivity of 1-PrOH.
The obtained 1-PrOH selectivity after 5 h over Pt-0.3STA/B-zeolite catalyst was 36.39% at 10
bar. It was 37.13% at 40 bar, while it was decreased to 32.7% at 50 bar (See Figure 6.3 (IV)).
While, 1-PrOH selectivity over Pt-0.7STA/B-zeolite catalyst was 36.1% at 10 bar, 35.07% at
40 bar, and it was 27.02% at 50 bar (See Figure 6.3 (IV)). The decrease in the selectivity of 1-
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PrOH was due to increased selectivity of 1,3-PDO at higher pressures which will eventually

reduce the overall selectivity of all the other products.

Selectivity for other liquid products (others) didn’t show a significant change with an increase
in pressure. The others selectivity after 5 h over Pt-0.3STA/B-zeolite catalyst was 16.71% at
10 bar, 15.47% at 40 bar, and 14.96% at 50 bar (See Figure 6.3 (V)). Others selectivity over
Pt-0.7STA/B-zeolite catalyst was 15.71% at 10 bar, 13.77% at 40 bar, and 15.07% at 50 bar
(See Figure 6.4 (V)). Lastly, regarding the gaseous products selectivities, it was also nearly
constant with pressure except for 50 bar where it was slightly increased. After 5 h over Pt-
0.3STA/B-zeolite catalyst, the gaseous products selectivity was 5.64% at 10 bar, 5.99% at 40
bar, and 8.22% at 50 bar (See Figure 6.3 (VI)). Its selectivity over Pt-0.7STA/B-zeolite catalyst
was 5.11% at 10 bar, 4.28% at 40 bar, and 7.99% at 50 bar (See Figure 6.4 (VI)). These results
suggest that the effect of initial H> pressure on the selectivities of others and gaseous products

over both catalysts was very small or negligible.

6.3.3 Effect of Platinum (Pt) loading on glycerol hydrogenolysis over Pt-
0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts

The experiments were performed to study the effect of platinum loading on the glycerol
hydrogenolysis reaction over Pt-0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts. The
experiments were performed with three different platinum loadings, viz. 2.5 wt%, 5 wt%, and
10 wt% at standard reaction conditions. Figure 6.5 and Figure 6.6 illustrates the glycerol
hydrogenolysis results obtained with different platinum content in the catalysts on (I) glycerol
conversion, (II) 1,3-PDO selectivity, (III) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V)
others selectivity, (VI) gaseous products selectivity vs. time/conversion. Here, (a), (b), and (c)
stands for the reaction studied with catalysts containing 2.5 wt% Pt, 5 wt% Pt, and 10 wt% Pt,

respectively.

The result shows that the increase in the platinum loading has gradually increased the glycerol
conversion, the glycerol conversion after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was
16.73% with 2.5 wt% Pt, it was increased to 24.88% with 5 wt% Pt, and finally, it was increased
to 27.38% with 10 wt% Pt (See Figure 6.5 (I)). The glycerol conversion over Pt-0.7STA/B-
zeolite catalyst was 17.23% with 2.5 wt% Pt. It was 26.76% with 5 wt% Pt and 30.3% with 10
wt% Pt (See Figure 6.6 (I)). The increase in Pt loading from 2.5 to 5 wt% showed a positive

impact on selectivity of 1,3-PDO, but further increase in Pt loading reduced its selectivity. The

113



1,3-PDO selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 20.60% with
2.5 wt% Pt, which increased to 31.04% with 5 wt% Pt, and then reduced to 25.63% with 10
wt% Pt (See Figure 6.5 (II)). 1,3-PDO selectivity over Pt-0.7STA/B-zeolite catalyst was
22.73% with 2.5 wt% Pt, which increased to 38.81% with 5 wt% Pt, and it was 25.41% with
10 wt% Pt (See Figure 6.6 (I1)).

(I) Glycerol conversion vs time (II) 1,3-PDO selectivity vs conversion
@ Pt/0.35TA/Bzeolite @ Pt/0.3STA/Bzeolite
*(a) Ab) () *(a) Ab) H(c)
30 40
4
A
25 u A A A
A A
— s %0 ® A
£ 20 = % . = . = = g
g 2] * *
2 A * 2 0| ¢
§ n ¢ 2
g A * "y
=] -
o 10 A -
. . 10 |
3 .
[ ) 0 T v : T T
O oteer ] T ) . 0 5 10 15 20 25 30
Time (h) Conversion (%)
III 1,2-PDO selectivity vs conversion (IV) 1-PrOH selectivity vs conversion
( ) @ Pt/0.3STA/Bzeolite @ Pt/0.3STA/pzeolite
*() A(b) H(c) *(a) A(b) W)
25 ry 50
* * [ ]
A A [ ]
- 20 1 ¢ . ~ 40 ’: ¢ » %, a - .
s ] . & A
= A . =
@ 15 - # 30 -
=) A m o, -
g ma ¢
& 10+ - . & 20 A
5 10
0 r T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Conversion (%) Conversion (%)
(V) Others selectivity vs conversion VI Gases selectivity vs conversion
@ Pt/0.3STA/pzeolite ( ) @ Pt/0.3STA/Bzeolite
*(a) A(b) H(c) *(a) A(b) (c)
18 10
|
. u
15 - o 3
'\; . = 9 .
8 & ]
z 12 ¢+ u A s
o L] A w6 ™1 A
g g ¢ A
£ 0 m o . g .
= 6 |* 4 . A
A L A
A 21 m ¢
3 . A
0 r T T T T 0 £ T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Conversion (%) Conversion (%)

Figure 6.5. Effect of catalyst platinum loading on: (I) glycerol conversion, (II) 1,3-PDO
selectivity, (IIT) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.3STA/B-zeolite. (a) — 2.5 wt%, (b) — 5 wt%, (¢)

—10 wt%.

The selectivity of 1,2-PDO showed continuous fall with the increase in Pt loading. The 1,2-
PDO selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 17.05% with 2.5
wt% Pt, which was reduced to 10.37% with 5 wt% Pt, and then it was 9.3% at 10 wt% Pt (See
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Figure 6.5 (III)). While 1,2-PDO selectivity over Pt-0.7STA/B- zeolite catalyst was 16.95%
with 2.5 wt% Pt, it was 8.07% with 5 wt% Pt, and it was 7.09% with 10 wt% Pt (See Figure
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Figure 6.6. Effect of catalyst platinum loading on: (I) glycerol conversion, (II) 1,3-PDO

selectivity, (IIT) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.7STA/B-zeolite. (a) — 2.5 wt%, (b) — 5 wt%, (¢)
- 10 wt%.

The selectivity for 1-PrOH over Pt-0.3STA/B-zeolite catalyst remained almost constant at 2.5

and 10 wt% loadings while it was decreased slightly at 5 wt% Pt content in the catalysts. The
1-PrOH selectivity after 5 h over Pt-0.3STA/B-zeolite catalyst was 39.16% with 2.5 wt% Pt,
which was increased to 37.13% with 5 wt% Pt and then it was increased to 39.06% with 10wt%
Pt (See Figure 6.5 (IV)). On the other hand, selectivity of 1-PrOH over Pt-0.7STA/B-zeolite
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catalyst slightly decreased at 5 wt% Pt content and then again increased at 10 wt% content. 1-
PrOH selectivity over Pt-0.7STA/B-zeolite catalyst was 36.21% with 2.5 wt% Pt, 35.1% with
5 wt% Pt, and 40.16% with 10 wt% Pt (See Figure 6.6 (IV)). The selectivity of others over Pt-
0.3STA/B-zeolite catalyst slightly decreased at 5 wt% Pt loading while it was increased at 10
wt% Pt loading. After 5 h of reaction over Pt-0.3STA/B-zeolite catalyst, the selectivity of others
was 15.97% with 2.5 wt% Pt, 15.47% with 5 wt% Pt 16.92% with 10 wt% Pt (See Figure 6.5
(V)). The selectivity of others over Pt-0.7STA/B-zeolite catalyst was nearly constant at 2.5 and
10 wt% Pt content while it was decreased at 5 wt% Pt content in the catalyst. The selectivity
of others over Pt-0.7STA/B-zeolite catalyst was 18.03% with 2.5 wt% Pt, 13.77% with 5 wt%
Pt, and 18.93% with 10 wt% Pt (See Figure 6.6 (V)). The increase in selectivity of others is
attributed to the over hydrogenolysis of PDOs.

Lastly, the selectivity of gaseous products was slightly reduced with an increase in Pt loading
from 2.5 to 5 wt%. However, it was again increased when the Pt loading was 10 wt% over both
the catalysts. After 5 h of reaction over Pt-0.3STA/B-zeolite catalyst, the selectivity of gaseous
products was 7.21% with 2.5 wt% Pt, 5.99% with 5 wt% Pt 9.09% with 10 wt% Pt (See Figure
6.5 (VI)). The selectivity of gaseous products over Pt-0.7STA/B-zeolite catalyst was 6.18%
with 2.5 wt% Pt, 4.28% with 5 wt% Pt, and 8.43% with 10 wt% Pt (See Figure 6.5 (V])).

Qin and coworkers [199] reported an increase in Pt content in the catalyst had increased the
hydrogen uptake. It was reported by Chen et al. [201] and Triwahyono et al. [171] that the
amount of protons and hydride species formed over hydrogenation metal from the dissociation
of H2 molecule increases with the increase in hydrogen uptakes. These excessive protons and
hydride ions act as the active sites for glycerol dehydration or hydrogenolysis, and the glycerol
conversion increases with an increase in Pt loading. However, the surplus of protons and
hydride species might increase the successive hydrogenolysis of PDOs to propanols or

degradation products, which ultimately reduces the selectivity towards 1,3-PDO and 1,2-PDO.

6.3.4 Effect of catalyst amount on glycerol hydrogenolysis over Pt-0.3STA/p-
zeolite and Pt-0.7STA/B-zeolite catalysts

Experiments were performed to study the effect of catalyst loading/amount on the glycerol
hydrogenolysis reaction over Pt-0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts. The
experiments were performed with three different catalyst loadings such that the ratio of catalyst

to glycerol was 0.25, 0.5, and 0.75. The experiments were carried out at the standard reaction
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conditions. Figure 6.7 and Figure 6.8 revealed the glycerol hydrogenolysis reaction results
observed at different catalyst loadings. Each figure shows the effect of catalyst amount on: (I)
glycerol conversion, (II) 1,3-PDO selectivity, (III) 1,2-PDO selectivity, (IV) 1-PrOH
selectivity, (V) others selectivity, (VI) gaseous products selectivity vs. time/conversion.
Moreover, (a), (b), and (c) stands for the reaction studied at catalyst to glycerol (C/G) ratio as
0.25, 0.5, and 0.75, respectively.
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Figure 6.7. Effect of catalyst amount in reaction on: (I) glycerol conversion, (II) 1,3-PDO
selectivity, (IIT) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.3STA/B-zeolite. Here, catalyst to glycerol
ratio: (a) 0.25, (b) 0.5, (c) 0.75.
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The results show that the increase in the catalyst loading increases the glycerol conversion rate.
Glycerol conversion after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 15.19% at 0.25
catalyst to glycerol ratio, it was increased to 24.88% at 0.5 C/G ratio, and it was further
increased to 30.37% at 0.75 C/G ratio (See Figure 6.7 (I)). The glycerol conversion over Pt-
0.7STA/B-zeolite catalyst was 18.07% at 0.25 C/G ratio, it was increased to with 26.76% at 0.5
C/G ratio, and it was further increased to 32.28% at 0.75 C/G ratio (See Figure 6.8 (I)). The
1,3-PDO selectivity increased with an increase in catalyst to glycerol ratio from 0.25 to 0.5.
However, further increase in catalyst loading has decreased the 1,3-PDO selectivity over both
the catalysts. The initial increase in catalyst loading has positively impacted 1,3-PDO
selectivity, but the higher catalyst amount has reduced the 1,3-PDO selectivity, probably due

to its over hydrogenolysis.

The 1,3-PDO selectivity after 5 h of reaction for Pt-0.3STA/B-zeolite catalyst was 20.73% with
0.25 catalyst to glycerol ratio, which was increased to 31.04% with 0.5 C/G ratio followed by
a decrease to 21.50% with 0.75 C/G ratio (See Figure 6.7 (II)). In the case of Pt-0.7STA/B-
zeolite catalyst 1,3-PDO selectivity was 23.01% at 0.25 C/G ratio, 38.81% at 0.5 C/G ratio and
29.11% at 0.75 C/G ratio (See Figure 6.8 (II)). The selectivity of 1,2-PDO showed a continuous
decrease with an increase in catalyst to glycerol ratio in the reaction mixture, probably due to
its instability (See Section 5.1.5) which makes its over-hydrogenolysis easy. The 1,2-PDO
selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 16.7% at 0.25 catalyst to
glycerol ratio, which was reduced to 10.37% at 0.5 C/G ratio and then further decreases to
8.17% at 0.75 C/G ratio (See Figure 6.7 (III)). 1,2-PDO selectivity over Pt-0.7STA/B-zeolite
catalyst was 18.57% with 0.25 C/G ratio, then 8.07% with 0.5 C/G ratio and 5.87% with 0.75
C/G ratio (See Figure 6.8 (III)).

