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ABSTRACT

With the depletion of fossil resources and the catastrophic environmental pollution caused by
their exploitation, biomass resources to produce fuels and chemicals are becoming increasingly
popular. Among various biomass-derived building blocks/platform chemicals, lactic acid, 5-
hydroxymethylfurfural (HMF), and 2,5-furan-dicarboxylic acid (FDCA) play an essential role
due to their potential applications in polymer and fine chemical industries. Lactic acid can be
obtained through the catalytic transformation of glycerol derived from the biodiesel plants
through transfer esterification of fatty acid methyl esters (FAME). The FDCA can be obtained
from the catalytic oxidation of HMF, and it can be directly synthesized from monosaccharides
such as fructose, glucose, and cellulose through chemical transformations. Moreover, HMF can
also be used to produce other value-added chemicals such as levulinic acid, 2,5-diformylfuran
(DFF), maleic acid (MA), maleic anhydride (MAn) 2,5-dimethylfuran (DMF) and 1,6-
hexanediol. The present study focuses on the catalytic transformation of glycerol to lactic acid
and HMF to FDCA. The activated carbon-supported bimetallic catalytic systems were
developed and employed for these transformations. In addition, the HMF production from
fructose dehydration was carried out in helical coil microreactors (HCMR) using homogeneous

catalysts (H.SO4 and maleic acid).

The conventional use of batch processing for biomass conversion to value-added
chemicals and fuels faces limitations in reaction time and economic viability, hindering
efficient biorefineries. The HCMRs present a promising solution, enabling process
intensification and miniaturization. Our study demonstrated the catalytic dehydration of
fructose to HMF in HCMR, using sulfuric acid and maleic acid as catalysts. Optimization of

parameters resulted in improved reactor throughput, achieving a notable HMF space-time yield
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of 380 gHMF/gCat/h. Moreover, maleic acid exhibited superior selectivity (83%) towards

HMF compared to sulfuric acid (80%), with reduced HMF degradation and humins formation.

2,5-Furandicarboxylic acid (FDCA) is a crucial monomer, given its structural
resemblance to terephthalic acid (TPA) in the polymer industry. The synthesis of FDCA
involves the oxidation of hydroxyl and aldehyde groups of HMF. In this study, activated
carbon-supported Ru-V and Ru-Ni catalysts were synthesized and applied for the oxidation of
HMF to FDCA under base-free and aqueous conditions in a batch reactor system. The
investigation delved into the impact of temperature, pressure, time, solvent type, and metal
weight percentage. A two-step temperature approach was also explored for HMF oxidation
using the Ru-V/AC bimetallic catalyst. Under optimized conditions, the Ru-V/AC bimetallic
catalyst achieved a remarkable 74.4% yield of FDCA with complete conversion of HMF at 100
°C (2 h) and 130 °C (2 h). In contrast, a molar yield of 65.3% was attained with the 1.5%Ru-
0.5%Ni/AC bimetallic catalyst (130 °C, 12 h, 1.0 MPa O2). A simple acetone wash effectively
regenerated the catalyst, restoring its activity completely. This wash removed humins deposited

on the catalyst surface, exposing the active sites.

The physicochemical properties of the prepared bimetallic catalysts were comprehensively
explored. Advanced characterization techniques, such as powder X-ray diffraction (p-XRD)
analysis, N2-sorption studies utilizing a BET surface area analyzer, Field Emission
Transmission Electron Microscopy (FETEM), High-Resolution Transmission Electron
Microscopy (HRTEM), Energy-Dispersive X-ray (EDX) analysis, and X-ray Photoelectron
Spectroscopy (XPS), were employed for a detailed understanding of the catalysts. This
thorough examination aimed to provide insights into the structural and chemical aspects of the
catalysts, ensuring a comprehensive understanding of their performance and longevity in the

catalytic processes.
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A valuable and alternative method for producing lactic acid involves the selective
oxidation of glycerol. In this study, activated carbon-supported monometallic Pt, Ru, V, and
bimetallic Pt-V and Ru-V catalysts were prepared using a simple wet-impregnation method.
These catalysts were assessed for their efficacy in the aerobic oxidation of glycerol to lactic
acid, demonstrating excellent performance and stability. Under optimized conditions, a
remarkable 79.62% and 75.53% vyield of lactic acid was achieved with 100% glycerol

conversion using Pt-VV/AC and Ru-V/AC in 12 h and 3 h, respectively, at 200 °C.

Keywords: 5-Hydroxymethylfurfural; Fructose; Helical coil microreactor; Bronsted acid; 2,5-
furandicarboxilic acid (FDCA); Base-free oxidation, Ru-V bimetallic catalysts; Glycerol,

Lactic acid, Selective Oxidation, Activated carbon catalyst support, Pt-V bimetallic catalysts.
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ABBREVATIONS

AA Acetic acid

AC Activated carbon
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APD Average pore diameter

BET Brunauer, Emmett and Teller

BHMF 2,5-Bis(hydroxymethyl)furan
BHMTHF 2,5-Bis(hydroxymethyl)tetrahydrofuran
BJH Barrett, Joyner and Halenda

CNT Carbon nanotubes

CTF Covalent triazine frameworks

Ce0O2 Cerium oxide

DFF 2,5-Diformylfuran

DMSO Dimethyl sulfoxide

DMF 2,5-dimethylfuran

EG Ethylene glycol

FA Formic acid

FAME Fatty acid methyl esters

FDCA 2,5-Furandicarboxylic acid

FESEM Field emission scanning electron microscopy
FFCA 5-Formyl-2-furan carboxylic acid
FETEM Field emission transmission electron microscopy
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to FDCA, (b) FETEM image of the used catalyst (inset: Metal particle
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4400); (b) The FETEM image of the used catalyst (inset: Metal particle

size distribution).
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conditions: 200 °C temperature, 5 bar air pressure, and 1:1 base (KOH)

to glycerol molar ratio.

(a) Recycle experiments for glycerol to lactic acid conversion over 1Pt-
1V/AC bimetallic catalyst. Reaction conditions: 200 °C temperature, 5
bar air pressure, 3 h reaction time, base (NaOH)/glycerol molar ratio:
1, and 0.107 g of catalyst (glycerol/metal molar ratio: 4110) (b)
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distribution).

134

XXVii



Development of activated carbon-supported bimetallic catalysts and microreactors for the production of lactic acid, 2,5-
furandicarboxylic acid, and 5-hydroxymethylfurfural

Table 1.1

Table 1.2

Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 4.1

Table 4.2

Table 6.1

Table 6.2

Table 6.3

TH-3456_166107017

List of Tables

Typical reports for continuous production of 5-hydroxymethylfurfural

Literature reports bimetallic catalysts for the oxidation of glycerol to

lactic acid process.

List of materials, chemicals/reagents used for the catalyst preparation,

and their activity testing.
List of catalysts and their nominal compositions.

Instruments used in this thesis, along with their specifications and

availability.
Fructose dehydration to HMF using SA as a catalyst.

Specific surface area, pore volume, and average pore size of various

Ru-V bimetallic catalysts supported on activated carbon.

Carbon balance at various process conditions in 5-HMF oxidation to

FDCA.

Specific surface area, pore volume, and average pore size of various

Pt-V bimetallic catalysts supported on activated carbon.

Synthesis of lactic acid from glycerol over Pt-V/AC bimetallic

catalysts.

Carbon balance at various process conditions

08

16

50

53

56

75

90

93

123

138

139

XXVill



Development of activated carbon-supported bimetallic catalysts and microreactors for the production of lactic acid, 2,5-
furandicarboxylic acid, and 5-hydroxymethylfurfural

Chapter 1

Background of the Work and Research Objectives

1.1 Introduction

Significant attention has been brought to the issue of fossil fuel depletion and increasing
concern about the impact of greenhouse gas emissions on climate change. This has prompted
research efforts to explore the production of fuels and chemicals from biomass as a sustainable
alternative. Biomass, a renewable and abundantly accessible carbon source for producing
value-added chemicals and fuels, is a promising alternative to fossil fuels. The intense demand
for alternative resources to obtain fuels and chemicals from fossil feedstock attracted
researchers to work on renewable resources.!?> Biomass has been demonstrated as a promising
renewable feedstock for producing high-value-added chemicals and fuels. For example,
biomass can be converted to bulk products, such as liquid fuels (biodiesel) or high value-added
chemicals, including glucose, fructose, 5-hydroxymethylfurfural (HMF), furfural, levulinic
acid, and glycerol through bio-refinery processes. Among the various biomass-derived
platform molecules, lactic acid and FDCA were promising for biodegradable and bioplastic
production. In addition, HMF, obtained from sugars (glucose or fructose) through catalytic

dehydration, is a critical precursor for bio-renewable chemicals and materials production.

1.1.1 5-Hydroxymethylfurfural

5-Hydroxymethylfurfural, a compound of considerable significance across diverse industries,
is obtained from carbohydrates and has attracted notable interest due to its wide-ranging

applications. Originating from biomass and food sources, this organic compound plays a
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pivotal role in scientific research and industrial processes, finding utility in synthesizing
polymers and pharmaceuticals. The biomass conversion to valuable building/platform
chemicals has grown due® to their versatility and ability to be converted to numerous valuable
chemicals*. The 5-hydroxymethylfurfural (HMF) is such a renewable building block,®*? that
is crucial for producing various chemicals such as 1,6-hexanediol****, 2 5-dimethylfuran
(DMF)®, maleic anhydride (MA)**7, 2 5-diformylfuran (DMF)Y’, and 2,5-furandicarboxylic
acid (FDCA)'"*8, In particular, 2,5-furandicarboxylic acid (FDCA)?**% produced from HMF,
is a crucial building block to produce polyethylene furanoate (PEF), which has the potential to
be a viable alternative to petroleum-based polyethylene terephthalate (PET)>2-2*, FDCA can
be converted to polyethylene furanoate (PEF), a replacement for polyethylene terephthalate

(PET).?? Various HMF derivatives were presented in Fig. 1.1.

A Y .
2.5 diformylfran 2 5-furandicarboxylic acid

2,5-Bis(hydroxymethyl)furan e}
TS O
o

l

2.5-dimethylfuran

1,6-Hexanediol
5-Hy drowmelh\lfurlural
o)
OH

2.5-Bis(hydroxymethyl)tetrahydrofuran \

(o)

2-methylfuran Formic acid - .
levulinic acid

Figure 1.1: 5-Hydroxymethylfurfural derivatives.?

1.1.2 2,5-Furandicarboxylic acid

2,5-Furandicarboxylic acid (FDCA) is a key chemical compound relevant to various industries.
It is derived from renewable resources such as biomass and is recognized for its potential to
replace traditional petrochemical-based materials. FDCA serves as a building block for the
production of bioplastics, offering a sustainable alternative to conventional plastics. Its unique

2
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molecular structure and properties make it valuable in developing environmentally friendly
materials and various applications, including packaging, textiles, and automotive products.
This compound represents a promising avenue for reducing dependence on fossil fuels and
promoting more sustainable practices in materials science. Substituting terephthalic acid (TPA)
with FDCA is crucial for sustainability and its market??”?8, The PEF is a bio-based polymer
with better properties than PET*272°, The FDCA is also a valuable building block for other

polymer-based materials®82"28, Various FDCA derivatives are presented in Fig. 1.2.

FDCA ester

(0]

T
—~— 0 Adipic acid
/ \f/\ OH
HO /

L

2, 5-dihydroxymethyl
tetreydrofuran

Figure 1.2: 2,5-Furandicarbboxylic acid derivatives.!’

1.1.3 Lactic acid

The production of fatty acid methyl esters (FAME) by transesterification of triglycerides has
increased severalfold in the last two decades. The FAME partially substitutes fossil fuel-
derived diesel, reducing its impact on climate change®®. However, the transesterification
process generates 10-14 wt% of glycerol as a byproduct. Therefore, a quicker technological
solution to utilize glycerol is needed on a short-term basis. The conversion of glycerol to other

value-added chemicals is highly warranted*°. The glycerol can be converted to high-value
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chemicals such as 1,2-propanediol®*?, 1 3-propanediol®3*, 1-propanol®, acrolein®, and

glyceric acid.®*>'

Recently, lactic acid has emerged as another valuable product from glycerol®~*2. Lactic
acid (LA) or 2-hydroxy propionic acid is an essential value-added chemical widely used in
food, pharmaceutical, cosmetics, textile, leather, and other industries.3%4%43 It is also used to
produce biodegradable polymers (polylactic acid). Lactic acid can be produced from various
feedstocks via chemical and biological (fermentation) processes. Lactic acid, a compound with
broad applications and biological importance, is pivotal in multiple domains. This organic acid
is produced through fermentation from dairy products or chemical routes using HCN and
acetaldehyde as feedstock and plays a vital role in the food and pharmaceutical industries.
Beyond its functions in food preservation and flavor enhancement, lactic acid has diversified
applications in skincare formulations, creating biodegradable polymers and exploring as a

potential energy source.
1.2 Literature Review

1.2.1 5-Hydroxymethylfurfural synthesis

There is currently a high priority on converting abundant lignocellulosic biomass into 5-
hydroxymethylfurfural (HMF), as it is a versatile and precious platform chemical that can be
used to produce a variety of essential derivatives, including biofuels, chemicals, and bio-based
polymers®"#445 The selective hydrogenation of HMF results in the production of 2,5-
Bis(hydroxymethyl)furan (BHMF) and 2,5-Bis(hydroxymethyl)tetranhydrofuran (BHMTHF).
The synthesis of BHMF is challenging but of interest for the creation of thermosets and self-
healing polymers due to the presence of conjugated bonds*. The BHMTHF, due to its ring-

opened structure, has gained attention as a prospective bio-renewable source for producing 1,6-
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hexanediol, which has the potential for large-scale polymer production*’*8. Furthermore,
hydrogenation of HMF also yields dimethylfuran (DMF) and 2-methyl furan®®, which could be
used as potential additives for liquid transportation fuels®®. The HMF can be rehydrated to
produce levulinic acid®®, a viable platform chemical for synthesizing chemicals such as vy-

valerolactone®>°? and ethyl levulinate.>*>®

The HMF is typically obtained through acid-catalyzed dehydration of lignocellulose-
based hexoses such as fructose and glucose®® . The yield of HMF highly depends on the
hexose used. For example, the yield of HMF is significantly higher from fructose than from
glucose as feedstock. As a result, several studies have reported on the catalytic dehydration of
fructose to synthesize HMF. Additionally, higher humins formation is observed with glucose
at higher temperatures. This is attributed to the difference in stability between the two cyclical
sugar structures, with six atoms in glucose (pyranose form) and five in fructose (furanose
form), as reported by Kuster! and Zakrzewska et al. 2. The five-membered ring in fructose
appears to aid the enolizations that lead to the formation of HMF. Therefore, fructose is more
favorable than glucose in terms of yield and selectivity to HMF. The HMF can be produced
through the dehydration of fructose using various heterogeneous and homogeneous catalytic
systems. The heterogeneous catalysts, such as H-BEA®64 Sn-BEAZ%6556 other functionalized
Zeolites®® 9, TiO%78° Zr0,% 70 and Amberlyst-15’%"4, have been investigated for HMF
production. The homogeneous Brgnsted acid catalysts, such as sulfuric acid (H2SOa),
hydrochloric acid (HCI), and phosphoric acid (H3POs), have also been used for HMF
production in batch reactor systems. However, these systems have limitations, such as lower

heat and mass transfer rates due to low interfacial areas.

Microreactors have several advantages over batch reactors for synthesizing HMF">®

fructose, including higher heat and mass transfer rates, resulting in better space-time yields.
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Tuercke et al.”” investigated the synthesis of HMF in an aqueous phase using HCI as the
catalyst. The experimental conditions involved a temperature of 185 °C and a pressure of 17
bar, with a constant residence time of 1 minute. They achieved a yield of 54% at 71% fructose
conversion, a substantial improvement compared to traditional batch reactors '8, which yielded
only 25.5% HMF at a fructose conversion of 50%. Further, the study was extended by adding
an organic solvent as a co-solvent and an extracting agent, which increased the HMF yield to
82% at a fructose conversion of 100%. This shows that using a co-solvent as an extracting
agent significantly improves the yield of HMF. Desir et al.”® reported the fructose dehydration
to HMF in a single-phase aqueous system using HCI as a catalyst in microreactors with a yield
of 54% at 200 °C and 4 s of residence time. In the aqueous phase, the selectivity to HMF is
reduced due to the formation of by-products such as levulinic acid and formic acid through
HMF rehydration. In the presence of water as a solvent, the insoluble polymers, known as
humins, also form due to the condensation and cross-polymerization of fructose and HMF,
further reducing the selectivity. This highlights the challenges in achieving high selectivity to
HMF in the aqueous phase using microreactors. This research is an active study area as
researchers look for ways to improve the yield and selectivity of HMF. To suppress the
formation of humins and enhance the yield of HMF, researchers have investigated the fructose

dehydration reaction in biphasic systems (aqueous-organic).

Recently, Guo et al.” investigated the continuous production of HMF using slug-flow
microreactors with H.SO4 as a catalyst in the presence of a water-MIBK system from the
fructose-glucose mixture (0.1 M Fructose + 0.1 M Glucose). The study outcomes demonstrated
anotable HMF yield of 81%, coupled with conversions of 96% for fructose and 5% for glucose,
at a temperature of 155 °C using 0.05 M H2SO; as the catalyst. This observation indicates that
utilizing a biphasic system is highly effective in inhibiting the formation of humins while

simultaneously enhancing the yield of HMF in the synthesis process. Recently, Desir et al.”

6
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conducted a study on the effect of residence time, temperature, and fructose concentration on
the synthesis of HMF using methyl butyl iso-ketone (MIBK) and 2-pentanol as extracting
solvents. They found that the best conditions for synthesizing HMF were temperature 200 °C,
residence time 2 s, and fructose concentration 5 wt%. The yield of HMF was 93% and 87% in

MIBK and 2-pentanol solvents, respectively.
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Substrate Catalyst Type of system Reaction Conditions Conversion | 5-HMF Yield | References
(Single or Biphasic) | (OC); residence time (min) (%) (%)
Fructose HCl Single (water) 185; 1 71 54 77
Fructose HCI Single (water) 200; 0.067 100 54 76
Fructose- H, SO, Biphasic (water- 155; 16 96 81 7
Glucose MIBK)
Fructose HCl Biphasic (water- 200; 0.033 100 93 75
MIBK)
Fructose HCI Biphasic (water-2- 200; 0.033 100 87 75
pentanol)
Fructose HCI Biphasic (water- 180 97.1 88.5 80
MIBK)
Glucose AICl;+ HCI Biphasic (water- 160; 16 83.2 66.2 81
MIBK)
8
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1.2.2 2,5-Furandicarbboxylic acid synthesis from 5-hydroxymethylfurfural

The production of FDCA through the oxidation of HMF has been an area of interest. Noble metal-
based catalysts, such as Au?8284 p8385 pd® and Ru'®®® have been investigated for the oxidation
of HMF to FDCA using molecular oxygen or air. Most studies used Au or Pt catalysts supported
on hydrotalcite (HT)3, TiO-%, and CeO.%. Recent studies have shown that Pd supported on
basicity-tuned hydrotalcite catalyst®” and Pt nanoparticles deposited on low surface ZrO;
catalysts®® can efficiently produce FDCA under base-free and aqueous phase conditions with
yields of >99.9% and 97.3%, respectively. The Pt supported on carbon nanotubes, hydrotalcite,
and graphene oxide showed excellent performance with complete conversion of HMF and FDCA
yields of 98%, 97%, and 95%, respectively &. A recent study also reported that Pt supported on a

C-0O-Mg catalyst produced FDCA with a yield of 97% at 100% HMF conversion®.