The 1-PrOH selectivity was increased continuously with an increase in catalyst to glycerol ratio
in the reaction over Pt-0.3STA/B-zeolite catalyst. However, it was first decreased and then
increased over Pt-0.7STA/B-zeolite catalyst with an increase in catalyst to glycerol ratio. The
1-PrOH selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 36.15% with a
0.25 catalyst to glycerol ratio, which was increased to 37.13% at 0.5 C/G ratio, then it was
further increased to 40.03% at 0.75 C/G ratio (See Figure 6.7 (IV)). It is attributed to the over
hydrogenolysis of propanediols which largely end up in making 1-PrOH, others or gases. 1-
PrOH selectivity after 5 h over Pt-0.7STA/B-zeolite catalyst was 38.07% at 0.25 catalyst to
glycerol ratio, which reduced to 35.07% at 0.5 C/G ratio, then it increased to 41.06% at 0.75
C/G ratio (See Figure 6.8 (IV)). The catalyst Pt-0.7STA/B-zeolite possesses the highest amount
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of Bronsted acid sites, and a sufficient amount of catalyst will enhance the 1,3-PDO selectivity.
However, the catalyst’s excess amount will lead to over hydrogenolysis of 1,3-PDO despite its
higher stability (See Section 5.1.5). The others selectivities were reduced with an increased
catalyst to glycerol ratio from 0.25 to 0.5 and then again increased at 0.75 C/G ratio over both
the catalysts. After 5 h of reaction over Pt-0.3STA/B-zeolite catalyst, the selectivity for others
was 21.09% with a 0.25 catalyst to glycerol ratio, which reduced to 15.47% at 0.5 C/G ratio
then it was further increased to 18.5% at 0.75 C/G ratio (See Figure 6.7 (V)). Others selectivity
in the case of Pt-0.7STA/B-zeolite catalyst was 17.23% at 0.25 C/G ratio, 13.77% at 0.5 C/G
ratio, and 15.81% at 0.75 C/G ratio (See Figure 6.8 (V)).
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Figure 6.8. Effect of catalyst amount in reaction on: (I) glycerol conversion, (II) 1,3-PDO
selectivity, (IIT) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.7STA/B-zeolite. Here, catalyst to glycerol
ratio: (a) 0.25, (b) 0.5, (c) 0.75.
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The gaseous products selectivity showed an increasing trend with an increase in catalyst to
glycerol ratio over both the catalysts. Though the increase was small when the C/G ratio was
changed from 0.25 to 0.5, but at 0.75 C/G ratio the increase was more than double compared
to its selectivity over the 0.25 C/G ratio. After 5 h of reaction over Pt-0.3STA/B-zeolite catalyst,
the selectivity for gaseous products was 5.33% at a 0.25 catalyst to glycerol ratio. It increased
to 5.99% at a 0.5 C/G ratio; then it was further increased to 11.80% at a 0.75 C/G ratio (See
Figure 6.7 (VI)). The gaseous products selectivity over Pt-0.7STA/B-zeolite catalyst was 3.08%
at 0.25 C/G ratio, 4.28% at 0.5 C/G ratio, and 8.14% at 0.75 C/G ratio (See Figure 6.8 (VI)).
The increase of the catalyst amount in a reaction mixture increases the number of
hydrogenation metal sites and the acidic sites simultaneously. The metal sites will produce a
greater number of protons and hydride species by dissociating the H> molecule heterolytically.
The higher catalyst loading increases the number of acid sites, more number of acidic sites will
dehydrate the more number of glycerol molecules. This will increase the number of glycerol
molecules reacted, and therefore the glycerol conversion increases. However, the excess
number of protons and hydride species will increase the successive hydrogenolysis of
propanediols, and their selectivity will go down. Zhu et al. [117] reported that the increase in
catalyst amount increases the selectivity of 1-PrOH and 2-PrOH at the cost of propanediols.

Our results are in agreement with their results.

6.3.5 Effect of glycerol concentration on glycerol hydrogenolysis over Pt-

0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts

The effect of initial glycerol concentration on the hydrogenolysis of glycerol was studied at the
standard reaction conditions over both catalysts. The glycerol concentration was varied as 5%,
10%, 20%, and 30%. Here, the amount of glycerol and water (solvent) was adjusted to make
the particular concentration of glycerol. Figure 6.9 and Figure 6.10 represent the effect of initial
glycerol concentration on (I) glycerol conversion, (II) 1,3-PDO selectivity, (III) 1,2-PDO
selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous products selectivity
vs. time/conversion. Additionally, (a), (b), (c), and (d) stands for the reaction studied at glycerol

concentration of 5 wt%, 10 wt%, 20 wt%, and 30 wt% respectively.

The results show that an increase in glycerol concentration has a positive impact on glycerol
conversion. The glycerol conversion was increased with an increase in initial glycerol
concentration. The glycerol conversion after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst

was 24.88%, 27.91%, 30.84, and 34.82% and their respective glycerol concentrations was 5%,
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10%, 20%, and 30% (See Figure 6.9 (I)). While the glycerol conversion over Pt-0.7STA/B-
zeolite catalyst was 26.76% at 5 wt% glycerol concentration, 30.53% at 10 wt% concentration,

33.90% at 20 wt% concentration, and 37.67% at 30 wt% concentration (See Figure 6.10 (I)).
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Figure 6.9. Effect of initial glycerol concentration on: (I) glycerol conversion, (II) 1,3-PDO
selectivity, (IIT) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.3STA/B-zeolite. Here, (a) — 5 wt% glycerol, (b)

— 10 wt% glycerol, (c) — 20 wt% glycerol, (d) — 30 wt% glycerol.
The selectivities of propanediols (PDOs) and 1-PrOH showed a gradual decrease with an

increase in glycerol concentration. However, the selectivities for others and gaseous products

showed an increase with the increase in glycerol concentration.
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The 1,3-PDO selectivity after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 31.04% at
5 wt% glycerol concentration, which was 25.47% at 10 wt% concentration, 23.86% at 20 wt%
concentration, and lastly, it was 21.89% at 30 wt% concentration (See Figure 6.9 (II)). The
selectivity of 1,3-PDO over Pt-0.7STA/B-zeolite catalyst was 38.81% at 5 wt% glycerol
concentration. It was 34.92% at 10 wt% concentration, it was 33.72% at 20 wt% concentration,

and 29.36% at 30 wt% concentration (See Figure 6.10 (II)).
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Figure 6.10. Effect of initial glycerol concentration on: (I) glycerol conversion, (II) 1,3-PDO
selectivity, (IIT) 1,2-PDO selectivity, (IV) 1-PrOH selectivity, (V) others selectivity, (VI) gaseous
products selectivity vs. time/conversion over Pt-0.7STA/B-zeolite. Here, (a) — 5 wt% glycerol, (b)

— 10 wt% glycerol, (c) — 20 wt% glycerol, (d) — 30 wt% glycerol.
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The selectivity of 1,2-PDO after 5 h of reaction over Pt-0.3STA/B-zeolite catalyst was 10.37%
at 5 wt% glycerol concentration, which was 9.76% at 10 wt% concentration, 9.03% at 20 wt%
concentration, and 7.86% at 30 wt% glycerol concentration (See Figure 6.9 (III)). While 1,2-
PDO selectivity over Pt-0.7STA/B-zeolite catalyst was 8.07% at 5 wt% glycerol concentration,
7.66% at 10 wt% concentration, 7.11% at 20 wt% concentration, and 6.74% at 30 wt%

concentration (See Figure 6.10 (III)).

The selectivity of 1-PrOH after 5 h over Pt-0.3STA/B-zeolite catalyst was 37.13% at 5 wt%
glycerol concentration, which was slightly increased to 37.84% at 10 wt% glycerol
concentration and then decreased to 35.96% at 20 wt% concentration and finally to 33.05% (5
h) at 30 wt% concentration (See Figure 6.9 (IV)). The selectivity of 1-PrOH over Pt-0.7STA/B-
zeolite catalyst was 35.07% at 5 wt% glycerol concentration, 33.15% at 10 wt% glycerol
concentration, 30.29% at 20 wt% concentration and 27.08% at 30 wt% concentration (See

Figure 6.10 (IV)).

The selectivity of other liquid products (others) was increased continuously with an increase in
glycerol concentration. After 5 h of reaction over Pt-0.3STA/B-zeolite catalyst, the selectivity
of others was 15.47% at 5 wt% glycerol concentration, 17.39% at 10 wt% concentration,
20.70% at 20 wt% concentration and 22.99% at 30 wt% concentration (See Figure 6.9 (V)).
The selectivity of others over Pt-0.7STA/B-zeolite catalyst was 13.77% at 5 wt% glycerol
concentration, 13.95% at 10 wt% concentration 15.76% at 20 wt% concentration, and 19.04%
at 30 wt% concentration (See Figure 6.10 (V)). Similar trends were observed in the selectivity
of gaseous products. It was also increased with an increase in glycerol concentration over both
the catalysts. After 5 h of reaction over Pt-0.3STA/B-zeolite catalyst, the selectivity of gaseous
products was 5.99% at 5 wt% glycerol concentration, 9.53% at 10 wt% concentration, 10.44%
at 20 wt% concentration and lastly 14.22% at 30 wt% concentration (See Figure 6.9 (VI)). The
selectivity of gaseous products over Pt-0.7STA/B-zeolite catalyst was 4.28% at 5 wt% glycerol
concentration. It was 10.31% at 10 wt% concentration, 13.11% at 20 wt% concentration, and

lastly 17.77% at 30 wt% concentration (See Figure 6.10 (VI)).

The decrease in the selectivity of propanediols and increase in the selectivities of other products
was attributed to the over hydrogenolysis of propanediols. Nearly similar results for glycerol
hydrogenolysis at higher concentrations were reported in the literature over the Pt/WOx/AL2O3
catalyst [113]. Amada et al. [63] have reported that the glycerol conversion over I[r-ReO,/S10>

catalyst has increased with an increase in glycerol concentration up to 20%, and it became
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saturated after 20% glycerol concentration. However, their results show an increase in glycerol

conversion at 67% concentration.
6.3.6 Glycerol hydrogenolysis products after 16 h of reaction

The products of glycerol hydrogenolysis over different catalysts after 16 h of reaction are
reported in Table 6.3. Here, the catalyst Pt-0.7STA/B-zeolite (highlighted in Table 6.3) has
shown the highest 1,3-PDO selectivity followed by Pt-0.3STA/B-zeolite among all the catalysts
even after 16 h of reaction. The larger times of reaction increase the over-hydrogenolysis of
propanediols. However, the higher stability of 1,3-PDO compared to 1,2-PDO makes the 1,3-
PDO hydrogenolysis difficult, and therefore its selectivity was higher than 1,2-PDO. The over-

hydrogenolysis products mainly include 1-PrOH, others, and gaseous products.

Table 6.3. Glycerol conversion and product selectivities after 16 h of reaction

Glycerol Selectivity
Catalyst conversion | 1,3-PDO | 1,2-PDO | 1-PrOH | Others | gaseous
(%) (%) % | | | %

Pt/B-Zeolite 28.86 2.68 27.10 32.57 17.11 20.53
Pt/0.07STA/B-Zeolite 43.05 15.25 10.60 38.59 16.93 18.62
Pt/0.1STA/B-Zeolite 48.76 17.53 6.58 42.15 13.02 20.72
Pt/0.2STA/B-Zeolite 57.96 18.49 5.94 37.67 15.96 21.94
Pt/0.3STA/B-Zeolite 60.01 25.72 6.51 35.81 14.30 17.66
Pt/0.4STA/B-Zeolite 64.94 16.35 6.53 35.22 19.52 22.38
Pt/0.5STA/B-Zeolite 65.20 12.70 4.67 39.07 17.58 25.98
Pt/0.6STA/B-Zeolite 64.73 17.28 7.29 36.24 18.97 20.22
Pt/0.7STA/B-Zeolite 63.50 31.07 4.62 34.73 16.20 13.38
Pt/0.8STA/B-Zeolite 49.89 20.87 6.58 38.26 17.28 17.01
Pt/1.0STA/B-Zeolite 46.18 12.32 5.47 41.53 14.23 26.45
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6.4 Conclusion

The parametric study on glycerol hydrogenolysis over Pt-0.3STA/B-zeolite and Pt-0.7STA/B-
zeolite catalysts revealed that a temperature higher than 220 °C leads to the degradation
products to more than 60%. Low hydrogen pressures (10 bar H») favor the formation of 1,2-
PDO, while higher pressure (40 bar Hy) favors the formation of 1,3-PDO. The optimum
platinum loading in a catalyst comes out to be 5 wt%, lower Pt amount increases 1,2-PDO
formation, and higher Pt amount increases 1,3-PDO over-hydrogenolysis. Similar results were
observed over catalyst loading. The 2.5 wt% of catalyst loading in a 5 wt% glycerol solution
or 0.5 catalysts to glycerol ratio was found to be optimum. The glycerol concentration higher
than 5 wt% increases the formation of degradation products and reduces the selectivity of 1,3-
PDO. The reaction time higher than 5 h also increases the formation of degradation products

like others and gases.

This study concludes that the best catalyst is 5%Pt-0.7STA/B-zeolite, and the best reaction
conditions are 200 °C, 50 bar H, and 5 h reaction time, which offers 30.4% glycerol
conversion, 44% 1,3-PDO selectivity, 7.9 % 1,2-PDO selectivity, and 28% 1-PrOH selectivity.
The other good catalyst is 5%Pt-0.3STA/B-zeolite, and the best reaction conditions for this
catalyst are 200 °C, 50 bar H, and 5 h reaction time which offers 27.8% glycerol conversion,

35% 1,3-PDO selectivity, 10.1% 1,2-PDO selectivity, and 33.4% 1-PrOH selectivity.
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Chapter 7: KINETIC MODELING

7.1 Introduction

Studies related to the kinetics of glycerol hydrogenolysis over heterogeneous catalysts seem to
be limited in the literature, though this reaction has gained research interest in the past 20 years.
The first kinetic analysis on glycerol hydrogenolysis was published by Lahr and Shanks in
2003 [202]. The same authors published another study in 2005; a kinetic model was developed
to study the effect of sulfur and temperature on hydrogenolysis of glycerol to glycols viz.
propylene glycol (1,2-PDO) and ethylene glycol [203]. Lahr and Shanks developed a
Langmuir—Hinshelwood-type model on a commercial Ru/C catalyst in both the articles. They
Described the reaction steps and showed the significance of competitive adsorption occurring
between the 1,2-PDO, ethylene glycol, and glycerol on the Ru/C surface. However, this model

does not include all the reactions.

Xi et al. [204] proposed a kinetic model for glycerol conversion over Co—Pd—Re/C catalyst.
The proposed mechanism was based on dehydrogenation—dehydration—hydrogenation in a
trickle-bed reactor. However, the estimated kinetic parameters from this study seem unreliable
due to mass and heat transfer limitations [205]. Zhou et al. [206] reported glycerol
hydrogenolysis kinetics in a tubular fixed-bed reactor over a Cu—ZnO-Al>O3 catalyst. The
authors proposed a Langmuir—Hinshelwood kinetic model based on a two-step dehydration—
hydrogenation mechanism that considers the competitive adsorption 1,2-PDO acetol and
glycerol. Torres et al. [207] studied the kinetics of glycerol hydrogenolysis in a batch reactor
over a bimetallic Ru—Re/C catalyst. The authors considered a complex reaction network of
liquid and gas products formed, as in the presence of this catalyst, the maximum selectivity of

the desired 1,2-PDO is limited to 36.6%.