Several studies have also used noble bimetallic catalysts to oxidize HMF to FDCA. Wan et
al.% used functionalized carbon nanotube-supported Au-Pd bimetallic catalysts and achieved 94-
96% FDCA yields in the presence of oxygen or air. The best performance was observed with 30%
H>0: pre-treated CNTSs. The primary supports, MgO and HT, exhibited the maximum FDCA yield
of 99% and 91%, respectively. Gao et al.® found that Au-Pd bimetallic catalysts supported on La-
doped layer double hydroxides performed better than monometallic Au and Pd, with >99% FDCA
yield. Danilo et al.*® used Au-Pd monometallic and bimetallic catalysts supported on nanosized
NiO and achieved 95% HMF conversion and 70% FDCA yield. Shen et al.%* used 0.4 wt% Pt-
loaded Ni catalysts supported on carbon and achieved 97.5% FDCA yield with 100% HMF
conversion. Different Ru(OH)x catalyst supports have been evaluated with MgO.La>03, MgO, and
HT showed exceptional FDCA yields of >99, 92, and 90%, respectively %. However, the basicity

of the supports, such as MgO and HT, decreases with reaction time due to leaching, and the activity
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decreases. Moreover, noble metal catalysts are costly and rapidly depleted. Therefore, alternatives

for supports and noble metals should be investigated to make the process more economical.

Using relatively inexpensive ruthenium and vanadium-based catalysts is advantageous in
oxidizing HMF to produce DFF or FDCA. Using a commercial Ru/C catalyst, an 88% yield of
FDCA was reported®®. Ru-supported covalent triazine frameworks produced FDCA with a 77.6%
yield®®. Hydroxyapatite-supported Ru nanoparticles produced >99% FDCA yield®”. MnCo0,04
spinel-supported ruthenium catalyst produced a 99.1% FDCA yield®®. High surface area zirconia-
supported Ru catalysts produced 97% FDCA yield®®. Vanadium phosphate oxide catalysts
produced 83.6% DFF yield and 9.2% FDCA yield!®. Fe;O4 nanoparticles-supported vanadium-
based catalysts produced 79.2% DFF yield, 9.2% FDCA vyield, and 95.5% conversion®,
Ruthenium-based bimetallic catalysts have also been studied to oxidize HMF to FDCA. Gao et
al.1%? used Ru-Co composite catalysts, which gave a 99.9% FDCA yield and were stable for up to
seven cycles. Alina et al.!® evaluated a Ru-Fes04@SiO> catalyst for the base-free oxidation of

HMF and obtained 80.6% FDCA selectivity at 92% HMF conversion.

1.2.3 Catalytic oxidation of glycerol to lactic acid

The currently used industrial chemical process is not environmentally friendly; it uses a mixture
of HCN and acetaldehyde as feedstock. The hydrolysis of this mixture with HCI and ammonium
chloride produces lactic acid, which results in byproduct formation.*3'%* The current commercial
biological process involves the fermentation of various carbohydrate feedstocks, such as cellulose
and sucrose®*1%, However, the production cost of this process is very high due to low space-time
yield and high energy requirements in the recovery of lactic acid.*>'% Therefore, developing

alternative catalytic routes to produce lactic acid is essential.

10
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The conversion of glycerol to lactic acid by catalytic route has shown promise as a cost-
effective and sustainable route to produce lactic acid. Previous studies have shown that the
conversion of glycerol to lactic acid occurs through various catalytic processes, including
hydrothermal conversion'®®11% hydrogenolysis**'~*13, and selective oxidation!***", For example,
Shen et al.1% reported the hydrothermal conversion of glycerol to lactic acid using alkali (KOH,
NaOH, and LiOH) and alkaline earth metal hydroxides (Ba(OH)2, Sr(OH), Ca(OH)2, and
Mg(OH).). The results showed that 90% of lactic acid yield was achieved at 300 °C with NaOH
or KOH as a catalyst. KOH and Ba(OH)2 performed best among these catalysts. Kishida et al.1%’
reported the hydrothermal conversion of GL to LA with up to 90% LA vyield at elevated
temperatures and robust alkali conditions. Furthermore, using NaOH as a base material, Lopez et
al.1% reported 84% lactic acid yield with higher glycerol concentrations (2.5-3.5 M). In addition,
the hydrogenolysis of glycerol was carried out using carbon-supported monometallic (Pt and Ru)
and bimetallic (Au-Ru and Pt-Ru) catalysts under basic aqueous solutions at 200 °C and
4.0 MPa H.. The authors reported 62% and 60% selectivity to lactic acid at glycerol conversion of
21% and 20% over Pt/C and AuRu/C, respectively*'*'3, Furthermore, Dam et al.''? demonstrated
the conversion of glycerol to lactic acid via the hydrogenolysis process using a Pt/CaCO3 catalyst

with 55% selectivity and 46% conversion.

Converting glycerol into lactic acid involves an initial step of oxidative dehydrogenation
of glycerol to glyceraldehyde, which, in basic conditions, can be converted to dihydroxyacetone
via an equilibrium reaction’'®, The glyceraldehyde and dihydroxyacetone can undergo
rearrangement into lactic acid under alkaline conditions, which involves a base-catalyzed
dehydration-rearrangement-rehydration mechanism with pyruvaldehyde (methylglyoxal) as an
intermediate!!’. Glyceraldehyde has been proposed as the intermediate in the hydrothermal

11
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conversion of glycerol into lactic acid by Kishida et al.1>” However, an undesired parallel pathway
involves the catalytic oxidation of glyceraldehyde/dihydroxyacetone to glyceric acid and other
oxidation products like glycolic acid, oxalic acid, acetic acid, and formic acid. Therefore, an
optimal catalyst for converting glycerol into lactic acid should possess oxidative dehydrogenation
capacity under mild conditions and be a highly inefficient oxidation catalyst for converting

glyceraldehyde into glyceric acid and subsequent oxidation products.

Yan et al.'¥® conducted a synergistic study on the performance of Ru-Pt/MCM-41
Nanocatalysts in base-free glycerol oxidation. The Ru promotes glyceric acid formation and
catalytic kinetics when combined with Pt. The optimal Ru: Pt ratio of 1:1 resulted in a glycerol
conversion of 78.2% and a high glyceric acid selectivity of 80.1% with a turnover frequency (TOF)
of 823.9 h*! under optimized conditions of 80 °C, 1 MPa O3, and a reaction time of 12 h.
Furthermore, Yan et al.'? previously studied a PO4> coordinated Pt single-atom catalyst supported
on hydroxyapatite (HAP) for the selective oxidation of polyols using a hydrothermal strategy. The
catalyst demonstrated the ability to selectively oxidize polyols to C>-C4 hydroxycarboxylic acids
by activating the C-H bond of key oxygen-containing intermediates while suppressing the C-C
bond cleavage in an aqueous NaOH medium. Jin et al.'?! studied catalysts based on Ru-MACHO
for the one-pot synthesis of lactic acid and formic acid via glycerol dehydrogenation. The study
demonstrated that a yield of 40% and 45% of formic acid and lactic acid was achieved under the

reaction conditions of 200 °C and 48 h reaction time with 3 mg of the catalyst.

The selective catalytic oxidation over bimetallic catalysts converts glycerol to LA at milder
reaction conditions than hydrothermal and hydrogenolysis processes. The inclusion of a second
metal, based on the synergy of the two active phases, modifies the active sites to increase

selectivity to specific products while promoting system stability. Several catalytic systems have
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been discovered effective in the selective oxidation of glycerol to lactic acid 1*4%’. Shen et al.!1®
described the conversion of glycerol to lactic acid over Au-Pt, Au, Pt, and Pd catalysts supported
on TiO2. The Au-Pt/TiO, (1:1 atomic ratio) bimetallic catalyst showed higher activity (517.1 h?)
with 86% selectivity towards lactic acid. In another study by the same research group*?? on Cu-Pd
bimetallic nanoparticle catalysts for converting glycerol to lactic acid, the authors reported that the
1:2 atomic ratio of Cu: Pd gives higher selectivity (95.3%) towards lactic acid. Purushothaman et
al.!'” studied the one-pot catalytic conversion of glycerol to lactic acid over Au-Pt/CeO, and
reported a selectivity to lactic acid of 80% with 99% glycerol conversion. Zhang et al.!?>124
investigated the CeOx-supported Pt-Co bimetallic catalysts for converting glycerol to lactic acid
and reported a selectivity of 87.7% lactic acid at a glycerol conversion of 85.3%. The enhanced
activity and stability of the bimetallic catalysts are claimed to be due to Pt-Co and metal-CeOx
interactions. Zhang et al.*? studied the Cu-promoted Pt bimetallic catalysts supported on activated
carbon to convert glycerol to lactic acid. The 0.5%Cu-1.0%Pt/AC bimetallic catalyst performs
better (80% glycerol conversion and 69.3% lactic acid selectivity) than its monometallic Cu/AC

and Pt/AC counterparts.

Mimura et al.?® investigated the continuous production of lactic acid and glyceric acid
through the catalytic oxidation of glycerol over Au-Pt/Al,Os bimetallic catalysts. The authors
found that at 85°C and over a reaction time of 1000 min, the conversion of glycerol was 90%, with
yields of lactic acid and glyceric acid at 40% and 20-25%, respectively. Xiao et al.*?” examined
the impact of base on converting glycerol to lactic acid and glycolic acid over Cu/Al;Os. They
found that the selectivity to lactic acid is favored in NaOH, while the selectivity to glycolic acid is
higher in NaHCO3. Xu et al.'?® investigated the conversion of glycerol to glycolic acid using
Copper-Magnesium-based catalysts with different copper-to-magnesium ratios. The results
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showed that the Cu:Mga catalyst is the most effective, yielding 71.8% glycolic acid. Chu et al.1?
examined the oxidation of glycerol to lactic acid using CrOx-decorated Fe/TiO catalysts with
varying compositions of Cr and Fe. They found that a 5%Fe-10%Cr catalyst was optimal for lactic
acid production, with a selectivity of 60.2% at 55.1% glycerol conversion. The researchers also
investigated the impact of catalyst reduction temperature on glycerol oxidation. They found that
Fe-Cr/TiO2 reduced at 600°C resulted in the highest selectivity to lactic acid, with an improved
conversion of glycerol. Liao et al.** reported glycerol oxidation to glycolic acid using Cu-based
catalysts with various support systems such as Alumina (Al>03), Ceria (Ce0O), Zirconia (ZrOy),
Hydrotalcite (HT), Activate carbon (AC) (derived from biochar), Carbon nanotubes (CNT), and
Graphene nanoplatelets (GNP), in the presence and absence of base. The Cu/AC was the most

efficient in glycerol conversion, with the highest selectivity to glycolic acid.

Yin et al.*® investigated the lactic acid synthesis from biomass-derived glycerol using Ni
nanoparticles supported on graphitic carbon under hydrothermal conditions at 230 °C and in
NaOH. The study examined the effect of Ni percentage on glycerol conversion and lactic acid
selectivity. 92.2% selectivity to lactic acid at 97.6% glycerol conversion is achieved with the
following reaction conditions: glycerol and NaOH concentrations of 1.0 and 1.1 mol L at 230°C
for 3 h over Nios/ graphite catalyst. Zhang et al.!® described the process for glycerol
dehydrogenation using encapsulated Cu-based catalysts by utilizing nitrogen-doped carbon. The
Cu-Cu20@NC-400 catalyst achieved 100% glycerol conversion and 84.8% of lactic acid
selectivity at 220 °C in 90 min. Shen et al.**® reported the conversion of glycerol to acrylic acid
via an oxy-dehydration reaction using Mo/V and W/V oxide catalysts. Acidic sites on the oxide
catalysts facilitate the synthesis of acrolein and acetaldehyde. The acrylic acid yield increases by
adding vanadium to MoOs (Mo1Vo.2s) and WO3 (W1 Vozs). The higher vanadium concentrations
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in the catalysts (Mo1V1 & W1 V1) decrease the formation of acrylic acid. The increased vanadium
content in the catalyst results in more V20s, which possesses high oxidation activity and leads to
increased oxidation of acrylic acid to CO and CO». The vanadium-promoted catalysts (Pt-V/Ce-
Zr and V-Pt/Al,O3) were used to oxidize diesel exhaust (HC, CO, and NO)*** and propane®®.
Recently, a few studies reported that the vanadium-promoted catalysts had been used for the

136 and methanol**’. However, the studies reported so far in the

glycerol valorization to acrolein
literature used a higher base/glycerol molar ratio and a lower glycerol/metal molar ratio, which are
not economical. A detailed literature review is given in Table 1.2 on bimetallic catalysts for
converting GL to LA. Most bimetallic catalysts reported for the liquid phase oxidation of glycerol

to lactic acid use gold as the primary metal and Pt, Pd, or Ru as the secondary metal. A few studies

reported Pt as a primary metal and Ru, Co, and Cu as a second metal.
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Table 1.2: Literature reports bimetallic catalysts for the oxidation of glycerol to lactic acid process.

Catalysts T P (bar) Gas time | base | base/gly gly/ conversion L.A. References
(°C) Medium | (hr) (mol/mol) metal (%) selectivity
(mol/mol) (%)
1.9Pt-4.7Ru/C 200 40 H> 5 | NaOH 0.8 700 100 37 11
1Au-1Pd/TiO> 160 10 02 2 BF - 2500 29.7 58.5 114
1.5Pt/Sn-MFI 100 6.2 02 24 | BF - 350 89.8 80.5 s
1AU-1Pt/TiO; 90 1 (07) 1 | NaOH 4 8000 30 86 116
0.4Au- 100 b 02 0.5 | NaOH 4 680 99 80 1
0.3Pt/CeO>
1Pt-1Co/CeO> 200 10 N2 4 | NaOH 1 720 85 87.7 123
0.5Au- 85 6 02 - | NaOH 4 - >90 40 126
0.5Pt/Al,03 (mlpm)
0.5%Cu- 90 100 02 4 | LiOH 1.5 - 80 69.3 125
1.0%Pt/AC (mlpm)
109%Ni- 160 20 N2 6.5 | NaOH 1.5 58.82 97 95.88 138
1Co/CeO>
1.39Pt- 200 10 N2 4 | NaOH 4 - 98 54 124
0.5Co/Ce0>
1Au-0.5Ru/CZ 50 3 02 0.25 | NaOH 1 1000 28 22 139
16
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1.3 Hypothesis and objectives of the work

Over the past two decades, significant attention has been directed towards designing and
developing efficient catalytic systems and microreactor technology for the bio-based chemical
industries. Exploring an innovative and efficient catalyst system for converting biomass and its
derivatives into lactic acid and 2,5-furandicarboxylic acid (FDCA) under base and base-free
conditions represents a developing research area. As far as our understanding goes, there is a
scarcity of published reports in the open literature discussing Pt-V and Ru-V bimetallic
catalysts supported on activated carbon for producing lactic acid from glycerol. Furthermore,
there is a notable absence of literature reporting inexpensive bimetallic catalysts, combining
noble and non-noble metals, for the base-free oxidation of 5-HMF to FDCA under aqueous

conditions. Reasons for selecting Ru-V and Pt-V bimetallic catalysts.

Synergistic Effects: Bimetallic catalysts (such as Ru-V and Pt-V) exhibit synergistic effects
where the combination of ruthenium or platinum with vanadium enhances catalytic activity
and selectivity compared to catalysts containing only one metal (monometallic

CatalyStS)117’135’140’141.

Interaction and Active Sites: The interaction between vanadium, ruthenium, or platinum leads
to unique active sites on the catalyst surface. These active sites are crucial for catalysing

specific reaction pathways.

Electronic Modification: Vanadium modifies the catalyst's electronic properties of ruthenium
or platinum. This modification optimizes the adsorption energies of reactants and intermediates
on the catalyst surface, which is essential for efficient catalysis. Overall, the synergy between

ruthenium or platinum and vanadium in bimetallic catalysts enhances their catalytic
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performance by creating tailored active sites with optimized electronic properties, promoting

specific reaction pathways effectively.

The synthesis of 5-HMF from fructose using a micro helical coiled reactor and employing
homogeneous catalysts (such as maleic acid) has not been reported in the literature, indicating
a gap in research on this specific process and reactor design. The rationale behind employing
a tubular helical reactor with a homogeneous catalyst is its potential advantages over a packed-
bed reactor with a heterogeneous catalyst for producing HMF from sugar. The advantages

include:

Enhanced mass transfer: The helical reactor promotes better mixing and mass transfer,

potentially leading to improved reaction kinetics and higher yields of the desired products.

Heat transfer efficiency: The helical configuration allows for efficient heat transfer, which can
be crucial in exothermic reactions like those involved in HMF production. This can help control

reaction temperature and minimize undesired side reactions.

Homogeneous catalyst activity: Homogeneous catalysts, uniformly distributed in the reaction

mixture, can offer high selectivity and activity, leading to efficient sugar conversion into HMF.

Process intensification: Tubular helical reactors can facilitate process intensification by
enabling higher throughput and reduced residence times compared to packed-bed reactors,

potentially increasing productivity and lowering costs.

In contrast, a packed-bed reactor with a heterogeneous catalyst might offer higher stability and
easier catalyst separation. Still, it may suffer from mass and heat transfer limitations and
potential issues with catalyst deactivation. Moreover, the solid humins formed during the
reaction may deposit on the heterogeneous catalyst packing and chock the catalyst bed, leading

18
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to the reactor's colossal pressure drop and blockage. The choice between the two reactor types
depends on reaction Kinetics, selectivity, scalability, and operational considerations specific to
the HMF production process. Combining a tubular helical reactor and a homogeneous catalyst
offers advantages in mass and heat transfer, reaction selectivity, process intensification, and
ease of catalyst handling, collectively contributing to improved efficiency and productivity in

HMF production from sugar.

The monometallic Pt/AC, Ru/AC, V/AC, and bimetallic Pt-V/AC, Ru-V/AC, and Ru-Ni/AC
catalysts were synthesized using the wet-impregnation method. These catalysts were
systematically assessed for their efficacy in producing FDCA and lactic acid from HMF and
glycerol. In addition, helical coiled reactors were fabricated and employed to dehydrate
fructose to HMF. The critical issues for producing all targeted products on a commercial scale

are given below.

Competing Reactions: Fructose undergoes multiple reactions under the reaction conditions
typically used for HMF production. These include forming levulinic acid and humins, which
compete with the desired conversion to HMF. Minimizing these reactions to maximize HMF

yield is a challenge.

Catalyst development and selectivity: An effective catalyst is crucial for promoting high lactic
acid and HMF vyields and achieving selective oxidation to FDCA under aqueous base-free
conditions. Catalysts must be stable, selective, and be able to minimize by-products such as

formic acid, levulinic acid, and humins.