Literature also reports a few other kinetic models for glycerol hydrogenolysis [208-211].
However, none of them includes all the reactions. They essentially talk about glycerol
hydrogenolysis to 1,2-PDO and ethylene glycol. The glycerol hydrogenolysis to lactic acid was
also reported [212]. However, the kinetic model on the conversion of glycerol to 1,3-PDO and
its further transformation to 1-PrOH is least talked about. According to our knowledge, we

have only come across two studies in which conversion of glycerol to 1,3-PDO has been
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incorporated. Rajkhowa et al. [213] studied the kinetics of liquid-phase glycerol
hydrogenolysis over a stable, commercial Cu-based catalyst in a fixed bed tubular reactor. They
have developed a comprehensive kinetic model considering the formation of main products
and the side products over supported Cu catalyst. As Cu is non-noble metal, it is less selective
towards the formation of 1,3-PDO. The amount of 1,3-PDO in this study was significantly less,
and therefore, the focus of this study was mainly on 1,2-PDO. Moreover, the authors have not
incorporated the formation of 1-PrOH from 1,3-PDO in their model. Vasiliadou and
Lemonidou [4] authored the other study, which included the formation of 1,3-PDO from
glycerol. The authors considered a dehydration—hydrogenation type reaction mechanism for
aqueous-phase glycerol hydrogenolysis over Cu/SiO> catalyst. Here, though the catalyst was
95% selective towards the 1,2-PDO, the authors have developed the model considering 1,3-
PDO as one of the key products. The authors proposed a simple power-law model for the
formation of propanediols from glycerol. However, no other reactions were included in this

model; only the conversion of glycerol to propanediols is explored.

To the best of our knowledge, a kinetic model for glycerol hydrogenolysis over a catalyst
containing a noble metal like Pt is not available in the literature. Moreover, most of the models
focus on converting glycerol to 1,2-PDO and do not consider the formation of other products.
A kinetic model considering the key products such as 1,3-PDO, 1,2-PDO, and 1-PrOH is
missing in the literature. Therefore, in the present work, we attempt to investigate glycerol
hydrogenolysis kinetics in the liquid phase in the presence of a Pt-0.3STA/B-zeolite catalyst.
The model is working well for both the catalysts Pt-0.3STA/B-zeolite and Pt-0.7STA/B-zeolite.
In this report, we are presenting work on the Pt-0.3STA/B-zeolite catalyst.

Based on our findings, we have already proposed a possible reaction mechanism in Chapter 5.
Based on this reaction mechanism, we model the kinetic pathways and estimate the parameters
in the present chapter. The kinetic model We have developed in this work considers all of the

reactions occurring during glycerol hydrogenolysis over Pt-0.3STA/B-zeolite catalyst.

Before the kinetic analysis, all the possible mass and heat transfer limitations were considered

so as to eliminate the influence of transport phenomena.
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7.2 Kinetic modeling

Reliable quantitative kinetic data in a 3 phase (gas, liquid, and solid) system like glycerol
hydrogenolysis is only possible if the absence of mass and heat transfer limitations is ensured.
These limitations comprise external and internal mass transfer of H, from the gas to liquid and
then to the catalyst active sites. In this process, H> gas has to diffuse through the gas phase to
the gas-liquid interphase and then to the bulk liquid. Dissolved H» and reactant (glycerol or
propanediol etc.) from the bulk liquid transfer to the external catalyst surface through the solid-
liquid diffusion film and then through the pores to the active sites where the reaction takes
place. Additionally, Heat transfer limitations may also be present in this type of system.
However, we have conducted the reaction isothermally, ensuring the absence of heat transfer
limitations. In the case of glycerol hydrogenolysis, though the reaction is exothermic (AHrxn
= —103 kJ/mol), the heat transfer limitations are unlikely because of the small particle size of

the catalysts.
7.2.1 Validation of absence mass transport limitations

The absence of external mass transfer limitations (H> transfer to the bulk liquid and reactant
transport to catalyst surface) is typically ensured by optimizing the stirring speed for a given
catalyst loading. It should be noted that the gas phase mass transfer resistance can be neglected
as the gas phase largely consist of H> (owing to the low vapor pressure of the solution and low
concentration of gas products). Hence, the gas-liquid interface is instantly saturated with Ha.
In this study, the stirring speed of the reaction was chosen as 800 rpm based on the experimental
data. The reaction tests with agitation speed between 500 and 1000 rpm showed no significant
changes in the initial reaction rate (see Figure A.4 in Appendix-A). Lahr and Shanks [203]
reported that above 500 rpm, there was no change in the glycerol hydrogenolysis catalytic
performance over Ru-based catalysts. While Hichri et al. [214] showed that an increase in the
stirring speed beyond 800 rpm did not affect the reaction rate during the liquid phase
hydrogenation of o-cresol over Ni/Si0; catalyst. Based on the above, it can be ensured that the
influence of external diffusion resistances can be neglected. Also, the variation of the catalyst
to glycerol ratio (Figure 7.1) between 0.25 to 0.75 clearly shows a linear relation with the

reaction rate proving the absence of external mass transfer limitations.
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Figure 7.1. Effect of catalyst to glycerol ratio on the initial rate of glycerol hydrogenolysis, T =
220 °C, 40 bar H..

Regarding the internal particle diffusion, the catalyst is in powder form (typically less than 50
pum) in this study which generally ensures insignificant internal diffusion resistance, based on
the cited studies [215,216]. Moreover, the estimated value of Weisz—Prater criterion for our
system was Cwp << 1 (see Appendix-A), this confirms that there are no diffusion limitations.

Consequently, no concentration gradient exists within the pellet.

It should be noted that the pore size distribution of the Pt-0.3STA/B-zeolite catalyst follows a
monomodal pattern (see Figure 4.1 (I1I)), thus ensuring the absence of a rate change that can

be present if a bimodal distribution exists [217].

Based on the kinetic experiments and reaction mechanism reported in Chapter 5, the kinetic

pathway shown in Figure 7.2 is proposed for glycerol hydrogenolysis to various products.

From the experimental observation, it was found that 1-PrOH formation occurs from the very
early stages of the reaction, which suggests the presence of a direct route for the synthesis of
1-PrOH from glycerol apart from PDOs hydrogenolysis. The possible route through which 1-
PrOH forms directly from glycerol is dehydration to acrolein, followed by hydrogenation to 1-
PrOH. Further, from the critical analysis of the experimental data (Chapter 5 and 6), we found
that at any given time, the selectivity of acrolein (selectivity of 3 to 4% at any conversion in

“lumped in others”) was very less compared to the selectivity of 1-PrOH 40 to 50%.
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Figure 7.2. Proposed kinetic pathways of glycerol hydrogenolysis for kinetic modeling

This indicates that 1-PrOH may form via acrolein in a fast step. Literature also reports high
acrolein hydrogenation rates over Pt-WOj3 catalytic system [218]. From the reported results and
our observed results, we estimate that the difference in TOFs of glycerol hydrogenolysis and
acrolein hydrogenation to be between 300 to 1000 times. Hence, we believe that, as soon as

acrolein forms, it converts to 1-PrOH in the prevailing conditions.

In the case of 1-PrOH formation from glycerol via acrolein, the dehydration step seems more
rate-controlling than the hydrogenation step, i.e., *kz3>>ks. Therefore, we have combined the
dehydration of glycerol to acrolein and its hydrogenation to 1-PrOH steps in the conversion of
glycerol to 1-PrOH step (see Figure 7.3) and considered the latter as a rate-controlling step in

the kinetic model.
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HO OH
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7
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Figure 7.3. Updated kinetic pathways of glycerol hydrogenolysis for kinetic modeling
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Based on the updated kinetic pathways (Figure 7.3), the model equations were written
assuming 1% order kinetics for all reaction steps since the hydrogen partial pressure is constant
through the run. It is expected that the parameters will have a dependence on hydrogen

pressure.
7.2.2 Kinetic equations

The reactions are:

C3HgO3; + H, — (C3HgO0, + H,0 Rxn-1
Coiy C13-pPpo

C3HgO5; + H, — (C3HgO, + H,0 Rxn-2
Cgly C12-pPpo

C3HgO3 + 2H, — (C3HgO0 + 2H,0 Rxn-3
Coiy Ci-pron

C3HgO0, + H, — (C3HgO + H,0 Rxn-4
C13-pPpo Ci-pron

C3HgO, + H, — (C3HgO + H,0 Rxn-5
C12-ppo Ci-pron

C3HgO + H, — others + H,0 Rxn-6

Ci-pron Cothers

others + H, — gases + H,0 Rxn-7
Cothers Cgases

The model equations for batch reaction studies under isothermal conditions and constant partial

pressure of H» are written as follows:

dCgly
dt

= Iglycerol = _klcgly - kchly - k3Cg1y Eq7.1
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dC13-pPDO

=222 =r13-pp0 = K1Cgly — KaC13-pD0
11(71,‘21% =T12-ppo = kZCgly — ksC12_ppo
dC:%”” =7T1-pron = KisC13_ppo + ksC12_ppo + k3Cg1y — kcC1_pron
% = Tothers = K6C1_pron — K7Cothers
% = Fgases = k7Cothers

7.2.3 Methodology of parameter estimation

Eq 7.2

Eq7.3

Eq7.4

Eq7.5

Eq 7.6

As already mentioned in chapter 5 and 6, the selectivities of all the liquid products were

measured using GC analysis, while the selectivity of gases was estimated using mass/carbon

balance.

The differential equations were simultaneously solved for the given initial conditions to obtain

the concentration profiles with time using MATLAB ode45. The calculated concentration

profiles as functions of time were then compared with the experimental data. The best-fit

kinetic parameters were determined by a minimization of the weighted sum of squares of

relative error, defined as:

2
Yexp,ij — Yesrij
Error =
Yexp,ij

Eq 7.7

using the non-linear fitting subroutine /sqnonlin in MATLAB. Here, Yexp,; 1s the concentration

of the component ; in the i experimental point, Yzsr; is the corresponding concentration as
p J p p ij P g
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estimated by the model. We have also used n/parci subroutine in MATLAB to determine the

confidence interval (CI) at 95% confidence in rate constants (k).

Based on the model equations and methodology discussed above, we shall discuss the effect of
reaction conditions (temperature and hydrogen pressure) on the estimated kinetic rate

parameters in the subsequent subsections.

7.3 Results and Discussion

7.3.1 Effect of hydrogen pressure on Kinetic parameters

The effect of hydrogen pressure on glycerol hydrogenolysis over a Pt-0.3STA/B-zeolite catalyst
is already studied experimentally, and the data is given in chapter 6 (see section 6.2.2). Here,

estimation of reaction parameters was carried out using the same experimental data.

This section discusses the effect of hydrogen pressure on product yield and conversion rates.
Therefore, maintaining the other operating conditions (temperature, catalyst loading, reaction
time, etc.) constant. Here, an attempt is made to estimate the kinetic model parameters for each
reaction carried at different hydrogen pressure, viz. 10,40 & 50 bar. The model parameters are

calculated using the methodology described in section 7.2.3.

It must be noted that the concentration of gases (Cgases) Was calculated from the carbon balance
of the experimental data. Theoretically, it was calculated by solving the differential equation
with the known rate parameters. Moreover, all the reactions were considered first order with

respect to the substrate concentration.

Initially, parameter estimation was carried out using guess values for all the unknown
parameters of ki (ki to k7). After optimization, we got the values of “k” (see Table 7.1) for all
three pressures. The program was written such that the evaluated parameter set of each run can
be used as the initial guess for new runs and estimations. Further, different sets of initial values
were tried, and based on the value of the objective function at the minimum, the final values of

rate constants for each reaction were chosen. The observed results are tabulated in Table 7.1.
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Table 7.1 Values of rate constant after solving and optimizing the kinetic model at three
different hydrogen pressures

Rate constants
(min-) Pressure (bar)
10 40 50
ki 1.10E-04 | 3.62E-04 | 4.78E-04
k2 2.23E-04 | 1.63E-04 | 1.68E-04
k3 3.12E-04 | 4.61E-04 | 4.74E-04
k4 1.04E-03 | 1.16E-03 | 1.34E-03
ks 1.87E-03 | 3.00E-03 | 3.25E-03
ke 3.45E-03 | 3.53E-03 | 4.09E-03
k7 3.23E-03 | 3.82E-03 | 4.86E-03

It is observed that the rate parameters (ki) for all reactions (i.e., glycerol to 1,3-PDO, glycerol
to 1-PrOH, 1,3-PDO to 1-PrOH, 1,2-PDO to 1-PrOH, 1-PrOH to others, and others to gases
formation) increased with an increase in hydrogen pressure except for glycerol to 1,2-PDO.

The simulated results showed good agreement with experimental results (see Figure 7.4).

Figure 7.4 (I) to (IV) shows the concentration versus time plot for predicted/simulated and
experimental values for glycerol concentration and its hydrogenolysis products. Figure 7.4
shows the excellent agreement between experimental and simulated data. The results show that

the concentration of 1,3-PDO (key product) increased with an increase in pressure.
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Figure 7.4. Concentration versus time (C/t) profiles for (I) glycerol at different pressures, (II)
products at 10 bar, (III) products at 40 bar, (IV) products at 50 bar. Here, experimental data
are shown by markers (dot) & simulated data are shown by lines. Reaction conditions: 80 mL of
a 5 wt% glycerol solution, 2 g Pt-0.3STA/B-zeolite catalyst, reaction temperature =220 °C, 5 h of
reaction time, stirring speed = 800 RPM.

The increase in pressure increased the glycerol hydrogenolysis rates. At the same time, the
conversion of glycerol to 1,3-PDO (ki) increased continuously with an increase in pressure. In
contrast, 1,2-PDO (k2) formation decreased with an increase in pressure from 10 to 40 bar but
slightly increased with further pressure. It was reported that glycerol hydrogenolysis, 1,3-PDO
formation increases with an increase in pressure. However, the formation of acetol reduces
with an increase in pressure but its rate of hydrogenation increases with an increase in pressure
[205]. Therefore, a small rise in the 1,2-PDO formation rate (k2) was observed between 40 to
50 bar pressures. The overall formation rate of 1-PrOH i.e., k3 + k4 + ks (via glycerol (k3), 1,3-
PDO (ks) or 1,2-PDO (ks)) increases with increase in pressure. The formation of others (ke)

and gases (k7) also increased with an increase in pressure.
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The confidence interval (CI) values for rate parameters with 95% confidence at different
pressures were also estimated. The values for 40 bar were given in Table 7.3 as values at 220
°C (as most of the reactions were conducted at this temperature); CI values (lower bound and

upper bound) for other pressure are given in the appendix (Table A.4 and A.5 in Appendix-A).