Reaction conditions: Optimizing the reaction parameters such as temperature, pressure,
solvent, pH, and catalyst loading is crucial. They affect the selectivity of the desired product
(HMF, FDCA, lactic acid) formation, minimize side reactions, and enhance overall yield. Fine-
tuning these conditions for commercial-scale processes demands extensive experimentation.
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Feedstock quality and cost: The economic viability of desired product (HMF, FDCA, lactic
acid) formation relies on the availability, purity, and cost of their corresponding raw material,
crucial for large-scale manufacturing. Efficient biomass-based processes for HMF production

are critical.

Scale-up challenges: Transitioning laboratory-scale synthesis to industrial-scale production
involves addressing engineering challenges such as reactor design, heat and mass transfer
efficiency, and process integration. Maintaining consistent product quality and optimizing

production efficiency are key considerations.

Separation and purification: Efficient techniques are essential for separating and purifying
desired products from the reaction mixture containing reactants, by-products, and catalyst
residues. Developing cost-effective and environmentally sustainable separation techniques is

critical for meeting commercial-scale demands.

Product stability: The HMF is susceptible to degradation during storage and handling, affecting
product shelf-life and quality. Stabilization methods are needed to ensure product integrity and

usability in various applications.

Economic viability: Efficiently producing FDCA from HMF without aqueous bases must be
cost-effective, considering catalyst, feedstock, energy, and purification costs relative to market
value. Sustainable processes with minimal waste and energy use are crucial, following green
chemistry principles to reduce environmental impact. Economic viability depends on feedstock
prices, operating conditions, desired product yields, catalyst expenses, energy requirements,

and market demand.
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Environmental impact: Developing environmentally sustainable processes with minimal waste
generation, energy consumption, and environmental footprint is increasingly essential for

commercial production.

1.4 Objectives of the Work

The thesis objectives were formulated to address specific knowledge gaps in the field. These
objectives are structured to contribute valuable insights and advancements to the existing body

of knowledge.

l. Continuous synthesis of 5-hydroxymethylfurfural from high-concentration fructose
feedstock in a micro-helical coiled reactor using homogenous catalysts.

. Catalytic conversion of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA) over activated carbon-supported ruthenium-vanadium bimetallic catalysts
under base-free mild reaction conditions.

I1l.  Selective aerobic oxidation of glycerol to lactic acid over ruthenium-vanadium
bimetallic catalysts.

IV.  Glycerol selective oxidation to lactic acid over platinum-vanadium bimetallic catalysts

supported on activated carbon.
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1.5 Organization of the Thesis

The thesis is structured into seven chapters strategically designed to comprehensively address
and fulfill the proposed objectives.
CHAPTER 1: Background of the Work and Research Objectives

This chapter introduced the research problem and provided an overview of the relevant
literature. Additionally, we have identified the knowledge gap in the existing body of work and
outlined the specific research objectives this thesis aims to achieve. Finally, the organizational
structure of the thesis is presented.
CHAPTER 2: Materials and Methods

In this chapter, the procedures employed for the preparation of activated carbon-
supported monometallic Pt/AC, Ru/AC, V/AC, as well as bimetallic Pt-VV/AC, Ru-V/AC, and
Ru-Ni/AC catalysts utilizing the wet-impregnation method. The chapter comprehensively
evaluates catalyst activity, explicitly focusing on producing lactic acid and 2,5-
furandicarboxylic acid (FDCA) conducted in a high-pressure autoclave reactor. Furthermore,
we expound upon the process involved in converting fructose to 5-HMF utilizing microreactor
technology, incorporating homogeneous catalysts (H2SOs4 and maleic acid) in dimethyl
sulfoxide (DMSO) solvent. The methodologies adopted for the characterization of catalysts
and the analysis of resultant products are also elucidated in this chapter.
CHAPTER 3: Continuous synthesis of 5-hydroxymethylfurfural from high-
concentration fructose feedstock in a micro-helical coiled reactor using homogenous

catalysts.

This chapter presents a comprehensive study on the catalytic dehydration of fructose to
5-hydroxymethylfurfural (HMF) using sulfuric acid and maleic acid as catalysts in helically
coiled microreactors. Higher temperatures (180 °C), lower catalyst concentrations (0.2 wt%),
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higher flow rates (5 mL min™), and higher fructose concentration (50 wt%) improved the
reactor throughput with HMF space-time yield of 380 gnmr/gcat/h. In addition, the dehydration
reaction performance with maleic acid was compared with that of H2SOa. Interestingly, maleic
acid exhibited good selectivity (83%) towards HMF compared to sulfuric acid (80%) due to

reduced degradation of HMF to humins.

CHAPTER 4: Catalytic conversion of 5-hydroxymethylfurfural (HMF) to 2,5-
furandicarboxylic acid (FDCA) over activated carbon-supported ruthenium-vanadium

bimetallic catalysts under base-free mild reaction conditions.

This chapter synthesizes monometallic Ru and V and bimetallic Ru-V and Ru-Ni
catalysts supported on activated carbon, characterization, and testing for HMF to FDCA. The
synthesized catalysts were thoroughly characterized to obtain morphological and structural
properties, elemental composition, and surface area. Further, the synthesized catalysts for 5-
hydroxymethylfurfural (HMF) oxidation to FDCA under base-free mild reaction conditions.
The 1.5wt%Ru-0.5wt%V/AC (% on a weight basis) bimetallic catalyst performed better than
Ru-Ni bimetallic, other Ru-V bimetallic catalysts, and the monometallic Ru/AC, and V/AC.
The molar yield of FDCA (74.4%) was the highest in a two-step, single-pot process at optimal
conditions (100 °C for 2 h, 130 °C, 2 h, 1.0 MPa O) over the 1.5%Ru-0.5%V/AC bimetallic
catalyst. In contrast, a molar yield of 65.3% was achieved with 1.5%Ru-0.5%Ni/AC bimetallic
catalyst (130 °C, 12 h, 1.0 MPa O,). A simple acetone wash regenerates the 1.5Ru-0.5V/AC
bimetallic catalyst nearly to its original performance. The acetone wash removed the humins
deposited on the catalyst surface and exposed the active sites to the reaction mixture to regain

complete activity.

CHAPTER 5: Selective aerobic oxidation of glycerol to lactic acid over ruthenium-

vanadium bimetallic catalysts.
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This chapter demonstrates the catalytic activity of monometallic Ru, V, and bimetallic
Ru-V catalysts supported on activated carbon to produce lactic acid from glycerol through
selective aerobic oxidation. The Ru-V/AC bimetallic catalyst containing 1.5 wt% Ru and 0.5
wt% V exhibited the best catalytic performance with a lactic acid yield of 75.5% at 98.7%
glycerol conversion under mild operating conditions (1 NaOH/glycerol molar ratio, 4400
glycerol/metal molar ratio, 473 K temperature, 5 Bar air pressure and 3 h reaction time). The
Ru-V20s/AC (Ru-V/AC) bimetallic catalysts demonstrated superior performance to
monometallic Ru and V catalysts, exhibiting a synergistic effect. The Ru-V/AC bimetallic
catalyst showed good stability during the reaction with only a marginal loss in activity when

reused for four consecutive cycles, suggesting that this catalyst can be recycled multiple times.

CHAPTER 6: Glycerol selective oxidation to lactic acid over platinum-vanadium

bimetallic catalysts supported on activated carbon.

This chapter presents the synthesis, characterization, and evaluation of activated
carbon-supported Pt-V bimetallic catalysts for selective glycerol oxidation to lactic acid. The
physicochemical properties of the prepared catalysts were thoroughly evaluated using various
advanced characterization techniques, such as field emission transmission electron microscopy
(FETEM), high-resolution transmission electron microscopy (HRTEM), energy dispersive X-
ray spectroscopy (EDX), X-ray diffraction (XRD), Na-sorption analysis, and X-ray
photoelectron spectroscopy (XPS). The bimetallic catalysts performed better than
monometallic Pt and V catalysts, indicating the synergistic effect. The 1:1 weight ratio of Pt:
V (1Pt-1V/AC) showed excellent activity towards lactic acid production from glycerol
oxidation with a yield of 80% at 100% glycerol conversion under moderate reaction conditions
(NaOHy/glycerol = 1:1 mol/mol, 4400 glycerol/metal molar ratio, 473 K, 5 bar air, 12 h reaction
time). The 1Pt-1V/C bimetallic catalyst also showed good stability up to four cycles with only
minor activity loss in the first cycle.
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CHAPTER 7: Conclusions and Future Work

This chapter briefly discusses the remarkable findings derived from the thesis work.
Additionally, it offers recommendations for future research within the thesis field, highlighting
the potential avenues for further exploration. To ensure a comprehensive understanding, the
chapter acknowledges limitations inherent in the present thesis work, contributing to a nuanced

perspective on the study's outcomes.
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Chapter 2

Materials and Methods

This chapter outlines the experimental design, techniques, and analytical methods used in the
study. It gives the detailed experimental methods followed for the preparation of catalysts and
their characterization for physicochemical properties, such as particle size, shape, elemental
composition, chemical states, and N> sorption capacity, using advanced characterization
techniques such as field emission transmission electron microscopy (FETEM), high-resolution
transmission electron microscopy (HRTEM), energy dispersive X-ray spectroscopy (EDX), X-

ray diffraction (XRD), N2-sorption analysis, and X-ray photoelectron spectroscopy (XPS).

The chapter also provides a detailed explanation of the experimental procedures used
to evaluate the catalytic activity of the synthesized catalysts in the oxidation of glycerol (GL)
and 5-hydroxymethylfurfural (5-HMF) to lactic acid (LA) and 2,5-furandicarboxylic acid
(FDCA), respectively. The process of synthesizing 5-hydroxymethylfurfural (5-HMF) from D-
Fructose and analyzing its products is also discussed in detail. The chapter contains a list of the
specifications for all chemicals and reagents used in the study. Any modifications or deviations

from the described procedures are noted in the appropriate section (s) or chapter (s).
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2.1 Materials and Reagents

The materials used in the study were sourced from various suppliers without undergoing any
purification. Oxygen, air, and nitrogen (99.99%) gases were obtained from Assam Air Products
Pvt. Ltd., India. Deionized water, with a conductivity of 0.055 uS cm*, was used to prepare all
solutions and was obtained from the Millipore Filtration Unit (Model: Elix-3, Make: Millipore,
USA). The plastic wares used were polypropylene and procured from Tarson Products Pvt.
Ltd., Kolkata (India). The glassware, which had a low thermal expansion coefficient, was
mainly obtained from Borosil and JSSGW, India. The materials used and their information can

be found in Table 2.1.

Table 2.1: List of materials, chemicals/reagents used for the catalyst preparation, and their

activity testing.

Reagents/Chemicals Purity (%) | Grade | Make
Glycerol (C3HgO3) 99 Hi-AR | HiMedia
Lactic acid (C3HsO3) 85-90 Hi-AR | HiMedia
1,2-Propanediol (C3HgO2) 99 AR Avra

Acetic acid (CH3COOH) 99.6 AR Finar Ltd
Formic acid (CH202) 85 AR Merck
Glycolic acid (C2H403) 99 AR Sigma-Aldrich
Ethylene Glycol (C2HsO2) >99 AR Sigma-Aldrich
Hexachloroplatinic acid solution (H2PtCle) 8 AR Sigma-Aldrich
Ruthenium (111) chloride hydrate (RuCls.xH20) 99.98 AR Sigma-Aldrich
Vanadium (I11) Chloride 97 AR Sigma-Aldrich
Nickel nitrate hexahydrate (Ni (NO3)2.6H20) 99 AR Alfa Aesar
Titanium dioxide (TiO2) 99.5 AR Sigma-Aldrich
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Activated Charcoal (AC) >09.9 AR Sigma-Aldrich
Sodium borohydride (NaBHa4) >908 AR HiMedia
Sodium hydroxide (NaOH) >08 AR HiMedia
Potassium hydroxide (KOH) >85 AR HiMedia
D-Fructose (CsH1206) >99 AR HiMedia
D-Glucose (CeH1206) >99.5 AR HiMedia
5-Hydroxymethylfurfural (CéHsO3) >99 FR Sigma-Aldrich
Furfural (CsH402) 99 AR Sigma-Aldrich
Sulphuric acid (H2S0a4) 98 AR Finar Ltd
Maleic acid (CsH404) >99 AR HiMedia
Levulinic acid (CsHsOs3) 97 GR Merck
2,5-Furandicarboxlic acid (CeH40s) 98 AR Alfa Aesar
2,5-diformylfuran (CsH1O3) 98 AR TCI
5-Formyl-2-furancarboxylic acid (CsH40O4) 98 AR Sigma-Aldrich
5-Hydroxymethyl-2-furancarboxylic acid 98 AR Sigma-Aldrich
(CsHeO4)
Dimethyl sulfoxide (C2HeOS) 98 AR Finar Ltd
Acetone (CzHsO) 98 AR Finar Ltd
Methanol (CH3OH) 98 AR Finar Ltd
Ethanol (C2HsOH) 98 AR Finar Ltd
Silicone oil - - HiMedia
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2.2 Methodology

2.2.1 Preparation of monometallic (Ru, Pt, and V) and bimetallic (Pt-V,

Ru-V, and Ru-Ni) catalysts on activated carbon

Monometallic (Pt/AC, V/AC, and Ru/AC) and bimetallic (Pt-V/AC, Ru-VAC, and Ru-Ni/AC)
catalysts supported on activated carbon were prepared using the simple wet impregnation
method. 1.96 g of activated carbon was suspended in 200 mL of milli-Q-water, and the
suspension was stirred at 600 rpm for 2 h using a magnetic stirrer. The required amounts of
hexachloroplatinic acid solution or ruthenium chloride hydrate (RuClz.xH20, 99.98% trace
metal basis) were taken as primary metal, and vanadium (I1l) chloride or nickel nitrate
hexahydrate (Ni (NOz)2.6H-0) were taken as secondary metal and were dissolved in 50 mL
milli-Q-water under sonication for 1 h.

Subsequently, the metal precursor solution was added to the activated carbon solution
dropwise under stirring at 600 rpm. The resulting solution was kept under sonication for 1 h
for proper dispersion of metals on the support. The metals were reduced using a 10 M NaBH4
aqueous solution, which was added dropwise under stirring. The slurry was stirred for 12 h.
Subsequently, the slurry was filtered and dried at 110 °C under vacuum overnight (12 h). The
schematic representation of the catalyst synthesis process is shown in Fig. 2.1. A similar
procedure was used to prepare 2 wt% monometallic (Pt, Ru, and V) and Pt-V, Ru-V, and Ru-

V/TiO2 bimetallic catalysts with different compositions of Pt, Ru, and V (Table 2.2).
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Table 2.2: List of catalysts and their nominal compositions.

S.No. Nominal catalyst composition (W%)
Catalyst
Pt A% Ru Ni
1 1Pt-1V/AC 1 1 N/A N/A
2 1.5Pt-0.5V/AC 1.5 0.5 N/A N/A
3 0.5Pt-1.5V/AC 0.5 1.5 N/A N/A
4 2VIAC 0 2 N/A N/A
5 2Pt/AC 2 0 N/A N/A
6 1Ru-1V/AC N/A 1 1 N/A
7 1.5Ru-0.5V/AC N/A 0.5 1.5 N/A
8 0.5Ru-1.5V/AC N/A L 0.5 N/A
9 2RU/AC N/A 0 2 N/A
10 1.5Ru-0.5Ni/AC N/A N/A 1.5 0.5
11 1.5Ru-0.5V/TiO> N/A 0.5 1.5 N/A
l
Metal precursor 1 Metal precursor|2 P m&z
J/Sonicatio
Water 1h )
‘ Vacuum Drying
over night@ 110 °

Stirring

——

Bimetallic
catalysts/AC

over night|

Vacuum Filtration

Figure 2.1: Schematic representation of monometallic and bimetallic catalysts synthesis

process.
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2.2.2 Catalysts characterization

The synthesized materials were thoroughly analyzed to assess their physical and chemical
properties. This was done by employing a range of characterization techniques such as powder
X-ray diffraction (XRD), N2 sorption, electron microscopy (FETEM/HRTEM/EDX), and X-
ray photoelectron spectroscopy (XPS). The XRD was utilized to evaluate the crystal structure,
phase formation, purity, and size of the crystallites in the material. The Nz-sorption was
employed to determine the surface area, pore volume, and distribution of pores. Electron
microscopy (FETEM/HRTEM/EDX) was used to study surface morphology. The XPS was
utilized to examine the chemical states of the material. The specific methodology for each of

these techniques is described in the analysis procedure.

2.2.2.1 BET surface area analyzer

The N sorption study (Tristar-11 3020, Micromeritics, USA) was used to determine surface
area, pore volume, and pore size distribution (PSD) at 77K. Samples were degassed under
vacuum (200°C, 6 h) to remove moisture and volatiles. The multi-point BET method calculated
BET surface area (p/po: 0.05-0.3). Micro and mesopore analysis was performed using t-plot
(p/po: 0.08-0.3) and BJH methods (p/po: 0.35-1), respectively. BJH model was used to calculate
the average pore diameter (APD). Isotherms and hysteresis were classified by following the

IUPAC nomenclature.

2.2.2.2 X-Ray Diffraction

The XRD patterns and crystallinity of Pt, Ru, V monometallic and Pt-V, Ru-V, Ru-Ni
bimetallic catalysts were recorded on an X-ray diffractometer (Model: Smartlab, Make:

Rigaku, Japan) using Cu Ka radiation (A = 0.1578 nm). 20 mg dried sample was used, and
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XRD patterns were recorded between 5-50° 26 angle. XRD parameters: step size: 0.01°, step

speed: 20°/min.

2.2.2.3 Electron microscopic analysis

The particle size, morphology, and elemental composition were determined using field
emission transmission electron microscopy (FETEM) and energy dispersive X-ray (EDX)
spectroscopy (Model: JEM-2100F, Make: JEOL, Japan). With the same instrument, the
interplanar spacing and crystal planes were determined using high-resolution TEM (HRTEM)
and selected area diffraction patterns (SAED). The sample was prepared for FETEM and EDX
using the following procedure: A small amount of catalyst was dispersed in acetone using
sonication, drop-casted onto the carbon-coated copper grid, and vacuum-dried at ambient
temperature. The ImageJ software was used to analyze the particle size distribution using the

following formula.

N1d1+ N2d2+"'+Nndn
N1+ N2+"'+Nn

Average particle size (nm) = x 100

N1: number of particles, di: diameter of the particle.