The correlation coefficients (R?) values for each component at different hydrogen pressures

and the different reaction temperature is tabulated in Table 7.2.

Here, the correlation coefficients (R?) values for all the components at different hydrogen
pressures showed values higher than 0.98 except for gases that show a low value as 0.93. As
the gases are determined from carbon balance, small discrepancies in experimental and

predicted data are anticipated.

Table 7.2. Correlation coefficients (R?) values for all the components fitted using optimized
model parameters for reaction under three different hydrogen pressures.

R? values 10 bar 40 bar 50 bar
Glycerol (Gly) 0.99 0.99 0.99
1,3-propanediol (1,3-PDO) 0.98 0.99 0.99
1,2-propanediol (1,2-PDO) 0.99 0.98 0.99
1-propanol (1-PrOH) 0.99 0.99 0.99
others 0.99 0.99 0.99
gases 0.95 0.93 0.97

All other components showed a good correlation between simulated values and experimental

values.
7.3.2 Arrhenius dependence study

The effect of temperature on glycerol hydrogenolysis over a Pt-0.3STA/B-zeolite catalyst is
already reported in chapter 6 (see section 6.2.1). Here, estimation of reaction parameters was

carried out using the same experimental data.

This study aims to estimate the activation energy of the reactions using Arrhenius temperature
dependence. Therefore, maintaining the other operating conditions (Hz pressure, catalyst

loading, reaction time, etc.) constant. The reactions were conducted at three different

136



temperatures viz. 200, 210 and 220 °C (i.e., 473, 483 and 493 K). The rate parameters for each

set of data were estimated according to the methodology given in section 7.2.3.

Even for this case, the evaluated parameter set of each run was used as the initial guess for new

runs and estimations. Further, various sets of initial values were tried and based on the value

of the objective function at the minimum, the final values of rate constants for each reaction

were chosen. Based on the obtained values of rate constants at different temperatures from the

regression of the kinetic model, the temperature dependence of each rate constant (in
accordance with the Arrhenius equation) was determined by plotting the In (ki) vs. 1/T.

-E Eq 7.8

k=kyxex (—) ar

0 p RT

E is the activation energy of reactions, k is the rate constant at temperature T, and ko is the pre-

exponential factor.

Table 7.3. Values of rate constant after solving and optimizing the kinetic model at three
different temperatures.

Rate constants Ak values with 95%
(min™) Temperature °C confidence interval
200 210 220 k + Ak @ 220 °C

ki 1.86E-04 2.71E-04 | 3.62E-04 3.62E-04 £ 4.17E-05

k2 9.32E-05 1.32E-04 | 1.63E-04 1.63E-04 £ 5.59E-05

ks 1.78E-04 3.00E-04 | 4.61E-04 4.61E-04 + 5.84E-05

k4 1.17E-03 1.12E-03 | 1.16E-03 1.16E-03 £ 9.71E-04

ks 2.32E-03 2.55E-03 | 3.00E-03 3.00E-03 +2.91E-03

ke 3.31E-03 3.42E-03 | 3.53E-03 3.53E-03 + 3.15E-04

k7 3.56E-03 3.67E-03 | 3.82E-03 3.82E-03 + 9.77E-04
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Initially, all the unknown parameters were estimated using guess values for ki (ki to k7). After
optimization, we got the values of “k” (see Table 7.3) for all the three temperatures which were
used in activation energy estimations. The values of 95 % confidence intervals in rate constants
are reported for temperature 220 °C, as most of the reactions were conducted at this
temperature. The values for Ak (variation in rate constants) are reported in Table 7.3). The
confidence intervals on the parameters seem satisfactory for all of the rate constants except for
ks, where the estimated lower bound value was negative (see Table A.3 in Appendix-A). This

was therefore set to zero and the value for Ak was estimated.
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Figure 7.5. Concentration versus time (C/t) profiles for (I) glycerol at different temperatures,
(II) products at 200 °C, (III) products at 210 °C, (IV) products at 220 °C. Here, experimental
data are shown by markers (dot) & simulated data are shown by lines. Reaction conditions: 80
mL of a 5 wt% glycerol solution, 2 g Pt-0.3STA/B-zeolite catalyst, H, pressure =40 bar, 5 h of
reaction time, stirring speed = 800 RPM.
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Based on the estimated kinetic parameters after the optimization process, as discussed in the
methodology section for each set of temperature (200, 210, and 220 °C), concentration versus
time profiles (C/t profile) was generated (see) by solving a differential equation, putting the
known parameters. Figure 7.5 (I) to (IV) shows the comparison of C/t profiles for glycerol and
products at different temperatures obtained from simulation with the experimentally observed.
It is seen that both the results (simulated and experimental) show a good agreement. Though
the concentration of gases was estimated from the carbon balance, its estimated values fit well

with the simulated values for all the temperatures.

The correlation coefficient (R?) values for each component at different reaction temperatures

estimated from the model are given in Table 7.4.

Table 7.4. Correlation coefficients (R?) values for all the components fitted using optimized
model parameters for reaction under three different temperatures.

R? values 200 °C 210 °C 220 °C
Glycerol (Gly) 0.99 0.99 0.99
1,3-propanediol (1,3-PDO) 0.99 0.99 0.99
1,2-propanediol (1,2-PDO) 0.99 0.99 0.98
1-propanol (1-PrOH) 0.99 0.99 0.99
others 0.99 0.99 0.99
gases 0.98 0.91 0.93

The correlation coefficient (R?) values for all the components showed a similar trend as
observed over different pressure. The values of R? for all the components are higher than 0.98
except for gases that show a low value as 0.91. However, they all offer a good correlation
between predicted values by model and experimental values. In the case of gases, their
concentration was estimated by carbon balance. Hence a small amount of error in gaseous

product concentrations is expected.

The mechanism of glycerol hydrogenolysis is very complex; here, we have just presented a
simplified version of it assuming pseudo-first-order kinetics. Our presented kinetic modeling
for Pt-0.3STA/B-zeolite catalyzed reaction shows good agreement of experimental and

simulated data.
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Figure 7.6. Arrhenius plot for rate constants

140



The Arrhenius plots for rate constants are given in Figure 7.6 (I) to (VII), and the calculated
activation energies (E) based on the obtained kinetic parameters at different temperatures are

tabulated in Table 7.5.

Table 7.5. Results of parameter estimation (for Pt-0.3STA/B-zeolite catalyzed reaction)

Parameters Parameters Activation energy Correlat'ion

. ) Coefficient

[k] [ko (min™)] [E in kJ/mol] [R2-value]
ey (min’™) 2475.01 64.45 0.99
k, (min™) 99.68 54.51 0.98
k3 (min™) 272.1 x 10* 92.17 0.99
k4 (min) 3.47 x 107* negligible 0.93
ks (min™) 1.36 25.12 0.97

kg (min™) 0.0169 6.43 1

k- (min™) 0.0203 6.86 0.99

The primary product of the glycerol hydrogenolysis reaction over Pt-0.3STA/B-zeolite catalyst
is 1,3-PDO, 1,2-PDO, and 1-PrOH. The activation energy for the reaction glycerol to 1,3-PDO
was 64.45 kJ/mol, whereas it was 54.51 kJ/mol for reaction glycerol to 1,2-PDO. The activation
energies of these two parallel reaction routes show the selective formation of the 1,2-PDO at
lower temperatures. The results are in agreement with the reported experimental results
[205,213]. The activation energy for reaction glycerol to 1-PrOH was 92.17 kJ/mol. The results

show that the synthesis of 1,3-PDO requires moderate temperature, while higher temperatures
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will increase the formation of 1-PrOH from glycerol. Therefore, at 200 °C reaction temperature,
the selectivity of 1,3-PDO is higher than 1-PrOH (see Figure 7.5 (II)). Whereas reaction
temperatures 210 or 220 °C reduced the selectivity of 1,3-PDO and increased the selectivity of
1-PrOH (see Figure 7.5 (III) & (IV)).

The activation energy for the reaction route 1,3-PDO to 1-PrOH is negligible. In this case, the
value of the rate constant is nearly equal. Moreover, variation in ks value (manually putting the
average value of ks in the model equations) in the model doesn’t affect the overall fitting of
experimental data, indicating that the rate constant k4 is insensitive to the temperature. The
values of activation energies and frequency factors for other reaction routes (ks or k¢ or k7) are
small compared to key products (1,3-PDO, 1,2-PDO, and 1-PrOH) activation energies and
frequency factors. Therefore, the concentration of others and gases is also small in all cases.
On the other hand, the activation energy for 1,3-PDO to 1-PrOH (E4) is lower than 1,2-PDO to
1-PrOH (Es). However, experimental evidence revealed that 1,3-PDO is more stable than 1,2-
PDO (see section 5.1.5), which means ideally E4 should have been more than Es to make 1,3-
PDO more stable. Since we have assumed a simplified model without considering catalyst site
reactions (adsorption or desorption), however, by developing a more complex model like the
Langmuir Hinshelwood type, these kinds of discrepancies can be removed. This can be a part

of future work.

7.4 Conclusions

The kinetics of the zeolite-supported bifunctional (Pt-0.3STA/B-zeolite) catalyzed glycerol
hydrogenolysis reaction were studied in this work. Experiments were conducted to determine
the dependence of product selectivities on hydrogen pressure and reaction temperature.
Experiments show that 1-PrOH formation occurs from the start of the reaction, showing that it
forms directly from glycerol via acrolein apart from propanediols. Perhaps, as a result, we
observe significant yields of 1-PrOH even at the very early stages of reaction. A simpler form
of reaction pathway was proposed from the critical analysis of concentration-time plots of all

the products.

Detailed experimentation under kinetically controlled conditions and the effect of operating
variables (temperature and hydrogen pressure) showed that the rates of glycerol consumption

and product formation are strongly affected by experimental conditions. A kinetic model is
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formulated based on the proposed reaction pathways assuming the first-order kinetics for all
the products. Comparison of the model predicted data with experimental data shows an
excellent agreement supporting that the assumed mechanism for forming all the components

via glycerol hydrogenolysis over Pt-0.3STA/B-zeolite catalyst is accurate.

The observed result showed that the glycerol consumption rate is strongly dependent (first-
order) on the reaction temperature and hydrogen pressure. The 1,3-PDO formation rates are
also showed strong dependence on H pressure (first-order), while higher temperatures seem
unfavorable for 1,3-PDO synthesis. Based on the results, optimum pressure values are selected
for Arrhenius temperature dependence studies in the kinetic regime. We have obtained the
activation energies for all the participating reactions. Furthermore, the influence of other
reaction pressure on kinetic parameters is also reported in this study. The favorable conditions
for 1,3-PDO synthesis from glycerol seem to be higher pressure (50 bar or higher) and low

temperature (200 °C) from the concentration versus time plot.

Such kind of studies on kinetic analysis and modeling helps the researchers in the field to
explore the possibility of tuning the reaction conditions to enhance the selectivity towards the

desired product(s).
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Chapter 8:
NEW APPROACHES: Conversion of
glycerol to 1,3-PDO via protection of

terminal hydroxyl groups

8.1 Introduction

From the glycerol hydrogenolysis study in chapters 5, 6, and 7, it is clear that converting
glycerol to 1,3-PDO is challenging and leads to many products via hydrogenolysis. This is
largely attributed to the reactivity of terminal hydroxyl (~OH) groups of glycerol. They are
more reactive compared to the middle —OH group due to steric hindrance. To overcome this
issue, we have proposed a new route through which 1,3-PDO can be formed with higher
selectivity. A similar process has been reported by Wang et al. [26]. However, they used more
steps to produce 1,3-PDO, and that made the overall process expensive. We attempted 1,3-
PDO synthesis with lesser steps; the observed results will be discussed in the coming sections.
The glycerol’s terminal hydroxyl (-OH) groups can be protected by reacting glycerol with
aldehydes or acids etc. The reaction of glycerol with aldehydes produces 5 or 6-membered
glycerol acetals, which can be used as a substrate to make 1,3-PDO. Moreover, glycerol acetals

also have industrial importance.

Glycerol acetals can also be used in disinfectants, flavors, and surfactants [219,220]. Moreover,
acetals are also used in food products, pharmaceuticals, solvents for cosmetic and medical
products, and fragrances [221,222]. The most important application of acetal is found as a
suitable oxygenated additive for fuels [223]. The reaction of glycerol with benzaldehyde
effectively produces green cyclic acetals such as 2-phenyl-1,3-dioxolane-4-methanol or 2-
phenyl-1,3-dioxane-5-ol (five or six-ring atoms), which has shown the importance as

intermediates in the synthesis of dihydroxyacetone or 1,3-PDO [224]. Therefore, in this work,
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we attempt to synthesize cyclic acetals from glycerol followed by their separation and tried

their conversion to 1,3-PDO.

8.2 Process Concept

The new glycerol conversion approach is illustrated in Figure 8.1. In this process, the
conversion of glycerol to 1,3-PDO was carried out either in 3 steps or 2 steps, namely
acetalization, dehydration, and hydrogenation. In acetalization reaction, the terminal —OH
groups of glycerol are protected. This protection of terminal —OH groups of glycerol will leave
the formed compound (acetal) with only one (middle) —OH group. The dehydration (step 2)
followed by hydrogenation (step 3) of acetal or in-situ hydrogenolysis of acetal (step 2 and 3
combined) may result in 1,3-PDO, and that's how the 1,3-PDO selectivity can be improved.

Step 1: - Acetalization

Acid
HO/\[/\OH -+ - -+ + mo

OH

glycerol benzaldehyde 5-hydroxy- 5-hydroxy- water
2-phenyl- 2-phenyl-
1.3-dioxane 1,3-dioxane

(6- membered) (5- membered)

Step 2 or 3: - Dehydration followed by hydrogenation or hydrogenolysis

OH
Z (\|
H\ o
°° a0 OO o ° HO” ™>""0H
2 +1, +H,0
— — - e +
propane-1,3-diol
benzaldehyde
2-phenyl-
1,3-dioxan- 2-phenyl- 2-phenyl-
5-0l 4H-1,3-dioxine 1,3-dioxane

Figure 8.1. Representation of the new approach to glycerol conversion with benzaldehyde.
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Figure 8.1 shows the proposed approach for selective synthesis of 1,3-PDO from glycerol. In
step 1, acetalization of glycerol with benzaldehyde is carried out. In step 2, the formed 6-
membered acetals are dehydrated to 2-phenyl-4H-1,3-dioxine. In step 3, the formed compound
of step 2 will be hydrogenated to 2-phenyl-1,3-dioxane, then acid hydrolysis will release 1,3-
PDO and benzaldehyde. Steps 2 and 3 can also be carried out in a single vessel (in-situ) via
hydrogenolysis. In the study described in this chapter, we have synthesized the acetals from
glycerol and tried hydrogenolysis of acetal. We speculated the hydrogenolysis of acetals would
improve the selectivity of 1,3-PDO. The observed results will be discussed in the coming

sections.