2.2.2.4 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) was used to study the chemical states of
monometallic (Pt/AC, Ru/AC, and V/AC) and bimetallic Pt-V/AC, and Ru-V/AC catalysts
with a monochromatic X-ray source (ESCALAB Xi+, Thermo Fisher Scientific, UK). Samples
were prepared by dispersing catalytic powders on copper tape. Argon pressure was ~3x10°
mbar, pass energy was 20 eV, and electron take-off angle was 55°. The XPS data were analyzed

using XPSPEAK 4.1 software, and peak fitting was performed.
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S. No. Instrument Name Make, model, and origin Pre-treatment Availability
conditions and specifications
1 X-ray powder diffraction (XRD) Smartlab, Rigaku, Japan CuKa source; SKW, scan speed- CIF, ITG
20°/min, Dried at 110 °C
2 Surface area analysis (BET) Tristar-11 Micromeritics, 200°C for 6h Analytical lab, Chemical
USA Engg. Dept., IITG
3 Field Emission Transmission JEM-2100F, JEOL, Japan | Sonicated with ethanol and drop cast CIF, ITG
Electron Microscope (FETEM) over the copper grid

4 High-Performance Liquid SPD-M30A, Shimadzu, RID, PDA autosampler, Aminex-87H | Analytical lab, Chemical

Chromatography (HPLC) Japan column, Biorod column, and the Engg. Dept., lITG
sample is filtered using 0.2 m filter
5 X-ray photoelectron spectroscopy | ESCALAB Xi+, Thermo CSIR-NEIST, Jorhat
Fisher Scientific, UK
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2.3 Catalytic testing experiments and product analysis

2.3.1 Conversion of fructose dehydration to 5-HMF in a helically coiled

reactor

Fig.2.2 shows the experimental setup for synthesizing HMF using a helical coiled microreactor
(HCMR). The HCMR was designed and fabricated in-house using SS316-grade stainless steel
tubing and fittings. Typically, the feed, consisting of fructose, solvent (DMSO), and
homogenous catalyst (SA or MA), was pumped into a microreactor using a high-performance
liquid chromatography (HPLC) pump. This study calculated the fructose and catalyst
concentrations (expressed in wt%) based on the solvent's mass but not the solution's mass. For

example, the concentration of fructose was calculated as follows:

mass of fructose
0f)) — >~~~
CF (Wt /0) mass of DMSO X 100

The HCMR was heated using heating tape with insulation, and the heating was controlled using
a PID controller and monitored with the help of thermocouples. The length of the microreactor
(i.e., excluding sections outside the heating system, which were kept at room temperature) was
2 and 3 m. The internal diameter of the coil was 1.76 mm. The outlet of the microreactor was
connected to another coiled tube, which was immersed in a cold-water bath (ca. 25 °C) to cool
the reaction mass. After the system reached the steady state (i.e., after approximately 4 times
the residence time in the microreactor), the product samples were collected and filtered using
a 0.2 um nylon filter under vacuum. The samples were diluted and analyzed using high-
performance liquid chromatography (HPLC) equipped with a refractive index (RID) and

photodiode array (PDA) detectors (Model: RID 20A, Make: Shimadzu, USA).
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Figure 2.2: Schematic diagram of the coil tube microreactor system for continuously

synthesizing 5-HMF from fructose.

2.3.2 Conversion of 5-Hydroxymethylfurfural (HMF) to 2,5-

Furandicarboxlic acid (FDCA)

The synthesized catalysts underwent testing for the conversion of 5-HMF to 2,5-FDCA.
Catalytic experiments were conducted in a 50 mL Teflon-lined stainless steel (SS316) high-
pressure autoclave from Amar Equipment Private Limited in Mumbai, India. The autoclave
was initially loaded with a 25 mL aqueous 5-HMF solution (0.08 mmol). Subsequently, the
catalyst was introduced into the autoclave, which was then sealed, purged with O, and
pressurized to the desired level (5-15 bar O2). The autoclave was immersed in an oil bath pre-
stabilized at the specified temperature (100-140 °C) and stirred using a magnetic stirring bar
(600 rpm). The reaction time commenced after the reactor reached the set temperature. The

autoclave remained in the oil bath for the designated reaction period (1-12 h), then was
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removed, promptly cooled to room temperature with a cold-water bath, and depressurized.
Solid catalyst separation from the liquid phase was achieved through vacuum filtration using a
200 nm nylon membrane filter. The liquid samples were diluted with milli-Q water and
analyzed using High-Performance Liquid Chromatography (HPLC). A schematic
representation of the experimental setup for the oxidation of HMF to FDCA is shown in Fig.

2.3.

2.3.3 Conversion of glycerol to lactic acid

The synthesized catalysts were tested for converting biomass-derived glycerol to lactic acid.
The catalytic experiments were performed in a 50 mL Teflon-lined stainless steel (SS316) high-
pressure autoclave (Amar Equipment Private Limited, Mumbai, India). The autoclave was
charged with 25 mL aqueous glycerol solution (Molarity: 7.2-10.9 M), KOH or NaOH
(base/glycerol molar ratio of 0.5-1 mol/mol), and catalyst (glycerol to metal ratio of 4400-
17600 mol/mol). Subsequently, the autoclave was closed, flushed with air, and pressurized at
the desired pressure (5-15 bar air). The autoclave was then immersed in an oil bath pre-
stabilized at the desired temperature (160-180 °C) and kept under stirring with a magnetic
stirring bar (600 rpm). The reaction time counting was started after the reactor reached the set
temperature. The autoclave was kept in the oil bath for the specified reaction time (1-12 h),
removed from the oil bath, cooled immediately to room temperature using a cold-water bath,
and depressurized. The solid catalyst was separated from the liquid by vacuum filtration using
a 200 nm nylon membrane filter. The liquid samples were neutralized with H>SOa solution,
diluted with milli-Q water, and analyzed in HPLC. The schematic representation of the

experimental setup for the oxidation of glycerol and the 5-HMF process is shown in Fig. 2.3.
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Figure 2.3: Schematic representation of experimental setup for oxidation reactions.

2.3.4 Catalyst Stability Test

The stability of the bimetallic catalyst was tested by reusing the same catalyst sample for four
to six cycles. After each cycle, the catalyst was recovered by vacuum filtration, rinsed with
excess water, and dried in a vacuum at 110 °C overnight. The investigation examined the
impact of humins or coke deposition on the catalyst surface. Humins, undesirable by-products
of the reaction, can accumulate on the catalyst, diminishing its effectiveness. The study also
assessed the influence of washing the catalyst with water and acetone on its performance. The
spent catalyst was re-used under the same reaction conditions in the next cycle. A minimal
quantity of fresh catalyst (3-5 mg) was introduced into each successive batch to offset the

weight loss incurred during handling.

2.3.5 Analysis procedure for estimation of product concentration

To determine the concentration of the reaction products and unreacted reactants in a liquid
mixture, a high-performance liquid chromatography (HPLC) system was employed. The HPLC
system was a Shimadzu SPD-M30A and RID-20A model, equipped with photodiode array

(PDA) and refractive index (RI) detectors. The mobile phase used in the analysis was a 5 mM
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aqueous solution of sulfuric acid (H2SO4) with a flow rate of 0.6 mL min (Chapters 3 and 4)
and 0.3 mL min™ (Chapters 5 and 6). An HPLC column (Model: Aminex HPX-87H, Make:
BIO-RAD, USA) separated the sample mixture's components. The column temperature was
kept at 60 °C (Chapters 3 and 4) and 40 °C (Chapters 5 and 6) throughout the analysis to
maintain column stability and accuracy. Initially, the sample mixtures containing different
known compositions of compounds (glycerol (GL), lactic acid (LA), 1,2-propanediol (1,2-
PDO), ethylene glycol (EG), formic acid (FA), acetic acid (AA), glycolic acid (GLA), 5-
hydroxymethylfurfural (5-HMF), 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furan
carboxylic acid (HMFCA), and 5-formyl-2-furan carboxylic acid (FFCA), 2,5-
furandicarboxylic acid (FDCA), maleic acid (MA), and fructose) were injected for the
calibration to determine the calibration factor or slope for the estimation of the actual
concentration of these compounds in the experimental samples. The HPLC system effectively
separated these components and determined their concentrations, providing valuable insights
into the reaction process using the calibration curves (Fig. 2.4). Each experiment was carried

out twice, and averaged data was presented.

moles ireacted

Conversion of i (%) = x 100

initial moles of i

moles k formed

The yield of product k (%) = x 100

initial moles of i

moles of Coyut

Carbon balance (%) = x 100

moles of Cip,

Where i is GL, Fructose, 5-HMF, and k are LA, GLA, FA, AA, 1,2-PDO, EG, 5-HMF, DFF,
HMFCA, FFCA, FDCA.
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Figure 2.4: Calibration curves of (a) glycerol, (b) lactic acid, (c) formic acid, (d) glycolic acid,
(e) ethylene glycol, (f) 1,2-propanediol, (g) fructose, (h) 5-HMF, (i) 2,5-diformylfuran (DFF),
() 5-hydroxymethyl-2-furan carboxylic acid (HMFCA), (k) 5-formyl-2-furan carboxylic acid
(FFCA), (1) 2,5-Furandicarboxlic acid (FDCA), (m) maleic acid and (n) acetic acid obtained

from HPLC.
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Chapter 3: Continuous synthesis of 5-hydroxymethylfurfural from high-concentration fructose feedstock in a micro-helical
coiled reactor using homogenous catalysts

3.1 Objectives

This study describes a systematic experimental investigation to synthesize HMF from fructose
in a single-phase system using DMSO as a solvent and a micro helical coiled reactor using
different Brensted acid catalysts such as H.SO4 (SA) and maleic acid (MA). A stainless-steel
helical coiled microreactor was used in this study, with an inner diameter of 1.76 mm and a
total length of 2 and 3 m. The microreactor was equipped with heating tape, insulation,
thermocouples, and a PID temperature controller to control the reactor's temperature. The effect
of temperature, catalyst concentration, flow rate, and fructose concentration on fructose
conversion and HMF yield was studied. The role of DMSO in enhancing the selectivity to HMF
was also studied by investigating the conversion of fructose to HMF without a catalyst. The
results of this study were then compared with well-accepted literature to evaluate the

importance of using microreactor systems for producing HMF.

3.2 Results and Discussion

3.2.1 HMF synthesis from fructose dehydration using SA as a catalyst

A series of experiments were conducted to study the effect of flow rate and SA concentration
on the HMF yield and fructose conversion in a DMSO solvent at a specific temperature (100
°C) using 3.5 wt% and 10 wt% of fructose concentration (Fig. 3.1). With the increase of flow
rate from 0.1 to 0.5 mL min, the HMF yield was decreased from 94.5 to 81.6%, along with a
decrease in fructose conversion from 100 to 89.6% at a SA concentration of 0.25 wt% and a
fructose concentration of 3.5 wt% (Fig. 3.1a). A similar trend was observed for HMF yield as
a function of flow rate when the SA concentration of 0.5 and 0.75 wt% (Fig. 3.1b and Fig. 3.1c)
were used at a fructose concentration of 10 wt%. The study also investigated the effect of SA
concentration on the HMF yield with 10 wt% of fructose and at a flow rate of 0.1 mL min™
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(Fig. 3.1d). With the increased SA concentration, the HMF yield was increased first and then
decreased marginally. The HMF yield passed through a maximum (86.7%) at a catalyst
concentration of 0.76 wt%. Further increasing the SA concentration to 1.51 wt% resulted in a
marginal decrease in the HMF vyield to 84.9%. At a specified temperature, catalyst
concentration, and fructose concentration, the conversion and HMF yield decrease were solely
influenced by the residence time, as illustrated in Figure 3.1. However, at elevated temperatures
(e.g., 180 °C), the impact of residence time, flow rate, and catalyst concentration on conversion
and HMF yield becomes negligible. At this point, it is primarily a temperature-driven effect,
as demonstrated in Fig. 3.3b. The significant error bars primarily stem from temperature
fluctuations within the reactor. Such instability has been noted to introduce variability in the
yield of HMF at lower fructose concentrations. The reproducibility can be achieved by
maintaining consistent temperature within the reactor, as illustrated in the figures (e.g., Figs.

3.4 and 3.6).
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Figure 3.1: Effect of flow rate (a, b & ¢) and SA concentration on the fructose conversion and
HMF yield; Reaction conditions (a) 3.5 wt% fructose, 0.25% SA (b) 10 wt% fructose, 0.5%
SA (c) 10 wt% fructose, 0.76% SA (d) 10 wt% fructose, 0.1 mL min* flow rate. All the
experiments presented in this figure were conducted at 100 °C temperature and in a reactor of

length 2 m.
The study also investigated the effect of temperature on fructose conversion and HMF yield

using different fructose concentrations, acid concentrations, and flow rates. Four parameters
were used: 3.5 Wt% fructose concentration with 0.25 wt% SA and 0.1 mL min* flow rate; 10
wt% fructose concentration with 0.5 wt% SA and 1 mL min flow rate; 10 wt% fructose
concentration with 0.5 wt% SA and 0.1 mL min flow rate; and 20 wt% fructose concentration
with 0.76 wt% SA and 1 mL min* flow rate. The results indicate that at 3.5 wt% fructose

concentration, the HMF yield increased with increasing temperature up to 100 °C. Further, an
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increase in temperature to 106 °C resulted in a marginal decrease in HMF yield (Fig. 3.2a). The
fructose conversion reached full completion (100%) at all tested temperatures. The study
explored the impact of temperature on fructose conversion and HMF yield while adjusting the
other variables, including fructose concentration, SA concentration, and flow rate, and
comparing Figs. 3.2b and 3.2c, it is evident that the flow rate significantly influences both
fructose conversion and HMF yield. The findings indicate that at lower rates (0.1 mL min™),
the HMF yield was higher than at higher flow rates (1 mL min), while fructose conversion
remained nearly constant. We have not seen any significant effect on fructose conversion and
HMF yield concerning reactor length (e.g., 2 and 3 m), and other factors (Temperature, fructose
concentration, SA concentration, etc.) significantly affect HMF yield. Based on Fig.3.3b, we
concluded that residence time does not influence the fructose conversion and HMF yield.

At higher fructose concentrations of 10 wt% and lower (0.1 mL min?) and higher (1
mL mint) flow rates, the yield of HMF was monotonically increased with temperature (Figs.
3.2b and 3.2c). However, it was observed that at a higher flow rate (1 mL min™?) and the
operating temperatures used in this study, the catalyst concentration needed to be increased to
achieve higher yields of HMF. To investigate the effect of temperature on HMF yield, the study
was further extended to a fructose concentration of 20 wt% and higher catalyst concentration
(0.76 wt%) with a flow rate of 0.1 mL min™ at different temperatures. This investigation
showed that the yield of HMF increased marginally with increasing temperature from 90 °C
(83.5%) to 100 °C (85.1%). It decreased to 78.4% with a further increase in temperature to 110
°C (Fig. 3.2d). Temperature has a more pronounced effect on the yield of HMF from fructose
at lower concentrations (e.g., 3.5%) than at higher concentrations (e.g., 10%). Differences in

kinetic and thermodynamic factors can explain this.

Reaction Kinetics: At lower fructose concentrations, the reaction rate for converting fructose

to HMF is more sensitive to temperature changes. With less substrate, the reaction relies more
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heavily on temperature to supply the necessary activation energy. As the temperature rises, the
kinetic energy of the molecules increases, resulting in more frequent and effective collisions

between reactants, which boosts the conversion rate to HMF.

Equilibrium Considerations: The conversion of fructose to HMF, an endothermic dehydration
reaction, is influenced by thermodynamics and kinetics. Higher temperatures generally favour
HMF formation by making the reaction more thermodynamically favorable. However, the
system may approach equilibrium at higher fructose concentrations, where side reactions like
humin polymerization become more significant, potentially masking the temperature effect
observed at lower concentrations. This can lead to a plateau in HMF yield due to increased by-

product formation and possible saturation with HMF, slowing further production.

In summary, the reaction of fructose to HMF is not purely thermodynamically limited, but
temperature plays a crucial role in both the thermodynamic favourability and the Kinetics of
the reaction. At lower fructose concentrations, the effect of temperature is more pronounced
because side reactions hinder the system and are more sensitive to changes in kinetic energy
provided by temperature. As concentration increases, other factors come into play, diminishing

the temperature effect.

70
TH-3456_166107017



Development of activated carbon-supported bimetallic catalysts and microreactors for the production of lactic acid, 2,5-
furandicarboxylic acid, and 5-hydroxymethylfurfural

100
100 ./’/.’——I‘.————l
s | (@ . (b)
~ 96 °h 904 —— Conversion
= = —&— Yield
& —u— Conversion )
2 —e— Yield e
A= -]
£ 92+ % 80
z g
S :
< 70
88
T T T T T T T T T 60 T T T T T
85 90 95 100 105 100 110 120 130 140
Temperature, °C Temperature, °C
100 - Il Conversion [l Yield 1004 Il Conversion [l Yield
wd (© 30 (d)
X S
E-« J E'\ J
o o
= 60+ = 60
2 =
Z ] 5
w - -
£ 404 £ 40+
> =
= 1 = 1
=} =}
“ 20 “ 20
0 0-
90 100 110 90 100 110

Temperature, °C Temperature, °C

Figure 3.2: Effect of temperature on the fructose conversion and HMF vyield at reaction
conditions (a) 0.1 mL min* flow rate, 3.5 wt% fructose, and 0.25 wt% SA; (b) 1 mL min* flow
rate, 10 wt% fructose and 0.5 wt% SA (reactor length: 3 m) (c) 0.1 mL min* flow rate, 10 wt%
fructose and 0.5 wt% SA; and (d) 0.1 mL min* flow rate, 20 wt% fructose and 0.76 wt% SA.

All the experiments presented in this figure were conducted in a reactor of length 2 m.

Further, the study aimed to enhance the HMF space-time yield or productivity by increasing
the reactor throughput with a higher (50 wt%) fructose concentration. First, the effect of
temperature on HMF yield was examined by fixing the flow rate at 5 mL mintand catalyst
concentration at 0.5 wt% SA. As shown in Fig. 3.3a, the temperature increases from 120-180
°C increased the fructose conversion from 86.0 to 100% and HMF yield from 44.3 to 89.0%.
The effect of flow rate (residence time) on HMF yield was also studied at two different flow

rates while keeping the temperature at 180 °C and catalyst concentration at 0.5 wt% H>SOa.
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Figure 3.3: Effect of (a) temperature, (b) flow rate, (c) SA concentration on the fructose
conversion and HMF yield. Other reaction conditions: 0.5 wt% SA, 5 mL min™ flow rate, 50
wt% fructose, 180 °C temperature, and 3 m reactor length.

(Fig. 3.3b), A marginal decrease in HMF yield from 90.0 to 89.0% was observed with an
increase in flow rate from 2 to 5 mL min. Furthermore, the impact of catalyst concentration
on HMF yield was investigated by decreasing the concentration from 0.5 to 0.2 wt% SA (Fig.
3.3c), revealing a slight reduction in HMF yield from 89.0% to 88.4%. However, we attained
the highest HMF production rate when employing a 0.2 wt% SA concentration, reaching 379.9
gnme/geat/h, surpassing the production rates achieved with other catalyst concentrations.
Without a catalyst, the control experiment showed a 12.2% HMF yield with 54.5% fructose
conversion (Table 3.1, Entry 1) through the solvation effect.! Moreover, the investigation

assessed the influence of lower flow rates, temperatures, and higher catalyst concentration
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while maintaining a fructose concentration of 50 wt% on the HMF yield. Further studies to
understand the residence time effect (10, 15, and 20 mL min™) are being carried out in our
research group.

Fig. 3.4 describes the effect of flow rate on fructose conversion and HMF yield at 100
°C reaction temperature with 1.5 wt% catalyst concentration. Due to insufficient catalyst
concentration, reaction time, and temperature, the fructose conversions (96.1 to 88.3%) and
HMF yields (65.2 to 44.1%) decreased with increasing flow rates. To gain further insight, the
impact of catalyst concentration was further explored by varying it both upwards and
downwards at a temperature of 100 °C and a flow rate of 0.1 mL min-1 (Fig. 3.5a). The findings
indicated that higher catalyst concentrations (0.82 to 3.1 wt%) improved fructose conversion
(95.0 to 97.5%) and enhanced HMF yields (62.0 to 79.7%). Conversely, decreasing the catalyst
concentration reduced fructose conversion and diminished HMF yields. Moreover, a similar
effect was further investigated by raising the temperature to 110 °C (Fig. 3.5b), aiming to
comprehend the reaction kinetics' dependence on temperature.?? The outcomes demonstrated
an improved HMF yield (93.5%) while maintaining nearly identical fructose conversion
(98.1%). Nevertheless, lower temperatures were not conducive to higher HMF yields with
higher fructose concentrations, as highlighted in Table 3.1. At a higher flow rate (0.3 mL min
1), achieving higher HMF yields (58.0 to 64.2%) with high fructose concentration requires a
rise in temperatures (110 °C) (Table 3.1, Entry 2). Further extensive studies are being carried

out in our research group to understand the effect of various parameters.

73
TH-3456_166107017



Chapter 3: Continuous synthesis of 5-hydroxymethylfurfural from high-concentration fructose feedstock in a micro-helical

coiled reactor using homogenous catalysts

100
4 e,
""""" Mo
%04 Tl -
2
R
-~ 80
E =&+ Conv ersion
- —€-- Yield
= 704
=
Z O
Z 60 T
: ~o.
o "~
50 el
e
40 T v T T T T
0.1 0.2 0.3 0.4 0.5

Flow rate, mL min™

Figure 3.4: Effect of flow rate on fructose conversion to HMF. Reaction Conditions: 1.5 wt%

SA concentration, 50 wt% fructose, 100 °C temperature (reactor length: 3 m).
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Table 3.1: Fructose dehydration to HMF using SA as a catalyst.

TH-3456_166107017

Entry No. | Fructose concentration Catalyst concentration Flow rate (mL Temperature Fructose conversion | HMF yield
(Wt.%) (wt.%) mint) (°C) (%) (%)
1 50 blank 2 180 94.5 12.2
2 50 | o] 0.3 110 95.8 64.2
3 50 1.5 0.1 90 93.6 52.1
4 50 3.1 0.1 110 100 83.7
5 20 0.81 0.5 105 95.5 64.9
6 20 0.81 1 97 78.0 51.2
7 20 0.25 0.1 100 100 46.2
8 10 0.76 0.2 100 100 85.5
9 10 0.76 0.4 100 100 81.4

75




Chapter 3: Continuous synthesis of 5-hydroxymethylfurfural from high-concentration fructose feedstock in a micro-helical
coiled reactor using homogenous catalysts

3.2.2 HMF synthesis from fructose dehydration using maleic acid (MA) as a

catalyst

Maleic acid, an organic acid, was investigated as a potential catalyst for the dehydration of
fructose to HMF in the continuous microreactor system using DMSO as a solvent. Organic
acids, such as maleic acid (MA), work as catalysts and stabilizers for HMF in the DMSO
solvent. MA has a unique nature; it reduces the humins formation by reacting with oligomers
of humins and suppressing further reaction.*® Maleic acid stabilizes the intermediate species
formed during the reaction by leveraging its dicarboxylic acid structure, which forms an
internal hydrogen bond with transition-state intermediates. This interaction increases the
activation energy barrier for further degradation.® This mechanism helps prevent undesired side
reactions and promotes the desired pathway leading to HMF. This could lead to improved
yields and reaction kinetics compared to the mineral acids reported in the literature.*> At a
fructose concentration of 10 wt%, the temperature and catalyst concentrations were varied to
understand their impact on the HMF yield and fructose conversion. In the first set of
experiments, the temperature was varied from 100 to 130 °C at a catalyst (MA) concentration
of 1.5 wt%. The increase in temperature significantly increased the fructose conversion from
58.5 to 98.9% and HMF yield from 35.4 to 78.2% (Fig. 3.6a). In the next set of experiments,
the temperature variation effect was studied at a higher catalyst concentration of 3 wt%. The
trends were similar at lower and higher concentrations of catalysts. However, at higher catalyst
concentrations, the fructose conversion and HMF yield were significantly higher than those at
lower catalyst concentrations. For example, the fructose conversion and HMF yield increased
from 58.5 to 73% and 35.4 to 48.1% at 100 °C as catalyst concentration increased from 1.5 to
3 wt% (Fig. 3.6b). When the temperature was increased to 130 °C, the fructose conversion and
HMF yield were found to be 98.7% and 79.4%, respectively, at 3 wt% catalyst concentration.

The effect of temperature variation at higher fructose concentrations of 20 wt.% and 1.5 wt%
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MA concentration was studied. The trend of HMF yield and fructose conversion variation with
temperature was similar to that at lower fructose concentrations. However, at higher fructose
concentrations, the HMF yield, and fructose conversion were lower than those at lower fructose
concentrations at any temperature studied (Fig. 3.6¢). The maximum HMF yield and fructose

concentration were obtained at 130 °C and were 97.2% and 70.6%, respectively (Fig. 3.6c).
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Figure 3.6: Effect of temperature (a, b & ¢) and MA concentration on the fructose conversion
and HMF yield. Reaction conditions: (a)1.5 wt% MA, 10 wt% fructose (b) 3 wt% MA, 10 wt%
fructose (c) 1.5 wt% MA, 20 wt% fructose (d) 10 wt% fructose, 130 °C temperature. All the

experiments presented in this figure were conducted at 1 mL min flow rate and in a reactor of

length 3 m.
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Furthermore, the impact of MA concentration was examined on fructose conversion and HMF
yield at 130 °C using a 10 wt% fructose concentration. The results indicated no significant
influence of MA concentration on HMF yield beyond 1 wt% at > 130 °C (Fig. 3.6d). In
conclusion, the study found that higher temperatures with lower MA concentrations or those
with high MA concentrations were necessary for achieving higher fructose conversion and
HMF vyields. Furthermore, a comparison was conducted between the performance of SA and
MA with fructose conversion and HMF yield, as depicted in Fig. 3.7. The outcomes indicated
that SA exhibited slightly superior performance to MA regarding fructose conversion and HMF
yield. However, MA displayed better performance in HMF selectivity when compared to SA,

and it also effectively managed to control the formation of humins through degradation.*®
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Figure 3.7: Effect of catalyst type on fructose conversion to HMF. Reaction Conditions: 130
°C temperature, 0.5 wt% catalyst concentration, 10 wt% fructose, and flow rate: 1 mL min™

(reactor length: 3 m).
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The effects of reaction kinetics and thermodynamic equilibrium were discussed above. Apart

from this, concentration dependency is discussed below.

e At lower concentrations, the reaction is less likely to be limited by factors such as substrate
availability or side reactions, allowing the effect of temperature to be more pronounced.
The system is more "dilute,” meaning that the fructose molecules are more spread out,
reducing the likelihood of intermolecular interactions that could lead to side reactions at
higher temperatures than lower temperatures, thus making temperature a more critical
factor in determining the reaction rate and yield.

e At higher concentrations, the proximity of fructose molecules increases the chance of side
reactions, reducing the overall yield of HMF and making the effect of temperature less
apparent.

e Higher flow rates reduce the HMF yield compared to lower flow rates due to slower
reaction rates at lower temperatures compared to higher temperatures.

e At higher flow rates, the system lacks sufficient time to reach thermodynamic equilibrium,
resulting in products and reactants not being in equilibrium proportions. This leads to lower
conversion or yield than lower flow rates, where the system has enough time to reach
equilibrium and maximize yield.

e While flow rate only does not affect the position of thermodynamic equilibrium, it impacts
whether the system can achieve equilibrium within the reactor's residence time, as
equilibrium is determined by temperature, pressure, and composition.

e In Summary, the flow rate in a reactor significantly affects both reaction Kinetics and the
approach to thermodynamic equilibrium. High flow rates reduce residence time, which can
lower conversion and yield due to insufficient time to reach equilibrium. In contrast, low

flow rates increase residence time, improving conversion and yield, but may also introduce
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issues like increased side reactions. As discussed in the chapter, finding the optimal flow

rate is essential for balancing reaction kinetics with thermodynamic efficiency.
3.3 Summary

In this study, a helically coiled reactor was designed, fabricated, and tested for producing
chemicals at high-yield productivity from renewable sources in an organic solvent.
Specifically, using sulfuric acid (SA) and maleic acid (MA) as catalytic systems, the fructose
dehydration to 5-hydroxymethylfurfural (HMF) was demonstrated. The highest HMF yield of
95% was achieved at 100 °C, with a flow rate of 0.1 mL min and a fructose concentration of
3.5 wt% using SA as the catalyst. This result represents the highest productivity in the
experiments in short residence times (1.46 min) and high temperatures (180 °C). Productivity
could be further enhanced by increasing the temperature and lowering the catalyst
concentration. At 180 °C, an HMF yield of 90.0% was achieved with a flow rate of 2 mL min
1 and a catalyst concentration of 0.5 wt% SA. Similarly, an HMF yield of 89.0% was achieved
at the same temperature with a flow rate of 5 mL min* and the same catalyst concentration.
The highest HMF productivity (380 gnmr/gcat/h) was achieved with 0.2 wt% SA concentration
at 180 °C, employing a flow rate of 5 mL min and 50 wt% fructose concentration (HMF yield
was 88%). Using 3 wit% MA as a catalyst, a maximum HMF yield of 80% was obtained with
a fructose concentration of 10 wt%, temperature 130 °C, and flow rate of 1 mL mint.
Moreover, maleic acid plays a critical role in mitigating the degradation of HMF and preventing

the formation of humins. The study demonstrates the potential of the helically coiled reactor to

produce chemicals at high-yield productivity from renewable feedstocks.
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4.1 Objectives

This study delved into examining novel Ru-V and Ru-Ni bimetallic catalysts, explicitly
focusing on their application in the base-free oxidation of HMF to FDCA and the associated
intermediates within an aqueous phase reaction. To comprehensively understand and elucidate
the catalyst characteristics, advanced characterization techniques were employed, including
powder X-ray diffraction (XRD), BET surface area analysis, field emission transmission
electron microscopy (FETEM), high-resolution transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).
These methodologies unraveled the developed catalyst intricacies, providing insights into their
structural, surface, and compositional attributes. Additionally, monometallic catalysts were
synthesized and subjected to testing to facilitate a comparative evaluation. This approach aimed
to establish a contextual framework for assessing the performance and catalytic properties of

the bimetallic catalysts in comparison to their monometallic counterparts.

4.2 Results and Discussion

4.2.1 Characterization of the Catalysts

The field emission transmission electron microscope (FETEM) imaging, high-resolution TEM
(HRTEM) imaging, selected area electron diffraction (SAED), and energy-dispersive X-ray
spectroscopy (EDX) elemental mapping (Fig. 4.1) was used to understand the particle size,
crystal phases and elemental distribution of Ru-V/AC catalyst. The TEM images in Fig. 4.1a
confirm that the metal particles were well dispersed on the surface of activated carbon support
and exhibited different particle sizes with an average particle diameter of 1.05 nm (as analyzed
using ImageJ software). The particle size distribution of Ru-V/AC was in the range of 0.71-

2.27 nm (counted approximately 322 particles, inset of Fig. 4.1a). The Ru and V components
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were evenly distributed throughout the catalyst, as indicated by EDX elemental mapping (Figs.

4.1b and 4.1c).

The HRTEM image of the 1.5Ru-0.5V/AC bimetallic catalyst revealed a crystalline
structure with well-defined fringes (Fig. 4.1d). The average distance (lattice spacing) between
neighboring planes was 0.21 nm (for ten fringes: 2.1 nm), which corresponds to the (101)
crystal plane of ruthenium. The average lattice spacing of 0.57 nm (for ten fringes: 5.7 nm)
corresponds to the (001) crystal plane of vanadium pentoxide (V20s)!. The SAED pattern of
the 1.5Ru-0.5V/AC catalyst demonstrated that most ruthenium nanoparticles were crystalline,
with a cubic phase structure of Ru (101). The distinct ring pattern in SAED (Fig. 4.1e) indicates

the polycrystalline nature of the bimetallic catalyst.

All the synthesized catalysts exhibited the combined Type | and Type IV Nz-sorption
isotherms with Ha hysteresis loop (Fig. 4.2a), demonstrating that the catalysts possess both
micro and mesopores with slit-pore geometry. The BET-specific surface area (BET-SA) of the
bare AC support was 775 m?/g, with a pore volume of 0.51 cm®/g and an average pore diameter
(APD) of 2.63 nm (Table 4.1). The structure of the pores in the AC support remained intact
upon metal impregnation. A decrease in BET-SA (from 775 to a minimum of 572 m?/g) and in
micropore SA (from 543 to a minimum of 373 m?/g) and a marginal increase of APD (from
2.63 to a maximum of 3.02 nm) upon metal impregnation were observed. The decrease of BET-
SA could be attributed to Ru and V20s species on the support surface. Meanwhile, the decrease
in micropore SA could be attributed to the occupation of micropores with metal particles and
possibly the blocking of micropores. The maximum decrease in micropore surface area was
observed with the VV/AC catalyst. The more significant decrease in micropore surface area with
V/AC could be attributed to larger VV2Os particle size. The surface area of 1Ru-1V/AC is higher

than 2Ru/AC, depending on the specific structural and compositional properties of the
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materials involved. Here are some possible reasons for the enhancement of surface area in 1Ru-

1V/AC compared to 2Ru/AC:

Dispersion of Metal Particles: In 1Ru-1V/AC, the addition of vanadium (V) might lead to
a better dispersion of ruthenium (Ru) particles on the activated carbon (AC) support. Better
dispersion means smaller metal particles and more uniform coverage, increasing the
accessible surface area.

e Modification of Support Structure: Vanadium might interact with the activated carbon
support to create additional porosity or modify existing pores, thereby increasing the overall
surface area?.

e Formation of Ru-V alloy nanoparticles: The formation of Ru-V alloy nanoparticles on the
support could lead to a different morphology with a higher surface area than the support
with only ruthenium.

e Stabilization of the Support: Adding vanadium might stabilize the carbon support against

structural collapse or sintering during preparation or usage, thus preserving the high surface

area.
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F300nm

Figure 4.1: (a) FETEM image (inset: particle size distribution of the fresh catalyst) (b) XEDS
image of Ru element (c¢) XEDS image of V element (d) HRTEM image with fringes and lattice

spacing (e) SAED pattern (f) N, sorption isotherms of various Ru-V bimetallic catalysts

supported on activated carbon.

The XRD patterns of activated carbon-supported Ru and V.Os catalysts exhibited
diffraction planes, (002) at 27° and (100) at 43° (JCPDS card No. 00-056-0159), corresponding
to carbon with graphitic nature (Fig. 4.2b). The planes corresponding to Ru and V2Os species
were not visible, indicating low Ru and V species concentration and significant dispersion;
however, for 2 wt.% Ru/AC catalyst, the diffraction plane of Ru (101) was observed at 43.3°

(JCPDS card number 006-0663).
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Figure 4.2: (a) BET N2 sorption isotherms and (b) XRD patterns of various activated carbon-
supported Ru-V bimetallic catalysts synthesized in this study. The data for bare activated
carbon support was also included for the comparison.

The X-ray photoelectron spectroscopy (XPS) is used on Ru/AC, V/AC, and Ru-V/AC
catalysts to understand their chemical state (Fig.4.3). The XPS survey spectra of 2Ru/AC,
2V/AC, and 1.5Ru-0.5V/AC are shown in Fig. 4.3a, while the high-resolution spectra of Ru 3d
and V 2p are shown in Figs. 4.3b and 4.3c, respectively. The survey spectrum of the 1.5Ru-
0.5V/AC catalyst shows peaks corresponding to Ru 3d, VV2p, and C 1s orbitals, indicating that
the bimetallic catalyst was effectively synthesized. By employing the peak fitting method, the
Ru 3d and V2p core-level spectra of the 1.5Ru-0.5V/AC catalyst were deconvoluted into two
significant Ru peaks (Ru 3ds2 and Ru 3ds/2), and two significant V peaks (V2p2 and V2pazp).
The deconvolution verifies that the peaks with binding energies of 285.0 and 281.2 eV
correspond to the Ru 3ds;2 and Ru 3ds;, of the ruthenium metallic phase®** of monometallic
Ru/AC catalyst. According to Fig. 4.3b, the peak at 284.7 eV is related to activated carbon (C
1s) support used in the catalyst synthesis. Similar XPS peaks of metallic Ru (282.0 eV for Ru
3ds2 and 285.0 eV for Ru 3ds2) were observed for the Ru-V/AC catalyst (Fig. 4.3b). From the

V2p high-resolution XPS spectrum (Fig. 4.3c) of Ru-V/AC and V/AC, two peaks
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corresponding to the pentavalent oxidation state of vanadium were observed. The peaks at
517.4 and 523.2 eV binding energies correspond to the V2ps2 and V2pas, respectively®®. After
adding V to the Ru catalysts, the binding energies of V in the R-V/AC catalyst show a negative
shift compared to the corresponding value published in the literature.> The binding energies of
V in Ru-V/AC catalysts were 516.7 and 523.9 eV are represented by high-resolution spectra
of V2p as shown in Fig. 4.3c. The strong electronic interaction between Ru and VV may alter
the Ru electrical structure. The difference in binding energies of VV2ps and VV2p12 indicates the
creation of alloy nanoparticles between Ru and V species. As a result, catalyst activity could

be increased.
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Figure 4.3: X-ray photoelectron spectroscopy (XPS) spectra: (a) Survey plots comparison of
Ru-V/AC, Ru/AC, and V/AC catalysts; High-resolution XPS spectra of (b) Ru 3d spectra
comparison of Ru-V/AC and Ru/AC catalysts and (c) V2p spectra comparison of Ru-V/AC

and V/AC catalysts.
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conditions
Table 4.1: Specific surface area, pore volume, and average pore size of various Ru-V bimetallic catalysts supported on activated carbon.
Nominal catalyst Pore Micropore Micropore | Meso pore | Meso pore
Spet Pore size
Catalyst code composition volume area volume area volume
(m?/g) (nm)
Ru% V%* (cm?/g) (m?/g) (cm?/g) (m?/g) (cm?/g)
1Ru-1V/AC 1 i» 744 0.480 2.59 508 0.26 89.0 0.132
1.5Ru-0.5V/AC 15 0.5 652 0.47 2.87 438.2 0.244 89.40 0.150
0.5Ru-1.5V/AC 0.5 1.5 572 0.370 3.02 384.0 0.224 86.0 0.144
2V/IAC 0 2 592 0.340 2.785 373 0.194 154 0.153
2Ru/AC 2 0 715 0.410 2.74 468 0.244 90.6 0.160
AC 0 0 775 0.51 2.63 543 0.273 83.0 0.135
1.5Ru-0.5V/TiO2 15 0.5 76.0 0.23 12.3 n/d n/d 100.7 0.23
1.5Ru-0.5V/AC* 15 0.5 3.0 0.02 22.40 n/d n/d 2.90 0.015
#Vanadium wt% in the form of V.0s; AC: Activated carbon, “Spent catalyst after four cycles; n/d: not determined.
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4.3 Catalyst Activity Tests

4.3.1 Effect of metal weight ratio on HMF oxidation to FDCA

The effect of the metal weight ratio (Ru: V w/w; wt% of vanadium in the form of V>0s) of Ru-
V/AC bimetallic catalysts on the conversion of HMF to FDCA was investigated (Fig. 4.4).
Additionally, the performance of bimetallic catalysts was compared to that of monometallic
catalysts (Ru/AC and V/AC). The conversion of HMF was only 64% with the V/AC
monometallic catalysts. It was 100% over Ru-V/AC bimetallic and Ru/AC monometallic
catalysts. FDCA was not observed over the V/AC catalyst, and the reaction mostly stopped at
DFF (yield 24.2%) and FFCA (yield 3.4%). The FDCA yield initially increased with Ru
content and passed through a maximum (with an FDCA vyield of 65.2%) at 1.5 wt% Ru in the
bimetallic catalyst. The DFF yield decreased with increased Ru content in the bimetallic
catalyst and became 0% at higher Ru contents (> 1 wt%). Without vanadium, the monometallic
Ru/AC catalyst exhibited FDCA and FFCA yields of 20.2% and 63.5%, respectively, and no
DFF formed. This indicates a synergism between V.Os and ruthenium in enhancing the

catalytic performance of Ru-V/AC bimetallic catalyst in HMF conversion to FDCA.