If the acetalization was carried out using formaldehyde, then the process of 1,3-PDO synthesis

would have been like Figure 8.2.

Step 1: - Acetalization

OH
Ho/\/\oH 4 )L Acid KH +oy L HO
O.\/O

0
OH H H NS
glycerol formaldehyde ~ 1,3-dioxan-5-ol (l,3-dioxolan-4-yl)  water
methanol

(6-membered)  (5-membered)

Step 2 or 3: - Dehydration followed by hydrogenation or hydrogenolysis

OH
0
AU
11,0 7 I, smo MO OH
() 2 O me O a7
~ N N propane-1,3-diol
_ formaldehyde
1,3-dioxan-5-ol 4H-1 3-dioxine 1.3-dioxane

Figure 8.2. Representation of the new approach to glycerol conversion with formaldehyde
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8.3 Experimental

8.3.1 Materials and Methods

Merck Ltd. India supplied glycerol (=99.5%), benzaldehyde (>98.5%), and paraformaldehyde
(95%). These chemicals were used as a reactant during acetalization reaction. Ethylene glycol
(99.5%) supplied by Merck Ltd. India was used as a GC standard. The benzene (>99.5%),
toluene (>99.5%), xylene (>99.5%) were used as the reaction solvent, and they were purchased
from Merck Ltd. India. Sulfuric acid (>98%), phosphoric acid (85%), or p-toluenesulfonic acid
(>99%) was used as a homogeneous catalyst; these chemicals were purchased from Merck Ltd.
India. The commercially available cation exchange resin Amberlyst 15, also used as a
(heterogeneous) catalyst, was obtained from Rohm and Haas Pvt. Ltd. India. It was washed
with distilled water, isopropyl alcohol (IPA), diluted hydrochloric acid, and distilled water
before its use. It was then dried at 70 °C under vacuum for 10 hrs. The B-zeolite was obtained
from zeolyst international USA and used as a heterogeneous catalyst. It was calcined at 500 °C

for 5 hrs before its use.
8.3.2 Product Analysis

A similar analysis procedure to the one reported in chapter 3 was adopted for analyzing the
products observed during acetalization and hydrogenolysis. Here, ethylene glycol was used as
a GC standard. The identified compounds are glycerol, benzaldehyde, 5-hydroxy-2-phenyl-
1,3-dioxane (6-membered benzylidene acetal), and 4-hydroxy-methyl-2-phenyl-1,3-dioxolane
(5-membered benzylidene acetal), 1,3-dioxane-5-ol (6-membered acetal), 1,3-Dioxolane-4-
methanol (5-membered acetal). Additionally, a few other compounds like benzyl alcohol,
benzoic acid, and methyl-2-hydroxy-3-phenylpropanoate (non-cyclic acetal confirmed by GC-

MS) were also observed.
8.3.3 Experimental Setup

The acetalization reaction was performed in a round bottom flask with the Dean-Stark receiver,
as shown in Figure 8.2 A. A cylindrical glass reactor with an overhead stirrer shown in Figure

8.2 B was used to obtain the reaction's kinetics.
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The experimental setup consisted of a 250 ml capacity round bottom Dean-Stark reactor/
apparatus or a cylindrical reactor. The cylindrical reactor was used to generate the kinetic data
because the cylindrical reactor ensures the uniform flow distribution and uniform mass transfer
resistance. A condenser was used for a reaction carried out in a Dean-Stark apparatus. The
magnetic needle was used to stir the reaction mixtures in the Dean-Stark apparatus, and the
overhead stirrer was used to stir the reaction mixtures in a cylindrical reactor. In the case of the
Dean-Stark apparatus, the stirring speed was controlled by a controlling knob inbuilt in the
magnetic stirrer with a heating plate. An external thermostat controlled the stirring speed in the
cylindrical reactor with an accuracy of = 5 rpm. According to the given setpoint, the reaction
temperature was controlled by an external thermostat in both reactors. The thermostat is

capable of handling the reaction temperature with an accuracy of + 0.05 °C.

(A) (B)
)
ol

Temperature indicator

Figure 8.3. (A) Dean-Stark apparatus and (B) cylindrical reactor

In a typical experiment, the reactor was charged with a mixture of glycerol and aldehyde, and
a known amount of catalyst was added to the reactor. The desired reaction temperature was
given as a set point. When the temperature reached close to a setpoint, the reaction mixture was
stirred slowly (50 rpm) to avoid temperature overshoots. We have not observed any noticeable
changes in reactant concentration (samples analyzed in GC) at this stirring speed. Once the
reaction mixture temperature stabilizes at the setpoint, the stirring speed is increased to the
desired value (400 or 600 or 800 rpm). This time (after nearly 10 minutes of stabilization time)
was considered as the "zero-reaction" time for the reaction. The samples were collected
periodically from the sampling port using a sampling needle, ensuring no loss of catalyst from
the reactor., the samples were cooled down immediately to avoid any vapor loss. The samples

were then analyzed in a GC.
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The conversion of glycerol and selectivity of products were calculated using equations

provided in chapter 3.
8.3.4 Acetalization in Dean-Stark Apparatus

To protect the terminal —OH groups of glycerol, an acetalization reaction was performed using
benzaldehyde or formaldehyde. The products observed from the acetalization of glycerol with
benzaldehyde are 5 and 6-membered benzylidene acetals 4-hydroxymethyl-2-phenyl-1,3-
dioxolane (5-membered benzylidene acetal) and 5-hydroxy-2-phenyl-1,3-dioxane (6
membered benzylidene acetal), while the products observed from the acetalization of glycerol
with formaldehyde were a mixture of 1,3-dioxan-5-ol (6-membered acetal) and 1,3-dioxolane-

4-methanol (5-membered acetal).

The acetalization of glycerol with benzaldehyde was conducted with benzene as a solvent in
the Dean-Stark apparatus, as shown in Figure 8.2 A. In a typical experiment, 20 g of glycerol,
24 ¢ of benzaldehyde (ca. 4% excess on a mole basis), and 100 mL of benzene, together with
5 wt% of Amberlyst 15 or 1 g of PTSA or a few drops of H2SO4 catalyst, were placed in the
reaction flask. The reaction was initiated once the desired temperature (boiling state) was
reached. The progress of the reaction was monitored by the volume of the water collected in
the dean-stark receiver. The benzene solvent was boiled off from the reaction mixture after the
completion of the reaction. The reaction mixture is left only with products and excess
benzaldehyde. The analysis of the final reaction mixture was performed by GC. The isolation
of the 6-membered benzylidene acetal from the reaction mixture was accomplished by
crystallizing it using a 1:1 benzene-pet ether solution using a procedure given by Hill et

al.[225].

A similar reaction was conducted using paraformaldehyde with the same amount of benzene.
The product of this reaction contains a mixture of 5 and 6 membered acetals (see Figure 8.2),

which could not be separated by distillation due to their close boiling points.

The synthesis of 1,3-PDO from acetal requires a 6-membered compound, while a 5-membered
compound can lead to 1,2-PDO. As the product of interest is 1,3-PDO, therefore we have used

6-membered benzylidene acetal to perform the further study.
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8.3.5 Acetalization in Cylindrical Reactor

Kinetics of glycerol acetalization with benzaldehyde was performed in a 250 mL capacity
cylindrical reactor shown in Figure 8.2 B as the cylindrical reactor ensures the uniform flow
distribution inside the reactor. The measured quantities of glycerol, benzaldehyde, and catalyst
(Amberlyst-15) were added to the reactor. The procedure given in section 8.2.3 was adopted
for carrying out reactions. Several experiments were carried out to study the effect of different
parameters, including temperature, catalyst loading, stirring speed, and mole ratio, on the

reaction's kinetics.
8.3.6 Dehydration and hydrogenolysis of benzylidene acetal

The dehydration reaction of isolated 6-membered benzylidene acetal was performed in a Dean-
Stark apparatus. In a typical experiment, 10-15 g of acetal, with 100 mL of solvent (benzene,
toluene, or xylene) together with the desired amount of catalyst (H2SOs, H3PO4, PTSA,
Amberlyst 15, or B-zeolite) were placed in the reaction flask. The reaction was initiated after
the reaction mixture started boiling, and the reaction progress was monitored by the water
collection in the Dean-Stark receiver. The reaction was stopped after 4 h, and the final reaction

mixture was analyzed in GC.

The hydrogenolysis of isolated 6-membered benzylidene acetal was performed in a 100 ml
capacity autoclave. The autoclave was operated using a similar procedure described in chapter
3 (see section 3.3). In a typical experiment, the reactor was charged with 10-15 g of acetal, 3.0
g of synthesized catalyst (4 wt% of the reaction mixture), and 60 g of solvent (methanol or

dioxane). The reaction mixture was analyzed in a GC.

8.4 Results and discussion

8.4.1 Acetalization of glycerol with aldehydes

Acetalization of glycerol with benzaldehyde or formaldehyde protects its 1° and 3° —OH group
of glycerol. The acetalization reaction is a reversible reaction that tends towards equilibrium,
but it can be driven to completion by removing one of the products from the reaction (water).
Therefore, the Dean-Stark apparatus was used as a reactor to remove the water from the

reaction continuously. Furthermore, the reaction is non-selective because it forms both the 5-

150



membered and 6-membered benzylidene acetals. These acetals are in equilibrium with each
other during the reaction. It was reported that the selectivity of the 6-membered compound

could be improved by recycling the 5-membered compound from the previous batch [26,226].

Here, the reaction of glycerol with benzaldehyde over Amberlyst 15 or PTSA or H2SO4 catalyst
has given the 100% glycerol conversion with 46.8% yield of 5 membered benzylidene acetal
and 37.7% yield of 6 membered benzylidene acetal measured using GC peaks. The other
products (high boilers) were also observed during acetalization, like benzyl alcohol or methyl
2-hydroxy-3-phenylpropanoate (see Figure 8.4). These products were also observed by
Yamamoto et al. [224]. The product mixture was separated using the crystallization technique.
After purification, the final yield of 6 membered benzylidene acetal was 22%. The results are

in line with the reported results [26,227].

Similarly, the reaction of glycerol with formaldehyde over HoSO4 or PTSA or Amberlyst 15
catalyst also given the 100% glycerol conversion. The yield of 5 membered acetals was 51.3%,
and that of 6 membered acetals was 47.4% measured using GC. Few unknown products were
also observed during the reaction, which was also observed by others [228]. The solvent was
boiled off using distillation and the products were isolated. The product was a mixture of 5 and
6-membered acetal. Their further separation was not possible due to close boiling points.

Similar results were also reported in the literature [224,228].
8.4.2 Acetalization Kinetics

The effect of different parameters like temperature, stirring speed, catalyst loading, and mole
ratio on the glycerol conversion was studied in a glass reactor. The observed results during

these experiments are discussed in the following section.
a) Effect of speed of agitation

The effect of external mass transfer on the reaction between glycerol and benzaldehyde was
studied by performing experiments with different stirring speeds such as 400, 600, and 800
rpm in a cylindrical reactor (Figure 8.3 B). The observed glycerol conversion results are given
in Figure 8.5 (I). The results showed only a small change in the conversion of glycerol when
the stirring speed was increased from 400 to 800 rpm. Hence, for all of the other experiments,
the reaction stirring speed was kept at 800 rpm to obtain intrinsic kinetics that is free from

external mass transfer limitations.
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b) Effect of catalyst loading

The effect of catalyst amount/loading on the acetalization reaction between glycerol and
benzaldehyde was performed and the observed results were given in Figure 8.5 (II). As
expected, the conversion of glycerol has increased with an increase in catalyst loading. The
observed glycerol conversion at different catalyst loading (in wt%) was 23.9% at 0 wt%
(without catalyst), 33.85 at 2.5 wt%, 57.8% at 5 wt%, and 65.1% at 10 wt%. The rate of increase
in glycerol conversion with catalyst loading from 2.5 to 5 wt% was higher, but further increase
in catalyst loading has slightly increased the rate of glycerol conversion (see Figure 8.5 (II)).
The selectivity of 6-membered acetal was slightly increased with an increase in catalyst loading
from 0 to 5 wt%. Its selectivity after 2 h of reaction was 41.3% at 0 wt% loading, 43.3% at 2.5
wt% loading, and 45.7% at 5 wt% loading. At higher catalyst loading, its selectivity was
decreased to 42.6% at 10 wt% loadings. In the case of 5-membered acetal selectivity, it was
slightly decreased with an increase in catalyst loading from 0 to 10 wt%, its selectivity was

51.3% at 0 wt% loading, 49.7% at 2.5 wt% loading, and 48.2% at 5 wt% loading, and 47.6%

at 10 wt% loading.
o)
o
- W

Acid methyl 2-hydroxy-3-phenylpropanoate
o /Y\OH + _Acd

o OH
glycerol benzaldehyde \]E +

Benzoic acid Benzyl alcohol

Figure 8.4. Side-products observed during the acetalization of glycerol with benzaldehyde

Figure 8.4 shows side products formed during acetalization of glycerol with benzaldehyde. The
benzaldehyde and benzyl alcohol were observed at higher ratios of benzaldehyde and higher
catalyst loadings. In contrast, the formation of methyl-2-hydroxy-3-phenylpropanoate (non-

cyclic acetal) was observed at higher temperatures and higher catalyst loading.
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¢) Effect of reaction temperature

The effect of temperature on the reaction between glycerol and benzaldehyde was performed

over the temperature range between 60—90 °C using 1:1 mole ratio of reactants. The increase

in reaction temperature has increased the overall reaction rate (see Figure 8.5 (I)). The

conversion of glycerol was increased from 33.7% to 64.3% after 120 min when the temperature

was raised from 60—90 °C. Though 90 °C has given the highest conversion, however, at this

temperature, the formation of side products (shown in Figure 8.4) has increased. The selectivity

of 6-membered acetal was slightly increased up to 80 °C; however, it was reduced at 90 °C.