4.3.2 Effect of temperature and time on HMF oxidation to FDCA

The selective oxidation of HMF to FDCA was studied using Ru-V bimetallic catalysts
supported on activated carbon. The effect of temperature on the reaction was evaluated using
1%Ru-1%V/AC bimetallic catalyst at 1 MPa O for a reaction time of 4 h. The yield of FDCA
increased from 51.9 to 61.8% with increasing temperature from 110 to 120 °C. Further
increases in temperature to 130 and 140 °C decreased the FDCA yield to 59.7% and 52.9%,
respectively (Fig. 4.5). The conversion of HMF was 100% at all temperatures. Increasing the

reaction temperature enhances the formation of humins (undesirable by-products) from HMF
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with water as a solvent due to condensation reactions. At elevated temperatures, DFF and
FFCA intermediates demonstrate reduced stability compared to FDCA and convert to FDCA.
As a result, the yield of FFCA decreased significantly relative to FDCA (Fig.4.5). The base-
free oxidation of HMF using molecular oxygen with heterogeneous monometallic and
bimetallic catalysts involves several key steps. Initially, HMF is converted to DFF, which
rapidly transforms into FFCA. The subsequent conversion of FFCA to FDCA represents the
rate-limiting step in the process. Achieving this step efficiently requires higher temperatures or

longer reaction times at lower temperatures (Figs. 4.6 and 4.7).

Conversion/Yield, %

Metal Weight Percentage, %

Figure 4.4: Effect of metal weight percentage (total metal loading: 2 wt%) on the conversion
of HMF to FDCA. Reaction conditions: temperature 110 °C, pressure 1.0 MPa O, reaction

time 4 h.
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Table 4.2: Carbon balance at various process conditions in 5-HMF oxidation to FDCA.

S.No. Catalyst T (°C) P (bar) | Time (h) | CB (%)
1 20hRU/AC 110 10 4 85.2
2 1.5%RU-0.5%V/AC 110 10 4 80.3
3 1.09%Ru-1.0%V/AC 110 10 4 85.6
4 0.5%Ru-1.5%V/AC 110 10 4 94.5
5 206VIAC 110 10 4 65.3
6 1.5%Ru-0.5%V/AC 110 10 4 91.6
75 1.5%Ru-0.5%V/AC 110 10 4 90.3
8 1.5%Ru-0.5%Ni/AC 110 10 12 97.3
9 1.5%Ru-0.5%Ni/AC 120 10 12 97.0
10 1.5%Ru-0.5%Ni/AC 130 10 12 97.0
11 1.5%Ru-0.5%Ni/AC 140 10 12 79.2
12 1.5%Ru-0.5%Ni/AC 140 5 12 78.6
13 1.5%Ru-0.5%Ni/AC 140 15 12 74.1
14 1.5%Ru-0.5%V/AC 100 + 100 10 2+2 85.0
15 1.5%Ru-0.5%V/AC 100 + 110 10 2+2 80.9
16 1.5%Ru-0.5%V/AC 100 + 120 10 2+2 88.6
17 1.5%Ru-0.5%V/AC 100 + 130 10 2+2 82.2
18 1.5%Ru-0.5%V/AC 100 + 140 10 2+2 68.5
19 1.5%Ru-0.5%V/AC 100 + 150 10 2+2 54.5
20 1.09%Ru-1.0%V/AC 120 10 4 75.3
21 1.09%Ru-1.0%V/AC 130 10 4 64.9
22 1.0%Ru-1.0%V/AC 140 10 4 54.7

*DMSO, $ DMSO + Water
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The FFCA yield was the highest (31.3%) at a lower temperature (110 °C), decreased
monotonically with temperature, and was approximately 0% at 140 °C. A negligible amount of
DFF formed at all temperatures studied. The lower carbon balance (Table 4.2, Entry 22) can
be attributed to the formation of humins, an undesired material, from the HMF through
condensation reactions.” The effect of reaction time on the conversion of HMF to FDCA was
studied using the 1.5%Ru-0.5%V/AC bimetallic catalyst at 100 °C and 1 MPa O (Fig. 4.6).
100% HMF conversion was observed at all reaction times studied. The FDCA yield was lower
at lower reaction times and increased with reaction time, with a maximum yield of 71.0%
achieved at 12 h with a 78.3% carbon mass balance. The DFF yield was the highest at lower
reaction times (1 h), decreased with reaction time, and became 0 % at higher reaction times (>4
h). The FFCA yield first increased from 50.6% to 53.6% with an increase of reaction time from

1 h to 2 h. Further increase in reaction time resulted in the monotonic decrease of FFCA.
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Figure 4.5: Effect of temperature on the conversion of HMF and yields of FDCA, FFCA, and
DFF over 1Ru-1V/AC bimetallic catalyst. Other reaction conditions: reaction time: 4 h,

HMF/metal molar ratio: 5.8 (mol/mol), pressure: 1.0 MPa O,.
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Figure 4.6: Effect of reaction time on the conversion of HMF and yields of FDCA, FFCA, and
DFF over 1.5Ru-0.5V/AC bimetallic catalyst. Other reaction conditions: temperature: 100 °C,

HMF/metal molar ratio: 8.3 (mol/mol), pressure: 1.0 MPa Oa.

A combination of two different temperatures was used to understand the effect of two-
step temperature on the conversion of HMF to FDCA in a single pot. The reaction temperature
was kept constant at 100 °C for 2 h in the first step. This initial step ensured 100% conversion
of HMF to other products, such as FFCA and DFF, before moving on to the next step. Due to
milder conditions in this step, the humins formation was minimized. In the second step, the
reaction temperature was varied from 100 to 150 °C for 2 h reaction time at each temperature
(Fig. 4.7a). A single step at high temperature converts some of the HMF to humins, resulting
in lower FDCA yield. Therefore, converting HMF to a relatively stable product (FFCA or DFF)
selectively at low temperatures reduces the humins formation. Then, converting FFCA/DFF to
FDCA at high temperatures yields higher FDCA and speeds up the process. Following this
strategy, the FDCA vyield was increased with increasing temperature, and the FFCA Yyield
decreased at 130 °C. The FDCA yield decreased at higher temperatures, and the FFCA yield
was approximately constant. A maximum FDCA yield of 74.4% was achieved at a second-step

temperature of 130 °C (2 h reaction time) after an initial 2 h reaction at 100 °C. The carbon
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mass balance decreased (82.2% to 68.5%) as the temperature increased from 130 to 140 °C,
indicating that more of the starting material was converted into undesired products at high

temperatures.

4.3.3 Effect of solvent type and combination of solvents on HMF oxidation to

FDCA

The effect of solvent and combination of solvents on the conversion of HMF to FDCA was
studied over the 1.5%Ru-0.5%V/AC catalyst (Fig. 4.7b). The results indicate that while
complete conversion of HMF was achieved in pure water and DMSO, the combination of water
and DMSO (1:2 volume ratio) resulted in a lower conversion of HMF (88.7%). Additionally,
the yield of FDCA was higher, and FFCA was lower in water than in DMSO. With water as a
solvent, the yields of FDCA and FFCA were 65.2 and 12.4%, and those with DMSO as a
solvent were 57.7 and 32.9%, respectively. The DFF was not observed in either case. In the
mixed water + DMSO solvent, the FDCA vyield was meager (1.1%), the FFCA yield was
61.4%, and the DFF yield was 14.7%. The carbon mass balance was higher in DMSO (91.6%)
and the mixed solvent (90.2%) than in water (80.3%). The lower carbon balance in water could
be due to the formation of humins, which form from condensation and degradation reactions
of HMF. The aprotic solvent, DMSO, helps stabilize the charged starting materials,
intermediates, and transition states during oxidation, potentially enhancing the reaction rate
and yield® . The increase in selectivity towards FFCA in the presence of DMSO can be
attributed to several factors related to the solvent's interaction with HMF and the reaction

intermediates. Based on the literature, it can be explained by different factors:

Solubility and stability of HMF: DMSO is known to solvate HMF effectively due to its polarity

and ability to form hydrogen bonds. This solvation stabilizes HMF, preventing its further
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degradation or side reactions, and provides more scope to convert the HMF to FFCA with more

selectivity.

Effect on reaction intermediates: DMSO can preferentially solvate reaction intermediates such
as DFF and FFCA during oxidation. This preferential solvation may stabilize these

intermediates, reducing their tendency to undergo side reactions or decomposition pathways.

Catalyst interaction: DMSO may also interact with the catalyst surface differently than other
solvents, influencing the catalyst's activity and selectivity towards FFCA. This interaction can
enhance the catalyst's ability to promote the oxidation of DFF to FFCA, thereby increasing

FFCA selectivity.

Reaction Kkinetics: The presence of DMSO may alter the reaction kinetics by affecting the
transition states involved in the oxidation steps leading to FFCA. This can lead to a more
favorable pathway toward FFCA formation, increasing its selectivity. In summary, the
enhanced selectivity towards FFCA in the presence of DMSO can be explained by its ability
to stabilize HMF and reaction intermediates, influence catalyst behavior, and potentially alter
reaction Kinetics favorably. These factors collectively contribute to a higher FFCA vyield than

other solvents (Fig. 4.7b).

97
TH-3456_166107017



Chapter 4: Catalytic conversion of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid over carbon-supported
ruthenium-vanadium bimetallic catalysts under base-free mild reaction conditions

100 -|m = = = - a 100
] I ...
() 1. (b)
80 1 - Yerca
°\° °\° 4 - \’DFF
< =
] 2 60
= =
s S
‘? £ 404
5 e
= =
s S
@] 20
0w ¥ ¥ ¥ p—=y
T T T T T T T T T v T 0 - T
100 110 120 130 140 150 Water DMSO Water + DMSO (1:2)
Temperature, °C Solvent Effect

Figure 4.7: Conversion of HMF to FDCA over 1.5%Ru-0.5%V/AC bimetallic catalyst. (a)
Two-step process (Kept for 2 h at 100 °C and then for 2 h at varying temperatures), (b) Solvent
effect. Other reaction conditions: HMF/metal molar ratio 8.3 (mol/mol), pressure 1.0 MPa O3,

temperature 110 °C, reaction time 4 h.

4.3.4 Effect of temperature and pressure on HMF conversion to FDCA over Ru-Ni/AC

bimetallic catalyst

This work also studied the performance of 1.5Ru-0.5Ni/AC bimetallic catalyst (the effect of
temperature and pressure) to convert HMF to FDCA with a 12 h reaction time. The HMF
conversion was 100% at all temperatures and pressures, as shown in Figs 4.8a and 8b. The
yield of FDCA increased first and then decreased with the temperature increase from 110 to
140 °C, reaching a peak at 130 °C with a maximum FDCA yield of 63.6%. It suggests higher
temperatures (140 °C) lead to HMF degradation or the formation of humins. The yield of the
intermediate product, FFCA, decreased monotonically as the temperature increased from 110
to 140 °C. The yield of another intermediate DFF was close to 0% at all temperatures studied.
The carbon mass balance was similar (97.0%) at all temperatures except at 140 °C (79.2%).
With increased O> pressure from 0.5 to 1.5 MPa, the yield of FDCA increased (from 54.3 to
65.3%), and the FFCA vyield decreased from 21.5 to 4.4%. The carbon mass balance was

slightly decreased from 79.2% to 74.1% with increasing pressure from 1.0 to 1.5 MPa O..
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These results suggest that the 1.5Ru-0.5Ni/AC bimetallic catalyst can be an excellent
alternative to the Ru-V/AC bimetallic catalyst to oxidize HMF to FDCA. However, these

catalysts required a higher reaction time (12 h) than the Ru-V/AC catalyst (4 h).
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Figure 4.8: Conversion of HMF to FDCA over 1.5Ru-0.5Ni/AC bimetallic catalyst: Effect of
(a) temperature and (b) pressure. Reaction conditions: HMF/metal molar ratio 5.3 mol/mol,

pressure 1.0 MPa O for (a), temperature 140 °C for (b) and reaction time 12 h.

4.3.5 Catalyst stability and reusability study

The stability and recyclability of a catalyst are essential to evaluate its potential for industrial
use. The 1.5%Ru-0.5%V/AC catalyst was tested for its stability by conducting multiple
experiments to convert HMF to FDCA by using the same catalyst from the previous cycle (Fig.
9a). The study looked at the effect of humins or coke deposition on the catalyst surface. The
humins are unwanted by-products of the reaction that can accumulate on the catalyst and reduce
its effectiveness. The effect of washing the catalyst with water and acetone on the performance
was tested. The results showed that the conversion of HMF decreased from 100% in cycle 1 to
96.4% in cycle 4. The yield of FDCA decreased monotonically from 37.5% to 12.0% from
cycle 1 to cycle 4. The FDCA vyield was lower due to humins formation caused by the
condensation of HMF in water and their subsequent deposition on the catalyst surface.” The

FFCA vyield increased gradually from 25.0 to 47.1% from cycles 1 to 3 and decreased in cycle
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4 (39.8%). The DFF yield increases monotonically from 0.6% in cycle 1 to 25.5% in cycle 4.
After washing the catalyst with acetone, the FDCA vyield increased significantly from 12.0%
to 42.7% from cycle 4 to cycle 5. The change in FFCA vyield was negligible between cycle 4
and cycle 5. The DFF yield decreased from 25.5% in cycle 4 to 4.1% in cycle 5 due to improved
catalyst activity after removing humins from the surface by acetone wash. After cycle 5, the
catalyst was washed with only water and tested in cycle 6. A decrease in FDCA yield from
42.7% in cycle 5 to 31.1% in cycle 6 and an increase in FFCA yield from 39.6% in cycle 5 to
52.8% in cycle 6 were observed. The DFF yield increased from 4.1 to 15.5% in cycle 6 because
humins were not entirely removed just by water wash. FETEM analysis performed on the spent
catalyst (Fig. 9b) shows an average particle size of 0.7 nm and a particle size distribution of
0.37-1.62 nm. The number of particles counted was approximately 1780. The average particle
size decreased from 1.1 nm for the fresh catalyst to 0.7 nm for the used catalyst, as shown in

the inset of Fig. 9b.
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Figure 4.9: (a) Stability studies of 1.5Ru-0.5V/AC catalyst for conversion of HMF to FDCA,
(b) FETEM image of the used catalyst (inset: Metal particle size distribution). Reaction
conditions: 130 °C temperature, HMF/metal: 8.3 (mol/mol), pressure: 1.0 MPa Oz, 4 h reaction

time.
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4.4 Summary

Bimetallic and monometallic catalysts were successfully synthesized using wet impregnation
and chemical reduction. These catalysts were used in the base-free oxidation of 5-
hydroxymethylfurfural (HMF) to FDCA in aqueous, DMSO, and combined solvents. Due to
the synergism between Ru and V20s in Ru-V20s/AC and Ru and Ni in Ru-Ni bimetallic
catalysts, they exhibit excellent performance compared to their monometallic counterparts for
oxidizing HMF to FDCA. The highest FDCA yield of 74.4% and 65.3% was observed with the
Ru-V20s/AC and Ru-Ni/AC bimetallic catalysts. The Ru-V20s/AC bimetallic catalyst was

stable after washing with the acetone.
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Chapter 5

Selective aerobic oxidation of glycerol to lactic acid

over ruthenium-vanadium bimetallic catalysts
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Chapter 5: Selective aerobic oxidation of glycerol to lactic acid over ruthenium-vanadium bimetallic catalysts

5.1 Objectives

In this work, for the first time, a unique Ru-V bimetallic catalyst on activated carbon support
has been studied for its effectiveness in GL conversion to LA. Advanced characterization
techniques such as powder XRD, BET surface area analysis, FETEM, high-resolution TEM,
EDX, and XPS were used to characterize the developed catalysts. The catalysts were tested for
the selective oxidation of glycerol to lactic acid at high glycerol concentration (40 wt%) in the
temperature and O-/air pressure ranges of 160-200 °C and 5-15 bar, respectively, and glycerol
to the metal molar ratio of 4400-8800 mol/mol. The monometallic catalysts were also prepared

and tested for comparative assessment.
5.2 Results and Discussion

The previous chapter thoroughly characterized the catalysts used in this chapter (i.e., Chapter
4). Therefore, the catalyst activity test results for glycerol to lactic acid conversion are

presented here.

5.2.1 Catalyst Activity Tests

5.2.1.1 Effect of the base type and catalyst loading

The selective oxidation of glycerol (GL) to lactic acid (LA) was investigated over
1.5Ru:0.5V/AC bimetallic catalyst in the presence of base materials (NaOH and KOH) to
understand their influence on the activity and selectivity of the desired product. In the presence
of NaOH, the GL conversion and LA yield were significantly higher than those in the presence
of KOH. For example, the GL conversion and LA yield were 97.3% and 62.3% with NaOH,
while those with KOH were 68.5 and 40.0%, respectively. Further, the yield of FA increased

from 5.2% (with KOH) to 9.7% (with NaOH), while that of 1,2-PDO decreased from 4.2%
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(with KOH) to 2.3% (with NaOH). The EG (0.8%) and GLA yields were nearly identical in
both cases (Fig. 5.1a). The glycerol conversion rates, and lactic acid yields are higher in the
presence of NaOH as compared to KOH; the possible reasons are that KOH and NaOH have
different ionic strengths due to the size and charge density of their respective ions (K* and
Na*)!. The smaller size and higher charge density of K* ions compared to Na* ions can be led
to differences in their interactions with other ions and molecules in solution, affecting their
reactivity and, consequently, their conversion rates in chemical processes. In addition to this,
the equilibrium constants for dissociation and solubility product constants may vary slightly
due to different chemical environments created by potassium and sodium ions in the solution.
These variations can influence the availability of hydroxide ions and thus impact the overall
reaction conversion rates. Bruno et al.! also reported a similar performance with NaOH

compared to KOH.
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Figure 5.1: Effect of base type (a) catalyst loading (b) on glycerol to lactic acid conversion
over Ru-V/AC bimetallic catalysts. The other reaction conditions: 200 °C temperature, 5 bar

air pressure, 3 h reaction time, 0.05 g catalyst (glycerol/metal molar ratio: 8800), and 1:1 base

(KOH or NaOH) to glycerol molar ratio.
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The effect of catalyst loading on the selective conversion of GL to LA was evaluated using
the catalyst loadings in the range of 0.05 and 0.1 g (8800 and 4400 glycerol/metal mol/mol) in
the presence of NaOH. A moderate increase in the yield of LA (68.5 to 74.6%) and a marginal
increase in glycerol conversion (97.3 to 99.4%) with catalyst loading were observed (Fig. 5.1b).
Meanwhile, the yields of byproducts, such as FA, GLA, 1,2-PDO, and EG, decreased with
catalyst loading. In subsequent trials, NaOH was used as base material, and the catalyst loading

was fixed at 0.1 g (4400 glycerol/metal mol/mol).