After 2 h of reaction, its selectivity was 44.1% at 60 °C, 44.8% at 70 °C, 45.7% at 80 °C, and

40.4% at 90 °C. Selectivity of 5-membered acetal was slightly decreased with an increase in

temperature. Its selectivity was 51.5% at 60 °C, 49.7 at 70 °C, 48.2% at 80 °C, and 47.7% at 90

°C.
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Hence, the optimum temperature with higher glycerol conversion seems 80 °C. Literature
reports similar behavior for an increase in glycerol conversion with the increase in reaction

temperature [229-231].
d) Effect of reactant mole ratio

The effect of change in an initial mole ratio of glycerol to benzaldehyde (benzaldehyde was
varied) on acetalization reaction was studied at 80 °C. The results show an increase in glycerol
conversion with an increase in benzaldehyde amount. The glycerol to benzaldehyde ratio was
varied as 1:1, 1:1.5, 1:2, and 1:3. The respective rise in glycerol conversion was 57.8, 64.9,
74.4, and 78.4, respectively. It is worth noting that, increase in glycerol to benzaldehyde ratio
from 1:1 to 1:3 has increased the formation of other products from 6.1% to 15%, respectively.
The selectivity of 6-membered acetal after 2 h of reaction was 45.7% with 1:1 ratio, 44.1% at
1:1.5 ratio, 43.4% at 1:2 ratio, and 40.1% at 1:3 ratio. Selectivity of 5-membered acetal was
48.2% at 1:1 ratio, 47.3% at 1:1.5 ratio, 46.8% at 1:2 ratio, and 45.2% at 1:3 ratio.

The catalyst re-usability was also performed with 1:1 reactant molar ratio, 5 wt% Amberlyst
15 catalyst, 80 °C. The catalyst has not lost its activity even after 5 repetition, indicating the

clean reaction with zero catalyst deactivation.
e) Dehydration of benzylidene acetal

The dehydration of formed acetal was carried out in dean-stark apparatus with benzene, toluene
or xylene solvents. Different solvents were used to increase the boiling point of the reaction
mixture. The toluene-water system boils at temperatures higher than 85 °C and the water-
xylene system boils at a temperature higher than 95 °C. The use of heterogeneous catalysts like
Amberlyst 15, B-zeolite has not even initiated the reaction. After 4 h, the final product of the
reaction was benzylidene acetal only. Similar results were observed over homogeneous
catalysts like PTSA, H3PO4 except for HoSOs. Few drops of HoSO4 have initiated the reaction.
However, the product of the reaction is a polymerized black mass. The reaction was also carried
out without solvent even at low temperatures -5 °C; however, the reaction results are the same.
Hence, we conclude that the acetalization of glycerol with benzaldehyde is easy. Still, the
dehydration of formed acetal is very difficult because the compound's hydroxyl (~OH) group
is a weak leaving group. Therefore, Wang et al. [26] replaced the —OH group of benzylidene
acetal with a better leaving tosyloxyl group (tosyl chloride) and synthesized 1,3-PDO. The cost

of tosyl chloride makes this process non-friendly to the industry.
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As dehydration of benzylidene acetal seems complicated, we tried its hydrogenolysis over Pt-

0.7STA/B-zeolite catalyst. The observed results will be discussed in the following section.
) Hydrogenolysis of benzylidene acetal

The hydrogenolysis of formed acetal was carried out in 100 ml capacity high-pressure
autoclave at 50 bar H; pressure. The acetal was dissolved in 50 ml of solvent, either methanol
or 1,4-dioxane. The reaction was carried out at 150 °C. After 5 h, the conversion of benzylidene
acetal was 86.4%. However, the product of hydrogenolysis was benzaldehyde and glycerol.
That means the hydrogenolysis has resulted in the ring-opening of acetals. Chia et al. [232]
studied the hydrogenolysis of cyclic ethers with —OH group over Rh-ReOx/C catalyst and
found the formation of straight-chain molecules after ring-opening (cyclic compound). Similar
results for hydrogenolysis of cyclic ethers with —OH group over Ir-ReOx/SiO> catalyst were
also reported by Chen et al. [233]. In our case, the hydrogenolysis of cyclic acetal with —-OH

group resulted in the formation of glycerol and benzaldehyde after ring-opening.

To overcome this issue, one may synthesize a catalyst that will only be active for the —-OH

group, then 1,3-PDO can be formed from direct hydrogenolysis of benzylidene acetal.

8.5 Conclusion

A new approach for the transformation of glycerol to 1,3-PDO selectively is proposed and a
few exploratory studies were carried out. The idea is to synthesize 6-membered glycerol acetals
and selectively remove the 2° —OH group from the formed acetal. H2SO4 only initiated the
dehydration of acetal, but it has formed the polymeric compounds. The hydrogenolysis of
acetal over Pt-0.7STA/B-zeolite catalyst has resulted in ring-opening. The formation of 1,3-
PDO did not occur through the proposed route, but the formed acetals can be used for other

applications.

The effect of reaction temperature, catalyst loading, and glycerol to benzaldehyde mole ratio
positively impacted glycerol conversion during acetalization of glycerol. However, higher
catalyst loading, higher temperature, or high mole ratio favored the formation of undesired
compounds. The best operating condition for the synthesis of benzylidene acetal over

Amberlyst 45 was a 1:1 mole ratio, 80 °C temperature, 5 wt% catalyst, and 800 rpm.
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Chapter 9:
CONCLUSION & FUTURE SCOPE

9.1 Conclusion

Increasing biodiesel production as a fossil fuel alternative to fulfill the increasing energy
demands has increased the availability of glycerol in the chemical market at cheaper rates.
Glycerol is being viewed increasingly as a ‘building block’ chemical [234]. Hydrogenolysis is
one of the major routes to derive 1,3-PDO, a commercially important chemical from glycerol.
The 1,3-PDO is an essential reactant in synthesizing poly-trimethylene terephthalate (a
biodegradable polymer). However, the conversion of glycerol to 1,3-PDO has a complex
mechanism; it is challenging to direct it to the desired product (1,3-PDO). But, intrusions at the
level of reaction mechanism (through the application of selective catalysts) and at the level of
reaction conditions (through reaction engineering) are possibilities that suggest themselves in

this context.

The present work was proposed to investigate the aqueous phase hydrogenolysis of glycerol
with molecular hydrogen in a slurry reactor. This thesis broadly covers the micro (catalysis)
and macro (engineering) aspects of glycerol hydrogenolysis. The study has explored the usage
of Pt-STA on the B-zeolite supported bifunctional catalyst for the glycerol hydrogenolysis

reaction.

Based on these studies, the following conclusion can be drawn from the thesis:
9.1.1 Hydrogenolysis of glycerol with Pt-STA/B-zeolite catalysts

Hydrogenolysis of glycerol has been performed with the use of the Pt-STA/B-zeolite catalyst.
The use of high SiO> to Al>Os ratio B-zeolite as catalyst support for glycerol hydrogenolysis is
tried for the first time. This work demonstrates the potential of STA as a promotor to Pt-p-
zeolites catalyst in terms of tuning its acidic properties, electronic structure, metal dispersion,
hydrogen spillover, and thereby achieving a higher selectivity towards 1,3-PDO. B-zeolite

mostly acts as a support, but it has shown some activity towards glycerol; however, the 1,3-
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PDO formation was not observed on it. Adding Pt to B-zeolite catalyst has shown some
selectivity towards 1,3-PDO, and the addition of STA further improved this. This confirms that

all three elements are equally important in a catalyst for glycerol transformation to 1,3-PDO.

The increase in STA to B-zeolite ratio from 0 to 0.5 resulted in an increase in the total acidity
of the catalyst. As a result, the glycerol conversion increases from 15.06% to 37.58% in 5 h of
reaction. The further increase in STA to B-zeolite ratio (>0.5) results in a decrease in the total
acidity of the catalyst, and the glycerol conversion reduced 34.14% to 20.05% under otherwise
similar conditions. This suggests a correlation between the glycerol conversion activity of the

catalyst and its total acidity.

The catalyst characterization study provided more insights into the catalyst structure and
mechanism of action. It showed how STA is beneficial in increasing preferentially the Brensted
acidity required for enhancing the 1,3-PDO selectively. The XRD data showed the existence
of tungsten bronze phase (Ho.53WO3) and crystalline m-WOs at a higher STA to B-zeolite ratio.
The Py-FTIR and Py/2,6-dTBPy-TGA results showed the presence of the highest Bronsted
acidity over Pt-0.7STA/B-zeolite catalyst followed by Pt—0.3STA/B-zeolite catalyst.
Therefore, these catalysts have given the highest 1,3-PDO selectivity as 38.8% and 31.04%
respectively in 5 h of reaction compared to other catalysts. The correlation between Bronsted
acidity and 1,3-PDO yield also confirms that the Bronsted acid sites favor the formation of 1,3-
PDO by removing the secondary —OH group of glycerol.

The CO-chemisorption results showed an improvement in Pt dispersion with the incorporation
of STA in the catalyst. Ho>-TPR result revealed the strong interaction between metal and
support. XPS analysis confirms the presence of W>" species over a catalyst surface, which
formed after the hydrogen spillover from Pt to STA surface. TEM images revealed the presence

of well-dispersed 2 to 4 nm Pt particles.

The 1,3-PDO selectivity was found to improve at least 7 times, and its productivity increased
14 times compared to Pt/B-zeolite catalyst. It is attributed to the large concentration of Brensted
acid sites of Ho.s3WOs3 species with appropriate acid amounts, strong electronic interaction

between Pt and STA species, and hydrogen spillover.

The reusability study revealed that the catalyst was reusable even after the 4 run and has given

nearly comparable results to the fresh catalyst.

The study on the effect of operating parameters on glycerol hydrogenolysis reaction revealed

that high temperatures (>220 °C), long reaction times (>5 h), and low pressures (< 40 bar) were
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found to be undesirable from the 1,3 PDO selectivity point of view. The optimum Pt loading
was found to be 5 wt%. Hence, the best catalyst found to be 5%Pt-0.7STA/B-zeolite and best
reaction conditions are 200 °C, 50 bar H» pressure, and 5 h reaction time which offers 30.4%
glycerol conversion, 44% 1,3-PDO selectivity, 7.9 % 1,2-propanediol (1,2-PDO) selectivity,
and 28% 1-propanol (1-PrOH) selectivity.

9.1.2 Kinetic Modeling and Simulation

The concluding part of the thesis is dedicated to the kinetic modeling and simulation of the
experimental reaction data. The kinetics of the Pt-0.3STA/B-zeolite catalyzed glycerol
hydrogenolysis was studied in detail, and a kinetic model was proposed based on the reaction
mechanism for the intrinsic kinetic regime. The model incorporates the rate of change of
concentration in all the reactants and products during glycerol hydrogenolysis, the rates of the
different reactions in the proposed mechanism is assumed to be of first-order in the respective
reactant concentrations, the order with respect to hydrogen being subsumed in the rate constant
since the data were obtained at constant hydrogen pressure. The model was able to explain the
observed trends in the experimental data. The values of the rate constants and activation
energies were evaluated as per the Arrhenius plot. The activation energy for 1-PrOH was higher
while it was lower for 1,3-PDO, which shows lower temperature favors 1,3-PDO formation.
Hydrogen pressure seems to affect both rate and selectivity of the reaction, and it is found to

be favorable for 1,3-PDO synthesis.

This thesis can conclude that the bifunctional catalyst containing Pt-STA seems to be a

promising catalyst for the hydrogenolysis of glycerol to 1,3-PDO.

The main contributions of the work are coming out to be the synthesis of a new series of
catalysts for glycerol hydrogenolysis to 1,3-PDO. Furthermore, we have discussed mechanistic
investigations through extensive characterization and performance studies, leading to an
understanding of the precise role of the various constituents of the catalyst and hence to an
optimized formulation of the catalyst. Additionally, detailed kinetic studies on one of the most
promising catalysts in the series synthesized and a kinetic model over the temperature range of

200 to 220 °C and pressure range of 10 to 50 bar H» is given.
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9.1.3 New approach for 1,3-PDO synthesis

A new way is proposed to improve the 1,3-PDO selectivity from glycerol by protecting
terminal hydroxyl groups of glycerol, converting the sec-OH group by hydrogenolysis, and
then de-derivatizing the product to obtain 1,3PDO. Unfortunately, the proposed path has not
worked out due to the ring-opening of formed cyclic acetals in acidic conditions. However,
synthesis of benzylidene acetal was performed, which is an important raw material in

synthesizing value-added products like dihydroxyacetone.

Preliminary investigations into an improved process for 1,3-PDO through chemical
derivatization of the terminal —OH groups of glycerol before hydrogenolysis, leading to an

identification of the challenges in this approach.

9.2 Future Work

9.2.1 Catalysts

Si02 seems to be a dominant species in high SiOz to Al>O3 ratio B-zeolite catalyst. In this work,
we have demonstrated the effect of STA addition on the performance of Pt-STA/B-zeolite
catalyst. The addition of STA has improved the performance of the Pt/B-zeolite catalyst due to
better interaction between Pt-STA species. However, literature also reports the better
interaction between Ir-ReOx (iridium and rhenium oxide) supported on SiO; [235] catalysts.
The Ir-ReOx/SiO; catalyst has shown the higher selectivity for 1,3-PDO during glycerol
hydrogenolysis [65]. Therefore, it will be interesting to study the effect of B-zeolite supported
Ir-ReOx catalysts on glycerol hydrogenolysis due to B-zeolite’s high SiO> content.

Moreover, the difference in surface areas of B-zeolite and SiO> is roughly 4 to 5 times. The
high surface area of B-zeolite will help incorporate more ReOx species up to sub-monolayer
coverage compared to SiO2, which is ultimately beneficial for 1,3-PDO synthesis from
glycerol. Additionally, the effect of Ir-ReOx incorporation on SiO> has already been studied
extensively. However, work on Ir-ReOx incorporation on B-zeolite has not been explored.
Therefore, it will be worth investigating the promoting effect of ReOx on B-zeolite for glycerol

hydrogenolysis.

159



9.2.2 Reaction Engineering studies

There is no clear understanding of the effect of contacting conditions on the selectivity to
different products in the glycerol hydrogenolysis. As we have batch kinetics at hand, it will be
interesting to study a continuous process pilot scale using the present catalyst. Moreover,
experimental and modeling studies on the fixed-bed reactor (which allows continuous
operation) will be helpful to understand the reactor engineering aspects of glycerol
hydrogenolysis. Additionally, the effect of operating conditions in a continuous process is
worth exploring. Because glycerol hydrogenolysis reaction is complex and the isothermal
strategy may not be optimal for 1,3-PDO synthesis. Hence the effect of operating conditions
will throw more light on this. The kinetic model will also provide guidance in arriving at an

optimal temperature profile.