5.2.1.2 Effect of temperature and pressure

The effect of reaction conditions, such as temperature (160-200°C) and air pressure (5-15 bar),
on the aerobic oxidation of GL to LA was investigated over 1.5Ru-0.5V/AC bimetallic
catalysts. The GL conversion and LA yield significantly increased from 76.2 to 98.7% and 47.7
to 75.5%, respectively, as the reaction temperature increased from 160 to 200 °C (Fig. 5.2a).
The yields of byproducts, FA, 1,2-PDO, GLA, and EG, decreased slightly from 10.5, 6.0, 5.6,
and 0.9% to 9.2, 1.1, 3.9, and 0.5%, respectively. Due to equipment limitations, we have not
conducted the experiments beyond 200 °C reaction temperature due to safety limitations
(limited lifespan due to corrosion under high alkaline conditions and the need to withstand high
pressure). The results suggest that the yield of lactic acid was a function of relative reaction
rates of two parallel reactions of glyceraldehyde or dihydroxyacetone to lactic acid and glyceric

acid (Scheme 5.1) and that the high temperature favors the lactic acid pathway?.
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Figure 5.2: Glycerol to lactic acid conversion over Ru-V/AC bimetallic catalysts: Effect of (a)
temperature, (b) pressure. The other reaction conditions were: 200 °C temperature, 5 bar air

pressure, 3 h reaction time, 0.1 g catalyst (glycerol/metal molar ratio: 4400), and 1:1 base

(NaOH) to glycerol molar ratio.

Lactic acid (LA) yield decreased from 75.5 to 60.9% as the air pressure increased from
5 to 15 bar (Fig. 5.2b). The decrease was more, from 75.53% to 61.11%, in the lower pressure
range (5 to 10 bar). Additionally, the yields of byproducts such as formic acid (9.2% to 11.2%)
and glycolic acid (3.9% to 9.6%) moderately increased with the pressure increase from 5 to 15
bar. However, the yield of 1,2-propanediol (1,2-PDO) and ethylene glycol (EG) first increased
with air pressure from 5 to 10 bar and then decreased with a further increase in air pressure
from 10 to 15 bar. According to the proposed reaction scheme, the rate of the undesired
pathway from glyceraldehyde to glycolic acid through glyceric acid is expected to increase at
higher air pressures, resulting in higher selectivities to glycolic acid and therefore, the yield of
lactic acid was reduced at higher air pressures. It was demonstrated through experimental
investigations, as illustrated in Fig. 5.2b. The formation of lactic acid is determined by the

relative rates of the base-catalyzed reaction pathway to lactic acid and the oxidation pathway
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to glycolic acid via glyceric acid (Scheme 5.1). The subsequent trials were conducted at a fixed

reaction temperature of 200 °C and an air pressure of 5 bar.

5.2.1.3 Effect of reaction time and oxidant type

The effect of reaction time (Fig. 5.3a) and oxidant type (Fig. 5.3b) on GL conversion and LA
yield over 1.5Ru-0.5V/AC were studied. To investigate the further conversion of intermediates
and optimize lactic acid yield, the experiments were extended to 6 h. Surprisingly, extending
the reaction time to 6 h did not lead to increased lactic acid yield. The yield of LA marginally
decreased from 75.5 to 72.4%, with an increase in the reaction time from 3 to 6 h (Fig. 5.3.3a).
The yield of other byproducts, FA and GLA, decreased from 9.2 and 3.9 % to 7.9 and 1.8 %,
respectively, with reaction time. The byproducts 1,2-PDO and EG were not observed at higher
reaction times (6 h). This could be attributed to the fact that at higher reaction times, the 1,2-
PDO further converts to lactic acid or pyruvaldehyde®®. The longer reaction times promote

further oxidation of LA, FA, and GLA to gaseous products (Scheme 5.1).

A marginal decrease in LA vyield (from 75.5 to 72.7%) was observed in the presence of
molecular oxygen compared to that in the air (Fig. 5.3b). The glycerol conversion was 100%
in both cases. The yields of byproducts FA, GLA, and EG were reduced, and no formation of
1,2-PDO was observed in the presence of molecular oxygen. The results indicate that the over-
oxidation is more severe in the presence of molecular oxygen, which further oxidizes the

products LA, FA, GLA, 1,2-PDO, and EG into gaseous products (Scheme 5.1).
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Figure 5.3: Effect of reaction time (a) oxidant type (b) on glycerol to lactic acid conversion
over Ru-V/AC bimetallic catalysts. Reaction conditions: 200 °C temperature, 5 bar air

pressure, 0.1 g catalyst (glycerol/metal molar ratio: 4400), 3 h reaction time, and 1:1 (NaOH)

to glycerol molar ratio.

5.2.1.4 Effect of metal weight ratio in the bimetallic catalyst on its activity

The effect of the metal weight ratio (Ru: V w/w; wt% of vanadium in the form of VV20s) Ru-
V/AC bimetallic catalysts on the conversion of GL to LA was examined (Fig. 5.4a).
Additionally, the performance of bimetallic catalysts was compared to that of monometallic
catalysts Ru/AC and V/AC. The conversion of glycerol and yield of LA was the lowest with
the V/AC monometallic catalyst. Both conversion and yield were increased with increased Ru
concentration in the bimetallic catalyst and passed through a maximum. The yield of LA was
the highest with a 1.5Ru-0.5V/AC bimetallic catalyst. At the same time, the conversion of GL
was the highest with the 1R-1V/AC bimetallic catalyst. Therefore, the selectivity to LA
(yield/conversion) was the highest with 1.5Ru-0.5V/AC bimetallic catalyst, demonstrating
synergism between Ru and V, which results in the highest selectivity. The 1.5Ru:0.5V/AC
catalysts yielded 75.5 % LA at 98.7% GL conversion. In addition, the 1.5Ru-0.5V bimetallic
catalyst supported over TiO> was also investigated. The yield of LA was higher (77.9 Vs. 75.5

%), and the GL conversion was lower (97.8 Vs. 98.7%) over 1.5Ru-0.5V/TiO, compared to

111
TH-3456_166107017



Chapter 5: Selective aerobic oxidation of glycerol to lactic acid over ruthenium-vanadium bimetallic catalysts

those over 1.5Ru-0.5V/AC (Fig. 5.4b). However, the yield of byproducts, FA (12.5%), GLA
(4.0%), 1,2-PDO (6.5%), and EG (1.3%), were also higher over 1.5Ru-0.5V/TiO, as compared

to those with 1.5Ru-0.5V/AC catalyst.
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Figure 5.4: Glycerol to lactic acid conversion over Ru-V/AC bimetallic catalysts: Effect of (a)
Ru: V metal ratio in the bimetallic catalyst Ru-V/AC and (b) catalyst and support type. The
other reaction conditions were: 200 °C temperature, 5 bar air pressure, 3 h reaction time, 0. 1

g catalyst (glycerol/metal molar ratio: 4400), and 1:1 base (NaOH) to glycerol molar ratio.

The synergistic effect between Ru and V for the bimetallic catalyst performance was
investigated based on the experiments with a physical mixture of Ru/AC and V/AC and
Ru/TiOz and V/TiO; catalysts. The results showed that the physical mixture of Ru/AC and
VI/AC gives 64% glycerol conversion, yielding 38.7% LA, 2.4% EG, 3.2% GLA, 2.9% 1,2-
PDO, and negligible amounts of FA (Fig. 5.4b). While in the case of Ru/TiO2 and V/TiO>
physical mixture, the results showed 100% glycerol conversion with 66.2% of lactic acid yield
and 0.55% EG, 0.12% GLA, 2.5% of 1,2-PDO, and 3.4% FA. In addition, experiments with
monometallic Ru/TiO2 and V/TiO, were performed. The results showed 100% and 83.9%
glycerol conversion and 63.3% and 50.9% lactic acid yields, respectively (Fig. 5.4b). More
byproducts were formed over V/TiO2 (2.7% EG, 1.7% GLA, 4.5% of 1,2-PDO, and 11.2%
FA) compared to Ru/TiO2 (0.65% EG, 0.1% GLA, 3.9% of 1,2-PDO, and 4.1%FA). Based on
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these results, the bimetallic Ru-V/TiO; performed better than their monometallic Ru/TiO> and

V/TiO; catalyst counterparts and their physical mixture.
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Scheme 5.2: Possible reaction routes for GL oxidation to LA over Ru-V/AC bimetallic
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5.2.1.5 Catalyst Stability Study

The 1.5Ru-0.5V/AC bimetallic catalyst was highly stable for four cycles under the reaction
conditions used (Fig. 5.5a), with only a slight decrease in LA vyield (76.5 to 71.8%) and no
change in GL conversion. The marginal increase in FA yield during the fourth cycle could be
attributed to the decomposition of LA to FA (Scheme 5.1). The FETEM analysis of the used
catalyst shows an average size of the bimetallic particles of 0.95 nm (Fig. 5.5b). The particle
size distribution ranged from 0.39 to 3.8 nm (inset of Fig. 5.5b, and sizes of approximately 163
particles were counted). The average particle size was changed marginally from 1.05 nm (fresh
catalyst) to 0.95 nm (used catalyst), indicating a stable bimetallic particle size during the
recycle tests. Moreover, the N2-sorption measurements showed that the BET surface area of
the spent catalyst was also significantly less, possibly due to coke deposition onto the surface
of meso and micropores (Table 4.1, Entry 7 from Chapter 4). The total mass transfer (external
and internal) in the conversion of glycerol to lactic acid depends on stirring speed (external
mass transfer) and catalyst particle size (internal mass transfer). External mass transfer can be
assessed by varying the stirring speed, while internal mass transfer can be evaluated using
catalysts of different particle sizes. | conducted experiments at a high stirring speed of 600 rpm

with a powder catalyst, and therefore, the mass transfer limitations are likely negligible.

114
TH-3456_166107017



Development of activated carbon-supported bimetallic catalysts and microreactors for the production of lactic acid, 2,5-
furandicarboxylic acid, and 5-hydroxymethylfurfural

E xGl_vceroI - YL actic Acid - YFormic Acid
100 Y(;I_\'t‘olic Acid - Yl.z Propanediol - YE"I)‘I(‘IR Glycol
g @

BN
-~ 80
=
&
=
S 60
‘7
-
s
5 407
S

204

0-

I II I

Cycles
Figure 5.5: (a) Recycle experiments for glycerol to lactic acid conversion over Ru-V/AC
bimetallic catalysts. The other reaction conditions: 200 °C temperature, 5 bar air pressure, 3 h
reaction time, 1:1 base (NaOH) to glycerol molar ratio, and 0.1 g of catalyst (glycerol/metal
molar ratio: 4400); (b) The FETEM image of the used catalyst (inset: Metal particle size

distribution).

5.3 Summary

The Ru-V/AC bimetallic catalysts were successfully synthesized using wet impregnation and
a chemical reduction method. Due to synergism between Ru and V:0s, the Ru-V20s/AC
bimetallic catalysts outperformed their Ru/AC and V.0s/AC monometallic counterparts in
selective glycerol oxidation to lactic acid under mild reaction conditions. Compared to those
with their monometallic counterparts, a higher yield (up to 75.5%) of lactic acid was observed

with the bimetallic catalysts. The Ru-V20s/AC bimetallic catalyst was highly stable.
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Chapter 6: Glycerol selective oxidation to lactic acid over platinum-vanadium bimetallic catalysts supported on activated
carbon

6.1 Objectives

The present work reports a novel bimetallic (Pt-V) catalyst system supported on activated
carbon to convert glycerol to lactic acid for the first time. The catalysts were thoroughly
characterized using advanced characterization techniques, such as powder X-ray diffraction (p-
XRD) analysis, Nz-sorption studies using BET surface area analyzer, Field emission
transmission electron microscopy (FETEM), High-resolution transmission electron
microscopy (HRTEM), Energy-dispersive X-ray (EDX) analysis, X-ray photoelectron
spectroscopy (XPS). The experiments were carried out at a higher concentration of glycerol
(40-60 wt%) at moderate conditions (temperature range 160-200 °C and pressure range 5-15
bar O/air) with high glycerol to metal molar ratios (4400-17600 mol/mol). The influence of
various reaction parameters, such as temperature, pressure, substrate-to-metal molar ratio,
base-to-substrate molar ratio, metal composition (Ptx: V2.xAC) in the bimetallic catalyst, and
type of base and oxidant on the catalyst activity and product distribution was studied in detail.
The performance of bimetallic catalysts was compared with that of monometallic Pt and V
catalysts. The activity and selectivity of the catalysts were correlated to their physicochemical
properties. Based on experimental studies, a comprehensive reaction pathway for glycerol

oxidation was proposed and discussed in detail with the supporting literature data.
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6.2 Results and Discussion

6.2.1 Characterization of the catalysts

The FETEM, XRD, BET, and XPS techniques were used to characterize the physicochemical
properties of the prepared Pt-V/AC, Pt/AC, and V/AC catalysts. The field emission
transmission electron microscope (FETEM) images of Pt-V bimetallic catalysts show that the
metallic (Pt and V) particles were uniformly dispersed on the surface of activated carbon (Fig.
6.1a). The ImagelJ software was used to analyze the particle size distribution (inset of Fig. 6.1a).
The average particle size (using equation 2.1 from Chapter 2) and the particle size distribution
were 2 nm and 0.82-8.66 nm, respectively (counted approximately 800 particles). The high-
resolution transmission electron microscopy (HRTEM) imaging (Fig. 6.1b) and selected area
electron diffraction (SAED) patterns (Fig. 6.1c) were used to obtain the crystal phases of Pt-V
bimetallic catalysts. A crystalline structure with well-defined fringes was observed in the
HRTEM image of the 1Pt-1V/AC bimetallic catalyst. The distance (lattice spacing) between
two adjacent planes was 0.25 nm (averaged for 10 fringes), as illustrated in Fig. 6.1b,
corresponding to the plane of fcc Pt (111).* The SAED pattern of 1Pt-1V/AC revealed that
most platinum nanoparticles were crystalline and could be attributed to the cubic phase
structure of Pt. The clear ring pattern in SAED indicates the polycrystalline nature of the
bimetallic catalyst. The elemental mapping in energy-dispersive X-ray spectroscopy (EDX)
was used to confirm the proper dispersion of Pt and V species on AC support. The Pt and V
elements were mapped in green and red, respectively. Both Pt and V elements were uniformly
dispersed in the catalyst (Figs. 6.1d and 6.1e). The EDX analysis estimates the Pt/V ratio to be
2.8 for the 1.5Pt-0.5V/AC bimetallic catalyst, approximately equal to the nominal pt/V ratio of

3.0. The EDX spectrum is given in Fig. 6.2. The EDX elemental mapping confirms that Pt
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nanoparticles are decorated with V species, suggesting that the nanoparticles are composed of

Pt-V alloy, as reported by other researchers.?

™ 300nm ! 3000m !

Figure 6.1: (a) Field-Emission transmission Electron Microscopy (FETEM) image (inset:
Metal particle size distribution of the fresh catalyst) of 1Pt-1V/AC (b) High-Resolution
transmission Electron Microscopy (HRTEM) image and averaged lattice spacing for ten fringes
(0.25 nm) (c) Selected area electron diffraction (SAED) pattern indicating the polycrystalline
nature (d) Energy-dispersive X-ray spectroscopy (XEDS) image of Pt element (e) Energy-
dispersive X-ray spectroscopy (XEDS) image of V element (f) FETEM image (inset: Metal

particle size distribution of the fresh catalyst) of 2Pt/AC.

The XRD patterns of Pt and V catalysts supported on activated carbon are shown in Fig.
6.3a. The diffraction planes ((002) at 27° and (100) at 43°) corresponding to the carbon with
graphitic nature (JCPDS card No. 00-056-0159) were observed in all the catalysts. Except for
2 wt.% Pt/AC catalyst, the diffraction planes corresponding to Pt and V species were not

observed in the XRD patterns, which could be attributed to the low concentration of Pt and VV
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species and high dispersion. For 2 wt.% Pt/AC catalyst, the diffraction plane of Pt (111) was

observed at 39.7° (JCPDS card NO. 65-6828).

Figure 6.2: EDX spectrum of the 1Pt-1V/AC bimetallic catalyst.

The N2 sorption isotherms of all the catalysts possess combined Type | and Type 1V isotherms
(according to the IUPAC classification), illustrating the micro and mesoporous characteristics
with the absence of the plateau at high pressures as shown in Fig. 6.3b. The catalysts exhibit
an Hs hysteresis loop, indicating the presence of slit pores in the mesoporous region. The
morphology of the pores of AC support remained nearly the same before and after the metal
incorporation, except for a marginal decrease in the microporous area. The decrease in the
microporous area could be attributed to the occupation of the micropores by the metal particles.
The BET surface areas of Pt-V bimetallic and monometallic Pt and V catalysts supported on
activated carbon are listed in Table 6.1. The bare AC support possesses a BET-specific surface
area (BET-SA) of 775 m? g%, a pore volume of 0.51 cm® g2, and an average pore diameter of
2.63 nm. The BET-SA of monometallic and bimetallic Pt and V catalysts impregnated AC and
decreased marginally due to the presence of Pt and V species on the surface of the support. The
BET-SA of the 1Pt-1V/AC bimetallic catalyst was 730 m?/g, which was higher than that of

monometallic Pt and V catalysts, as shown in Table 6.1. The surface area of the metal-
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impregnated catalysts (mono and bimetallic) was lower than that of only support (activated
carbon). The decrease in surface area for monometallic and bimetallic catalysts is attributed to
pore blockage caused by metal particle deposition. The decrease in surface area was higher in
the case of monometallic catalysts than in bimetallic catalysts. An increase in particle size was
observed, likely due to the formation of larger Pt-V alloy particles without significant pore
blockage. Further, comparing the TEM images of 1Pt-1V/AC and 2Pt/AC shows that the
particle size slightly increased after adding vanadium to platinum-based catalysts. For the
2Pt/AC catalyst, the average particle size and the particle size distribution were 1.388 nm and

0.88-5.16 nm (inset of Fig. 6.1f), respectively (counted approximately 1100 particles).
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Figure 6.3: (a) XRD patterns (b) N2 sorption isotherms of various activated carbon supported
Pt-V bimetallic catalysts, synthesized in this study. The data for bare activated carbon support

also included for the comparison.
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Table 6.1: Specific surface area, pore volume, and average pore size of various Pt-V bimetallic catalysts supported on activated carbon.