The kinetic studies performed using a batch autoclave (Chapter 7) show that the reaction
follows first-order kinetics under the given reaction conditions. Hence, from these results, we
can anticipate that a continuous fixed bed reactor (packed bed reactor) will give better glycerol
conversion and improve the selectivity to 1,3-PDO. This is because, as we have already shown,
glycerol's reaction to 1,3-PDO is faster than 1,3-PDO to 1-PrOH (Chapter 7). Hence, we can
exploit the conditions in our favor, reducing the over-hydrogenolysis and improving the 1,3-
PDO selectivity. Moreover, though the residence time is large (5 h batch time), in a fixed bed
reactor, efforts can be made to reduce them by manipulating catalyst loading or feed flowrate,
etc. While in the case of CSTR, the residence time will be even larger, making CSTR unsuitable

for this reaction. Therefore, fixed bed reactor seems suitable for this reaction.
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Appendix-A

Calibration curve for the key product(s) and reactant of glycerol
hydrogenolysis

Calibration curves for all the hydrogenolysis liquid products and glycerol were prepared.

Figure A.1 shows the calibration curve for a few key products.

Glycerol calibration 1,3-PDO calibration
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Figure A.1. Calibration curve for key product(s) and reactant of glycerol hydrogenolysis
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The formula for determining the monolayer coverage and tungsten surface

density

Monolayer coverage = [%WO4 actual x N, x 0,58 x 10~ 8 231,85 x %HUSY x BETyysy] EqAl

wt%W

0 6.023 x 10® EqA2
Mw
SA. X 108

Where wt% W, Mw, and S.A. are the content of W in the sample (wt %), the molar weight of
W (183.84 g/mol), and the specific surface area of the sample (m?/g), respectively. In this

equation, W surface density (8) is thus expressed as W/nm? based on the weight of sample.

Correlation between the Lewis acid sites and 1,2-PDO yield using Py-FTIR

According to the literature, 1,2-PDO preferentially forms over the Lewis acid sites from
glycerol dehydration to acetol followed by hydrogenation at metal sites to 1,2-PDO [93,196].
Hence, we attempted to correlate 1,2-PDO yield obtained over each catalyst with their Lewis
acid sites measured using the Py-FTIR technique (See Figure A.3 for correlation using TGA
technique) as shown in Figure A.2. It can be seen that the correlation is not so good. It is mainly
attributed to the instability of 1,2-PDO in the reaction environment [93]. Similar results were
also reported by Zhu et al. [114]. Moreover, Pt/B-zeolite catalyst has only given the highest
yield of 1,2-PDO, which is certainly due to the presence of a large number of Lewis acid sites.
However, it also contained a less total number of acid sites which will help 1,2-PDO to remain

stable and not let it over-hydrogenolyse to 1-PrOH or other products.
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1,2-PDO yield vs Lewis acidity
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Figure A.2. Correlation between 1,2-PDO yield and Lewis acidity using Py-FTIR

Correlation between the acid sites and product yield using TGA
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Figure A.3. Correlation between the product yield and amount of acid sites measured using
TGA
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Figure A.3 shows the relationship between the product yield (1,2-PDO and 1,3-PDO) and the
amount of acid sites measured using the TGA technique. The result shows that the relationship
between Bronsted acid sites and 1,3-PDO yield looks good. However, the relationship between
1,2-PDO yield and Lewis acidity is not that good. The results from Py-FTIR and TGA study

have given nearly equal correlation.

Effect of speed of agitation during glycerol hydrogenolysis

The effect of external mass transfer on glycerol hydrogenolysis reaction was studied by varying
the stirring speeds such as 500, 800, and 1000 rpm in an autoclave reactor over Pt-0.3STA/B-
zeolite catalyst. The observed glycerol conversion results are given in Figure A.4 (I). The
results showed only a small change in glycerol conversion when the stirring speed was

increased from 500 to 1000 rpm.

Glycerol conversion vs time
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Figure A.4. Glycerol conversion vs. time profiles for glycerol hydrogenolysis at different RPM.
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Internal Mass-Transport Resistance: Weisz-Prater Criterion

The effect of internal mass-transfer resistance (effect of pore-diffusion) for catalysts
understudy has been investigated by calculating the W-P criterion given by Weisz and Prater
(1954). The porous heterogeneous catalyst contains the active sites well distributed within their
structure. The reactant molecule has to travel from the catalyst surface to the active site inside
the porous network. In the case of glycerol hydrogenolysis, hydrogen has to pass from the gas
phase to glycerol; and then to the catalyst surface and the pores for reaction. Here hydrogen
acts as a limiting reagent. Therefore, @wr,i have to be evaluated for hydrogen, which is given

as,

reff 2

c, .0t

i, mix

Pup. = < 03

@wr,i (Cwp): dimensionless Weisz—Prater parameter;

' effective (observed) rate per volume of the catalyst in mol/ L.min
I : radius of the catalyst particle in m;

Cis : concentration of i (H») at the surface of the particle in mol/L; and

DY ix: effective diffusivity of i in the mixture in m*/min

The value of effective (observed) rate per volume of the catalyst in mol/ L.min = 5.3587E-07

mol/ L.min.

Radius of the catalyst particle in m =25 pm = 25E-06 m.

concentration of i (Hz) at the surface of the particle in mol/L = 5.43E-04 mol/L at 25 °C.
Tortuosity (t) =2 to 15.

Porosity = 0.1 (assumed to be less porous)

DY} iy = 2.25E-06 at T = 2 and 3.00E-07 at T = 15.

The value of Cwp was 1.27815E-07 for T =2 and 9.59E-07 for T = 15.
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The values are less than 1, which confirms that there are no diffusion limitations. The reaction

is very slow, and thus rate is kinetically controlled.

Among all the experiments conducted, the highest rate value is taken for estimation of the
Weisz—Prater criterion. The Weisz—Prater criterion's value was found to be very much less than
1. Hence for the rest of the experiments also the reaction rate is definitely controlled by intrinsic

kinetics.

Confidence interval (CI) values for rate parameters with 95% confidence at

different temperatures

Table A.1. Values of CI bound for 200 °C

Rate constant values
rate constants (min™')

Lower bound | Upper bound Actual
ki 1.72E-04 2.00E-04 1.86E-04
ko 7.52E-05 1.06E-04 9.32E-05
ks 1.63E-04 1.95E-04 1.78E-04
k4 5.66E-04 1.81E-03 1.17E-03
ks 6.86E-04 3.66E-03 2.32E-03
ke 3.06E-03 3.52E-03 3.31E-03
k7 2.80E-03 4.22E-03 3.56E-03
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Table A.2. Values of CI bound for 210 °C

rate constants (min')

Rate constant values

Lower bound | Upper bound Actual
ki 2.26E-04 3.03E-04 2.71E-04
ko 7.99E-05 1.65E-04 1.32E-04
ks 2.65E-04 3.48E-04 3.00E-04
k4 0.00 2.15E-03 1.12E-03
ks 0.00 4.86E-03 2.55E-03
ke 2.99E-03 3.79E-03 3.42E-03
k7 2.39E-03 4.65E-03 3.67E-03

Table A. 3. Values of CI bound for 220 °C
Rate constant values
rate constants (min™!)

Lower bound | Upper bound Actual
ki 3.22E-04 4.05E-04 3.62E-04
ko 9.55E-05 2.07E-04 1.63E-04
k3 4.14E-04 5.31E-04 4.61E-04
k4 1.89E-04 2.13E-03 1.16E-03
ks -1.07E-03 5.81E-03 3.00E-03
ke 3.12E-03 3.75E-03 3.53E-03
k7 2.87E-03 4.82E-03 3.82E-03
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Confidence interval (CI) values for rate parameters with 95% confidence at

different pressures

Table A. 4. Values of CI bound for 10 bar H,

Rate constant values
rate constants (min')

Lower bound | Upper bound Actual
ki 4.52E-05 1.33E-04 1.10E-04
ko 1.69E-04 2.65E-04 2.23E-04
ks 2.69E-04 3.72E-04 3.12E-04
k4 -3.12E-03 2.28E-03 1.04E-03
ks -5.87E-05 3.63E-03 1.87E-03
ke 3.17E-03 4.25E-03 3.45E-03
k7 1.81E-03 4.52E-03 3.23E-03

Table A.5. Values of CI bound for at 50 bar H;

Rate constant values
rate constants (min!)

Lower bound | Upper bound Actual
ki 4.38E-04 5.15E-04 4.78E-04
ko 1.14E-04 2.10E-04 1.68E-04
k3 4.35E-04 5.32E-04 4.74E-04
k4 6.41E-04 2.03E-03 1.34E-03
ks 4.38E-04 5.44E-03 3.25E-03
ke 3.80E-03 4.36E-03 4.09E-03
k7 4.09E-03 5.55E-03 4.86E-03
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Summary results of parametric study over Pt-0.3STA/B-zeolite catalyst

The details of the parametric study conducted over Pt-0.3STA/B-zeolite catalyst is provided in
the section 6.2. Here, Table A.6 shows the summarized qualitative results. The results show
that an increase in reaction temperature to greater than 220 °C increases the rate of glycerol
conversion but is undesirable from a 1,3-PDO selectivity point of view. The increase in
temperature results in the formation of degradation and gaseous products with their combined
selectivity > 63%. On the contrary, a decrease in reaction temperature adversely affects
glycerol conversion. Hence, a compromise temperature range of 200-220 °C seems to be

optimal.

An increase in reaction (hydrogen) pressure was advantageous for both glycerol conversion
and 1,3-PDO selectivity. The conversion increased by 12% and 1,3-PDO selectivity increased
by 13% when the pressure was raised from 40 to 50 bar H> under otherwise similar conditions,

thereby reducing the formation of 1,2-PDO and 1-PrOH.

Table A.6. Reaction parameter study for glycerol hydrogenolysis reaction over Pt-0.3STA/B-
zeolite (qualitative)

Reaction/catalyst Reactant N
. Product selectivities
Parameters conversion
Glycerol | 1,3-PDO | 1,2-PDO | 1-PrOH | Others | gaseous
Increase in reaction
vv xx xx xx vv vv
temperature (240 °C)
decrease in reaction
xx v v x x ~
temperature (200 °C)
Increase in reaction
v v x x ~ i~
pressure (50 bar)
decrease in reaction
XX x X vv ~ I~ X
pressure (10 bar)
Increase in glycerol
&y vV xx x x vv | vV
concentration (30 wt%)
Increase in
vv xx x v v vv
catalyst amount (3 g)
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decrease in
xx xx v ~ v ~
catalyst amount (1 g)
Increase in
. . v X X ~ v ~ v
platinum loading (10 wt%)
decrease in
xx xx v ~ v ~
platinum loading (2.5 wt%)
Increase in
o vv xx xx v v Vv
reaction time (16 h)
decrease in
xx Vv v x xx xx
reaction time (10 min)
v’ — increase in selectivity or conversion by < 5% X — decrease in selectivity or conversion by < 5%
V'V’ — increase in selectivity or conversion by > 5% X X — decrease in selectivity or conversion by > 5%

] — increase in selectivity or conversion by > 1.2%
Further increases in reaction pressure may also be helpful but were not explored in this study
due to safety limitations. The decrease in hydrogen pressure to 10 bar resulted in decreased
glycerol conversion, 1,3-PDO selectivity, and an increase in the 1,2-PDO selectivity

considerably.

Another critical parameter is the concentration of glycerol in the aqueous phase. We found that
an increase in glycerol concentration increases the rate of reaction, but at the cost of higher
formation of others and gaseous products. A glycerol concentration of 5% w/w in water was

found to be optimal.

The increase in the catalyst loading resulted in increased glycerol conversion, but 1,3-PDO
selectivity decreased considerably. The increase in the catalyst amount in the reaction mixture
resulted in a notable increase in 1-PrOH and gaseous products due to the over-hydrogenolysis
of PDOs. Conversely, decreasing the catalyst loading resulted in lesser glycerol conversion,
and 1,3-PDO selectivity also decreased significantly. Therefore, a catalyst loading of 2 g seems

optimal to obtain the best yield towards 1,3 PDO.

We also found an optimum in the platinum loading on the catalyst for a given total catalyst
loading in the mixture. At higher Pt loading, the formation of 1-PrOH and gaseous products
were enhanced, while at lower Pt loading, 1,2-PDO formation was promoted. The batch

reaction time also has a significant impact on the product distribution. At a longer reaction
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time, the conversion was found to increase at the cost of forming 1-PrOH and other products.
This is attributed to the over hydrogenolysis of PDOs. It is thus necessary to also restrict the

reaction time to typically less than or equal to 5 hrs under the conditions of interest.
Summary results of parametric study over Pt-0.7STA/B-zeolite catalyst

Figure A.5 (bar chart) summarizes the results of the effect of parameter on glycerol
hydrogenolysis using Pt-0.7STA/B-zeolite catalyst. The bar chart depicts the effect of reaction
conditions/parameters on product selectivity or glycerol conversion. In this figure, the central
bar (bar no 6) represents the results observed over standard reaction conditions viz. 220 °C, 40
bar Ho, 5 h, 2 g of 5 wt% Pt catalyst, and 80 ml of 5 wt% glycerol solution. Its left-hand and
right-hand sides show the effect of decrease and increase in reaction parameters over product
selectivity or glycerol conversion. The glycerol conversion roughly decreased with a decrease
in parameter and increased with an increase in parameter. In this section, we will briefly
describe the effects of parameters on glycerol conversion and product selectivities. A detailed
parametric study on glycerol hydrogenolysis over Pt-0.7STA/B-zeolite catalyst is provided in
the following section 6.2 (Chapter 6).

The results over Pt-0.7STA/B-zeolite catalyst show nearly a similar trend as we have observed
over Pt-0.3STA/B-zeolite catalyst (See Table A.6). Here, the results show that an increase in
reaction temperature increased the glycerol conversion. However, it has an adverse effect on
1,3-PDO selectivity. The temperature of 240 °C increased the glycerol conversion to 33.9%,
but reduced the 1,3-PDO selectivity to 8.2%. Moreover, this temperature resulted in the
formation of degradation and gaseous products with their combined selectivity > 66%. On the
contrary, a decrease in reaction temperature adversely affects the glycerol conversion but helps

in improving the 1,3-PDO selectivity. Hence, the desired temperature range is 200-220 °C.

An increase in reaction (hydrogen) pressure was advantageous for both glycerol conversion
and 1,3-PDO selectivity. The conversion was increased to 30.4% and 1,3-PDO selectivity to
42.0% when the pressure was raised from 40 to 50 bar H under otherwise similar conditions.
Thereby reducing the formation of 1,2-PDO and 1-PrOH. Due to safety limitations, we have
not explored the effect of a further increase in pressure. Contrarily, the decrease in reaction
pressure to 10 bar has reduced the glycerol conversion to 18.5% and 1,3-PDO selectivity to
12.3%, resulting in an increase in selectivity of 1,2-PDO to 30.8% and 1-PrOH to 36.1%.

Hence, for higher 1,3-PDO selectivity, H, pressure of 40 bar or higher is recommended.
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Figure A.S. Bar chart representing the effect of reaction or catalyst parameters on glycerol
conversion and product selectivities.

The effect of initial glycerol concentration in the reaction mixture shows that an increase in
glycerol concentration increases the rate of reaction at the cost of formation of the degradation
(others) and gaseous products. The increase in glycerol initial concentration from 5 to 30 wt%
increased the conversion from 26.8% to 37.7%, others from 13.8% to 19%, and gaseous
products from 4.3% to 17.8%. A glycerol concentration of 5% w/w in water was found to be

optimal.

The effect of an increase in catalyst loading shows that an increase or decrease in catalyst
loading resulted in increasing or decreasing the glycerol conversion. However, the 1,3-PDO
selectivity was decreased to 29.1% and 23.0%, with an increase or decrease in catalyst loading.

Hence, a catalyst loading of 5 wt% seems optimal to obtain the best yield towards 1,3 PDO.

The effect of the platinum amount in a catalyst revealed that an increase in platinum amount
resulted in increased glycerol conversion to 30.3%. Its decrease has decreased the glycerol

conversion to 17.2%. At higher Pt loading, the formation of 1-PrOH, others, and gaseous
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products was enhanced. While at lower Pt loadings, 1,2-PDO formation was doubled along

with a slight increase in selectivities of 1-PrOH, others, and gaseous products.

The batch reaction time showed a significant impact on glycerol conversion and product
selectivities. At a longer reaction time, glycerol conversion was found to increase with increase
in the formation of gaseous products increasing from 4.3 (after 5 h) to 13.4% (after 16 h). This
is attributed to the over hydrogenolysis of PDOs and others. Hence, it is essential to restrict the

reaction time to typically less than or equal to 5 hrs under the conditions of interest.

The following section shows the detailed study on the effect of reaction/catalyst parameter on

glycerol hydrogenolysis reaction over Pt-0.3STA/B-zeolite and Pt-0.7STA/B-zeolite catalysts.

Economic analysis

Here, we have made an attempt to perform some economic calculations which certainly needs
an optimization. However, one can take it as a basic and perform the detailed techno-economic

analysis.

Basis: - Synthesis of 1,3-propanediol using 30 wt% aqueous glycerol solutions with

5%Pt/0.7STA/B-zeolite catalyst.

Glycerol concentration = 30 wt%

Reaction temperature = 220 °C

Reaction pressure = 50 bar hydrogen (H>)

Glycerol conversion after 5 h of reaction = 37.7%

Catalyst required = 2.5 wt% of reaction mixture

The main product of the reaction is 1,3-propanediol and 1,2-propanediol.

Market price of 1,3-propanediol in Rs per kg = 200 Rs/kg (Source: - Market Prospecting and
Assessment of the Economic Potential of

Glycerol from Biodiesel)

Market price of glycerol in Rs per kg = 12.8 Rs/kg (Source: - Market Prospecting and
Assessment of the Economic Potential of

Glycerol from Biodiesel)

Market price of 1,2-propanediol in Rs per kg =90 Rs/kg  (Source: - Chemical Weekly)
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Market price of hydrogen (Hz) in Rs per kg = 50 Rs/kg (Source: - Sunlight gas Pvt Ltd, India)

Catalyst cost=1,13,701.1173 Rs/kg (Source: - Indiamart)

Catalyst life = 150 h (30 times recyclable) (Assumed)

Assumed glycerol processing rate in kg per h = 4040 kg/h

Solvent (water) processing rate in kg per h = 9437 kg/h

Amount of H> consumed in kg per h =57.1 kg/h

Catalyst required in kg per h (2.5 wt% of reaction mixture) = 0.025 x (4040 + 9437) kg/h
=337 kg/h.

Catalyst is usable for up to 150 h, then to maintain its activity, 0.5% of the catalyst's total cost
is required (Assumed). This make-up cost (0.5% of total catalyst cost) is considered the

working capital or raw material cost.

Table A.7. Product stream composition from the reactor

Product stream Product Product Product formed
selectivity formed kg/h
(fraction) mole/h
Water (solvent) -- -- 9436.7105
Water (formed) -- 29.31 527.653
Unreacted Glycerol -- -- 2516.880
1,3-propanediol (Target product) 0.294 4.869 370.017
1,2-Propanediol (Target product) 0.067 1.110 84.324
1-PrOH 0.271 4.488 269.266
Ethanol 0.047 0.775 35.670
Methanol 0.094 1.561 49.967
Acetone 0.022 0.370 21.446
2-Propanol 0.027 0.440 26.384
Gases 0.178 2.948 129.698
Total (Product formed) 1.000 16.560 986.771
Total (Stream mass) 13468.014

The separable products from Table A.7 are 1,3-propanediol and 1,2-propanediol. Rest of the
products have a boiling point of less than 100 °C and a few of them form an azeotrope with

water (like ethanol-water or 1-propanol-water) which makes the distillation of these products
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difficult. Therefore, the targeted products from the Table 1 are 1,3-propanediol and 1,2-

propanediol.
Now,
1,3-propanediol produced per h =370 kg/h.
1,2-propanediol produced per h = 84 kg/h.
Revenue generated after selling 370 kg/h of 1,3-propanediol =
=370 x 200 = 74000 Rs/h.
Revenue generated after selling 84 kg/h of 1,2-propanediol =
=84 x 90 = 7560 Rs/h.
Total revenue generated from both the products = 81560 Rs/h.

Raw material cost includes the cost of glycerol consumed, cost of hydrogen consumption, and

cost of catalyst required per h.

Cost of glycerol consumption per h = 19500.8 Rs/h.

Cost of Hz consumption per h = 2855 Rs/h.

Cost of catalyst consumption per h =

Total cost of Raw material consumption per h = 19500.8 + 2855

Total Raw material cost (without catalyst) in Rs per h = 19500.8 + 2855 = 22355.8 Rs/h.

Total Raw material cost (with catalyst) in Rs per h =22355.8 + 337 x 113701 x 0.005
=2,13,942 Rs/h

The process seems industrially feasible without the catalyst. However, even with the use of

0.5% catalyst make-up cost (in raw material), the given process seems unfeasible industrially.

Furthermore, while with the yields obtained in the work and the given raw material and product
prices, the route shows a promising economic potential, one may need to work on process
simulation and optimization to work out the minimum energy consumption. The separation of
1,2-propanediol and 1,3-propanediol is challenging. Our preliminary analysis indicates that the
major cost may come from energy required in downstream processing. Hence, for detailed

techno-economic analysis, one may need to work on this aspect carefully.
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In the following section we have made an attempt to estimate the energy cost using Aspen

simulation. These costs need further fine-tuning (optimization) to come up with a final techno-

economic analysis.

Basis: - Here, a biodiesel plant of capacity 200 kiloton per year was assumed which produces

20 kiloton of glycerol per year. The following section shows the performed calculations.

Table A.8. Plant details for 200 kilotons of biodiesel produced per year (glycerol produced 20

kilotons per year)

On weight Basis
Attributes Capacity/ Unit Source
values
Biodiesel Plant Capacity per year 200 kilotons Assumed
Glycerol produced per year 20 kilotons Calculated
Plant operation 330 days Assumed
Plant life 10 years Assumed
Plant daily operation 24 24 Assumed
Number of batches 3 -- --
Downtime 3 h --
Reaction time 5 h --
Plant  charges [Fixed capital . Rs _
investment (FCI)]
Depreciation method Stfialight -- (Green and Perry, 2008)
Depreciation Period 10 years Assumed
10 % of o
Salvage value FCI Z --
Income tax 75 o, www.mcomer‘iaxmdla. gov.1
Discount rate 10 % Arora et al., 2018
Inflation rate 4 % Arora et al., 2018
Glycerol produced per day 60.606 tons --
Glycerol process rate kg/h 4040.4 kg/h --
Stream flowrate with 30 wt% | 13468.013 Kko/h _
glycerol kg/h 5 &
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Separation flow sheet: -

Figure A.6. A rough process flow sheet of the 1,3-propanediol production route

REACTOR

Q=557368

FLASH

Q=-447791

O Temperature (C)
<:> Pressure (bar)
E Mass Fow Rate (kg/hr)

Q  Duty(@lsdq

QC=3618038
QR=2762826

QC=73813
QR=91229

Table A.9. Stream composition from each equipment

QC=-54224
QR=57627

prds | U | e | M P ROy RO RC2 RS K
column

gl"(:::sMaSS kel 113468.10] 13382.17 [85.93 | 3024.37 | 10357.80| 25193 |505.07| 368.70 | 136.37
Ethanol ke/h | 49.96 | 49.60 [036| 000 | 49.60 | 0.00 | 0.00 | 0.00 | 0.00
Methanol kg/h | 3567 | 3550 [0.17| 000 | 3550 | 0.00 | 0.00 | 0.00 | 0.00
Acetone kg/h | 2150 | 2134 |0.16| 000 | 2134 | 0.00 | 000 | 000 | 0.00
1-propanol ke/h | 26930 | 268.65 | 0.65| 067 | 267.99 | 0.00 | 0.67 | 000 | 0.67
Iso-propanol | kg/h | 2640 | 2629 |0.11] 000 | 2629 | 0.00 | 0.00 | 000 | 0.00
1,2-propanediol | ke/h | 84.30 | 8429 | 0.01| 8429 | 0.00 | 000 |8429| 1.81 | 82.48
1,3-propanediol | kg/h | 370.00 | 369.99 | 0.01 | 369.99 | 0.00 | 2.40 |367.59| 366.89 | 0.69
glycerol kg/h | 2516.89 | 2516.89 | 0.00 | 2516.89 | 0.00 |25169| 0.00 | 0.00 | 0.00
water kg/h | 9907.28 | 9886.41 |20.87| 5252 | 9833.89 | 0.00 |5252| 0.00 | 52.52
hydrogen kg/h | 57.10 | 000 [57.10] 000 | 0.00 | 0.0 | 000 | 000 | 0.00
propane keg/h | 12970 | 123.19 | 6.51 | 000 | 123.19 | 0.00 | 0.00 | 0.00 | 0.00
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1,3-propanediol produced = 369 kg/h with 99.4% purity.

Raw material cost (without catalyst) and revenue generated from selling the product: -
Revenue generated after selling 369 kg/h of 1,3-propanediol =

=369 x 200 = 73800 Rs/h.
Revenue generated after selling 82.5 kg/h of 1,2-propanediol =

= 82.5 x 90 = 7425 Rs/h.
Raw material cost

Cost of glycerol + cost of hydrogen consumed per h = 22356 Rs/h.

Energy cost required to purify 1,3-propanediol per h: -

Figure A.6 shows the process of 1,3-propanediol production from glycerol. In this process, the
heat energy needs to be supplied to the reactor, distillation columns 1, 2, and 3. Moreover, the

heat needs to be removed from the flash column, distillation columns 1, 2, and 3.

Industrially,

Medium pressure steam for heating costs = 2 Rs/kg

And Cooling water costs = 0.25 (25 paise) Rs/kg

Cost of heating: -

Amount of heat required for a reactor to reach temperature of 220 °C = 557368 cal/sec
Amount of steam required to heat the reactor to 220 °C =2992.3 kg/h

Cost of steam required to heat the reactor to 220 °C = 5984.3 Rs/h

Amount of heat required in a RadFrac column 1 = 2762826 cal/sec
Amount of steam required in RadFrac column 1 reboiler = 14870.4 kg/h

Cost of steam required to heat the RadFrac column 1 reboiler =29470.7 Rs/h
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Amount of heat required in a RadFrac column 2 = 91229 cal/sec
Amount of steam required in RadFrac column 2 reboiler =496.3 kg/h

Cost of steam required to heat the RadFrac column 2 reboiler = 992.5 Rs/h

Amount of heat required in a RadFrac column 3 = 57627 cal/sec
Amount of steam required in RadFrac column 3 reboiler =310.6 kg/h

Cost of steam required to heat the RadFrac column 3 reboiler = 621.2 Rs/h

The total cost of heating energy required (from flow sheet) = 37338.9 Rs/h
Cost of cooling: -

Amount of cooling required for a flash column = 447791 cal/sec

Amount of cooling water required in a flash column = 85747.2 kg/h

Cost of cooling water required in a flash column = 21436.8 Rs/h

Amount of cooling required in a condenser of RadFrac column 1 =3618038 cal/sec
Amount of cooling water required in a condenser of RadFrac column 1 = 692815.8 kg/h

Cost of cooling water required in a condenser of RadFrac column 1 =173203.9 Rs/h

Amount of cooling required in a condenser of RadFrac column 2 = 73813 cal/sec
Amount of cooling water required in a condenser of RadFrac column 2 = 14134.4 kg/h

Cost of cooling water required in a condenser of RadFrac column 2 =3533.6 Rs/h

Amount of cooling required in a condenser of RadFrac column 3 = 54224 cal/sec
Amount of cooling water required in a condenser of RadFrac column 3 =10383.3 kg/h
Cost of cooling water required in a condenser of RadFrac column 3 =2595.83 Rs/h

The total cost of cooling water required (from flow sheet) = 200770.2 Rs/h
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Now,

Profit/loss gained per h = 73800 — 22356 — 38331.5 - 200770.2 = - 1,87,657.7 Rs/h (without
catalyst).

The analysis shows that the energy cost for separation is coming to be very large probably due
to distillation and cooling of huge amount of water. This cost analysis needs the further
optimization. The distillation (RadFrac) column 1 shows a distillate temperature of -222 °C, in
practice we may not required to cool the distillate of column 1 to -222 °C. However, there will
be some cost associated for cooling the distillate from column 1. One needs to optimize it in
order to come up with a final techno-economic analysis. Here, we have just made an attempt

to check what would be the rough estimate for energy requirements.

The result concludes that without even considering the cost of catalyst (which is expensive),
the given process of 1,3-propanediol synthesis seems industrially unfeasible. The higher 1,3-
propanediol yield and higher glycerol concentration (less quantity of water) probably make this

process industrially feasible.
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