Nominal catalyst Micropore Micropore Meso pore
Pore volume Pore size Meso pore
Catalyst code composition Sper (M) area volume volume
(cm?/g) (nm) area (m?/g)
Pt% V% (m?/g) (cm?/g) (cm?/g)
1Pt-1V/AC 1 1 730 0.49 2.66 489 0.25 171 0.17
1.5Pt-0.5V/AC 15 0.5 712 0.48 2.68 472 0.24 168 0.16
0.5Pt-1.5V/AC 0.5 1.5 672 0.39 2.75 433 0.22 167 0.16
2VIAC 0 2 592 0.34 2.78 373 0.19 154 0.15
2Pt/AC 2 0 631 0.37 2.77 396 0.21 161 0.16
AC 0 0 775 0.51 2.63 543 0.27 83 0.14
1Pt-1V/AC* 1 1 11.5 0.04 13.55 n/d n/d 12 0.04

AC: Activated carbon, “Spent catalyst after four cycles; n/d: not determined
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The XPS spectra of Pt/AC, V/IAC, and 1Pt-1V/AC samples are displayed in Fig. 6.4.
The presence of peaks from Pt 4f, V 2p, O 1s, and C 1s in the survey spectrum (Fig. 6.4a) of
the 1Pt-1V/AC catalyst indicates that the bimetallic catalyst was successfully synthesized. Fig.
6.4b shows the Pt 4f high-resolution spectra of Pt/AC and Pt-V/AC catalysts. As depicted in
the spectrum of the Pt/AC catalyst (Fig. 6.4b), two distinct Pt species are present, as evidenced
by the broadening and small valley between the spin-orbit components on the catalyst
surface.>* The deconvolution reveals that the 71.9 and 74.8 eV binding energies peaks
correspond to the 4f7> and 4fs/> of the Pt metallic phase. Those at 71.3 and 75.2 eV relate to
4f7, and 4fs, of Pt oxide phases such as PtO.® For the Pt-V/AC catalyst (Fig. 6.4b), similar
XPS signals of metallic Pt (72.1 eV for Pt 4f72, 75.0 eV for Pt 4fs2) and Pt (11) species (71.4 eV
for Pt 4f7p, 75.3 eV for Pt 4fs;2) were also observed. Two deconvoluted peaks in the Pt-V/AC
V2p high-resolution XPS spectra (Fig. 6.4c) were noticed. These peaks translate into two
distinct valence states of the V element: the metallic V peaks at 510.8 eV and 519.6 eV, and
V(IV) species at 516.4 eV and 522.3 eV.*® Furthermore, the binding energy of metallic V in
1Pt-1V/AC shows a negative shift when compared to the corresponding value published in the
literature.® The V2p spectrum of monometallic 2V/AC catalyst showed pentavalent oxidation
states of vanadium (V(V)) at 517.5 eV and 524.0 eV.*® The peak position of metallic Pt in the
1Pt-1V/AC was shifted positively (0.3 eV) compared to that in 2Pt/AC. The electron cloud
shifts from V to Pt in the 1Pt-1V/AC due to the higher electronegativity of Pt (2.28) as
compared to that of V (1.63). The strong electronic interaction between Pt and V changes the
electronic structure of Pt. The shift in the binding energies of Pt 4fs, and Pt 47,2 suggests the
formation of alloy nanoparticles between Pt and V species.*”® The XPS analyses suggest that
the Pt-V bimetallic catalyst performed better due to the electronic interactions between Pt and

V metals. The significant interactions between the Pt and VV metals are explained based on the

124
TH-3456_166107017



Development of activated carbon-supported bimetallic catalysts and microreactors for the production of lactic acid, 2,5-
furandicarboxylic acid, and 5-hydroxymethylfurfural

change in binding energies of Pt metal in the 1Pt-1VV/AC bimetallic catalyst as compared with

that of the monometallic 2Pt/AC catalyst. As a result, the catalyst activity may be enhanced.
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Figure 6.4: The X-ray photoelectron spectroscopy (XPS) spectra (a) Comparison of survey
plots of 2Pt/AC, 2V/AC, and 1Pt-1V/AC catalysts (b) high-resolution spectra of Pt 4f of 1Pt-
1V/AC and 2Pt/AC catalysts, high-resolution spectra of V 2p of 1Pt-1V/AC catalyst (c),

2V/AC catalyst (d).
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6.3 Catalyst Activity Tests

6.3.1 Effect of reaction conditions

The effect of reaction parameters, such as temperature (Fig. 6.5a), pressure (Fig. 6.5b), reaction
time (Fig. 6.5¢c), base (KOH) to glycerol molar ratio (Fig. 6.5d), type of base (Fig. 6.6), and
type of oxidant (Fig. 6.7), on the GL oxidation to LA was studied. The reaction parameters
were optimized over 1Pt-1V/AC bimetallic catalyst at a loading of 0.1 g. The GL conversion
and LA yield were remarkably affected by the temperature. They increased from 55.2 to 89.1%
and from 24.4 to 57.1%, respectively, with a rise in temperature from 160 to 200°C (Fig. 6.5a).
The 1,2-PDO yield marginally decreased from 7.4 to 6.4%. The other products, such as formic
acid (FA), ethylene glycol (EG), and glycolic acid (GLA), were observed in minor quantities.
Nevertheless, the yield of these products increased with the increase in temperature, indicating
that the side reactions are also favored at high temperatures.®*' The effect of air pressure (in
the 5-15 bar range) was negligible on GL conversion and LA yield (Fig. 6.5b). However, the
increase in air pressure resulted in a marginal increase in FA and GLA yields. Hence, the

subsequent trials fixed the reaction temperature and air pressure at 200°C and 5 bar air pressure.

Next, the effect of reaction time on the conversion of GL and the yield of LA in the presence
of KOH (Fig. 6.5¢) or NaOH (Fig. 6.8) was studied, keeping all other parameters constant. The
conversion of GL was 78.8 and 84.6%, and the yields of products LA, GLA, FA, 1,2-PDO, and
EG were 40.5, 0.9, 0.5, 8.0 and 1.1% and 52.3, 0.9, 0.0, 8.6 and 1.3%, respectively, in the
presence of KOH and NaOH, at 3 h reaction time. The yield of LA was increased with the
reaction time from 40.5 and 52.3% at 3 h to 57.1 and 79.6% at 12 h in the presence of KOH
and NaOH, respectively. In contrast, GLA, FA, and EG yields decreased with reaction time
with NaOH and KOH presence. The decrease in 1,2-PDO yield was significant in NaOH
compared to the presence of KOH. This could be attributed to the conversion of 1,2-PDO to
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LA or pyruvaldehyde'?!3 in the presence of NaOH. The longer reaction times may also promote

further oxidation of GLA and FA to gaseous products.
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Figure 6.5: Glycerol to lactic acid conversion over 1Pt-1V/AC bimetallic catalyst: Effect of
(a) temperature, (b) pressure, 3 h, (c) time, and (d) molar ratio of base (KOH)/glycerol. The

other reaction conditions were: 200 °C temperature, 5 bar air pressure, 12 h reaction time, 1:1

KOH to glycerol molar ratio, and 0.1 g catalyst.

The effect of base/glycerol molar ratio on the activity and LA yield is presented in Fig.
6.5d. Without a base, the GL conversion was 19.1%, and the LA vyield was 0.8%, with no
additional byproducts. This result indicates that the GL decomposes to gaseous products
without a base. The addition of a small amount of base (0.5 base/glycerol molar ratio) resulted

in a significant increase in the GL conversion (from 19.1 to 71.3%) as well as LA yield (from
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0.8 to 35.1%). The increase of the base/glycerol molar ratio from 0.5 to 1.0 mol/mol resulted
in a further rise in glycerol conversion (71.3 to 89.1%) and LA yield (35.1 to 57.1%). No effect
of the base/glycerol molar ratio on yields of byproducts, such as FA, 1,2-PDO, GLA, and EG,

was observed.
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Figure 6.6: Effect of base type on glycerol to lactic acid conversion over 1Pt-1V/AC bimetallic
catalyst: (a) 3 h and (b) 12 h. The other reaction conditions: 200 °C temperature, 5 bar air
pressure, 1:1 base (KOH or NaOH) to glycerol molar ratio, and 0.05 g catalyst (8800 glycerol

to metal molar ratio).

Fig. 6.7 depicts the effect of oxidants (molecular oxygen and air) for the oxidation of
GL to LA under the same reaction conditions. The GL conversion and LA yield were lower in
molecular oxygen (78.0 and 46.5%, respectively) than those in the presence of air (89.1% and
57.1%, respectively). Furthermore, the FA and GLA vyields were marginally higher in
molecular oxygen, while the yield of 1,2-PDO remained nearly the same in both cases. The
dehydrogenation and oxidation steps occur more effectively in the presence of air than in
molecular oxygen over Pt-VV/AC catalysts. In the presence of molecular oxygen, the reaction
proceeds via Route 1 to form glycolic acid. Furthermore, the lactic acid may over-oxidize to

form formic acid, as shown in reaction scheme 6.1.
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The effect of GL concentration on the conversion of GL to LA over the 1Pt-1V/AC
bimetallic catalyst was also studied. With the increase of glycerol/metal molar ratio from 4400
to 6580 mol/mol, the GL conversion was nearly the same, and the yield of LA marginally
decreased from 46.5 to 44.5%. the other by-products, such as FA, 1,2-PDO, GLA, and EG,
were decreased from 1.2%, 6.2%, 2.5% and 0.89% to 1.1%, 5.9 %, 2.4%, and 0.85%,

respectively. The results were compared in entries 3 and 8 in Table 6.2.
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Figure 6.7: Effect of oxidant type on glycerol to lactic acid conversion over 1Pt-1V/AC

bimetallic catalyst. (Reaction conditions: 200 °C temperature, 5 bar air pressure, 12 h reaction

time, 1:1 base (KOH) to glycerol molar ratio, and 0.1 g catalyst).

6.3.2 Effect of catalyst loading and composition

The effect of catalyst loading on the oxidation of GL to LA was also studied in the presence of
NaOH at 3 and 12 h reaction time (Fig. 6.9a). A substantial increase in GL conversion (from
64.5t0 84.6%) and LA yield (37.9 to 52.3%) was observed with the increase in catalyst amount
from 17600 mol/mol to 4400 mol/mol of glycerol to metal molar ratio. The metal here refers
to Pt + V present in the bimetallic catalyst. The yield of FA was relatively higher at lower

catalyst loading (17600 mol/mol), decreased with catalyst loading, and finally diminished to
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0% at a catalyst loading of 4400 mol/mol, indicating that the reaction proceeds via the
dihydroxyacetone route or the formic acid converts into gaseous products.** No change in the
yield of 1,2-PDO with an increase in catalyst loading was observed at lower reaction times,
i.e., 3 h (Fig. 6.9a). At higher reaction time (12 h), the GL conversion (92.1 to 100%) and LA
yield (66.3 to 79.6%) were significantly enhanced with the catalyst loading (Fig. 6.9a). The
1,2-PDO vyield was reduced from 6.5 to 2.2% at higher catalyst loading (4400 mol/mol) and
higher reaction time (12 h), indicating that 1,2-PDO is converted to LA or pyruvaldehyde!?*2,
Similar observations were made with KOH as a base. With the increase of catalyst loading
from 0 to 0.05 (8800 mol/mol glycerol to metal molar ratio) and 0.1 g (4400 mol/mol), the GL
conversion and the LA yield were significantly enhanced from 27 to 62.5 and 79.2% and from
5.5 to 31.0 and 41.0%, respectively (Fig. 6.10a). Further, with an increase in the reaction time
of 3to 12 h, the GL conversion and LA yields were increased from 78.7 to 90.0% and 47.7 to
57.7%, respectively (Fig. 6.10b). However, there is no formation of byproducts with a bare
(0.0 g) catalyst, which means the process is a hydrothermal conversion. A considerable amount
(8.23%) of 1,2-PDO was formed with an increasing catalyst amount to 0.05 and further
increasing to 0.1 g; there is no change in 1,2-PDO yield. However, an increase in reaction time
from 3 to 12 h showed a slight decrease in 1,2-PDO vyield. The typical carbon balance for the
experiments carried out in this study is given in Table 6.3. The average carbon balance is found
to be above 75%. The lower carbon balance can be attributed to the formation of

unknown/undetermined intermediates, gases (such as carbon dioxide), and coke.
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Figure 6.8: Glycerol to lactic acid conversion over 1Pt-1V/AC bimetallic catalyst: Effect of
(a) reaction time (with NaOH as a base). The other reaction conditions: 200 °C temperature, 5

bar air pressure, 1:1 base (NaOH) to glycerol molar ratio, and 0.1 g catalyst.
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Figure 6.9: Glycerol to lactic acid conversion over 1Pt-1V/AC bimetallic catalyst: Effect of
(a) catalyst loading (with NaOH as a base) and (b) metal wt percentage (0.05 g catalyst). The

other reaction conditions: 200 °C temperature, 5 bar air pressure, 3 h reaction time, and 1:1

The effect of the metal weight ratio (Pt: V w/w) in Pt-V/AC bimetallic catalysts on the
conversion of GL to LA was investigated (Fig. 6.9b). The performance of bimetallic Pt-V

catalysts with different Pt/V ratios was compared with that of Pt and V monometallic
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counterparts. This study was to understand the role of vanadium addition on the activit;a:;log
LA yield. In addition, we investigated the performance of the physical mixture of 2Pt/AC and
2V/AC monometallic catalysts. We compared it with bimetallic 1Pt-1V/AC catalysts, with the
same weights of Pt and V in both experiments. For example, the weight of 1Pt-1V/AC was
0.05 g, and that of the physical mixture 2Pt/AC + 2V/AC was also 0.05 g with 0.025 g of
2Pt/AC and 0.025 g of 2V/AC. The physical mixture of monometallic Pt/AC and V/AC
catalysts for converting glycerol to lactic acid showed 63% glycerol conversion with a 40.86
% lactic acid yield. In addition, 0.92, 8.44, and 3.09 % of formic acid, ethylene glycol, and 1,2-
Propanediol, respectively, were formed. Compared to monometallic 2% Pt/AC, the conversion
of glycerol to lactic acid was lower with the physical mixture of 2% Pt/AC and 2% V/AC
catalysts. The bimetallic catalysts with Pt content of more than 1 wt.% performed better than
physical mixtures and monometallic 2Pt/AC catalysts (Fig. 6.9b). When vanadium content
exceeded 1 wt.%, or the platinum content dropped below 1 wt.%, the bimetallic catalyst

generated more gaseous by-products such as CO and CO2.'* Therefore, the optimal bimetallic

concentration was determined to be 1 wt.% Pt and 1 wt.% V.
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Figure 6.10: Effect of catalyst loading on glycerol to lactic acid conversion over 1Pt-1V/AC
bimetallic catalyst (a) 3 h (b) 12 h. The other reaction conditions: 200 °C temperature, 5 bar air

pressure, and 1:1 base (KOH) to glycerol molar ratio.
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Arcanjo et al.™® investigated the HNOgs-treated Pt/AC catalyst with different metal
loadings (1, 5, and 10% Pt) for converting glycerol to lactic acid. They showed that the yield
of lactic acid increases with increasing Pt loading from 1 to 5 wt% Pt (54% to 72%) and then
decreases (to 60%) at higher Pt loading (10 wt%). Mitran et al.® investigated the role of
vanadium content in VAIPO catalysts for converting glycerol to methanol and
dihydroxyacetone. The vanadium presence in the catalysts leads to the formation of
dihydroxyacetone or glyceraldehyde, intermediates for converting glycerol to lactic acid.
Pemmana et al.” recently reported glycerol oxidation to lactic acid using Ru-V bimetallic
catalysts. The findings indicated lactic acid yields of 75.5% and 77.9% at glycerol conversion
rates of 98.7% and 97.8% when utilizing activated carbon and TiO: as supports, respectively,
under mild operating conditions (1 NaOH/glycerol molar ratio, 4400 glycerol/metal molar
ratio, 473 K temperature, 5 Bar air pressure and 3 h reaction time). Further, vanadium-based
catalysts have been used for vapor phase oxidation of glycerol to acrylic acid.*® The vanadium-
based catalysts have oxidized 5-hydroxymethylfurfural to 5-Diformylfuran'® and diesel.?°

The GL conversion to LA experiment was conducted at a 10 times higher scale in a 500
mL high-pressure autoclave. The experiment was carried out under the previously optimized
reaction conditions (200 °C temperature, 5 bar air pressure, 3 h reaction time, molar ratio of
base (NaOH)/glycerol I:1, catalyst loading 4400 mol/mol of glycerol to metal molar ratio). The
maximum GL conversion obtained was 66.9%, with 32.5% of LA yield (Table 6.2, Entry 9).
The FA, 1,2-PDO, GLA, and EG vyields were 4.0, 1.6, 8.6, and 0.8%, respectively. The
conversion of GL and yield of LA were lower in the more significant volume reaction mixture
(250 mL) than in the 25 mL reaction volume. This could be attributed to poor mixing at a large
scale. The comparison suggests that the reaction conditions for the large-scale operation should

be further optimized.
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6.3.3 Catalyst Stability Performance

The stability of the bimetallic catalyst was tested by reusing the same catalyst sample for four
cycles. The bimetallic catalyst was reasonably stable for four cycles. A noticeable decrease in
activity in terms of GL conversion (92.5 to 81.1%) and yield of LA (65.7 to 60%) was observed
from the first cycle to the second cycle. From the second cycle onwards, the catalyst was stable
with no appreciable changes in activity, as shown in Fig. 6.11a. The FETEM analysis was
carried out on the used catalyst to understand the activity loss. The average size of the
bimetallic particle was marginally decreased (1.18 vs. 2 nm), and the particle size distribution
was in the range of 0.8-3.6 nm (inset of Fig. 6.11b), considering approximately 74 particles.
The activity of the catalyst is slightly decreased due to coke deposition on the surface of micro

and meso pores.
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Figure 6.11: (a) Recycle experiments for glycerol to lactic acid conversion over 1Pt-1V/AC
bimetallic catalyst. Reaction conditions: 200 °C temperature, 5 bar air pressure, 3 h reaction
time, base (NaOH)/glycerol molar ratio: 1, and 0.107 g of catalyst (glycerol/metal molar ratio:

4110) (b) FETEM image of the used catalyst (inset: Metal particle size distribution).
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6.3.4 Reaction Pathways

The catalytic conversion of GL to LA in a basic solution under an air atmosphere was explored
using activated carbon-supported Pt-V bimetallic catalysts. The significant products formed
were LA and 1,2-PDO, while the other products, such as formic acid, glycolic acid, and
ethylene glycol, were observed in trace amounts. Various experiments were conducted to
understand the reaction intermediates and pathways. When the GL is treated in alkaline media
and without any metal catalyst, the yield of LA is lower under milder reaction conditions. For
example, in this study, the conversion of GL was 26.9%, and the yields of LA and GLA were
5.7% and 0.9%, respectively, in the absence of metal catalysts. These were very low compared
to those obtained when both a catalyst and a base were present. The reaction was also carried
out without a base, and 19.1% of GL conversion and 0.8% of LA yield were observed, with no
other byproducts (Entry 7). Recently, researchers (Lopez et al.?, Kishida et al.%, and Shen et
al.??) found that glycerol could be converted to lactic acid by a hydrothermal process under
alkaline conditions. The reaction of glycerol with NaOH or KOH is thought to produce sodium
or potassium glyceroxide. By releasing hydride ions, it transforms into glyceraldehyde.
Further, the glyceraldehyde isomerizes to dihydroxyacetone under alkali conditions. It is
proposed that glyceraldehyde and dihydroxyacetone are the intermediates in the reaction.
Previously, Tian et al.'? and Dimitratos et al.'® demonstrated that 1,2-PDO could selectively be
oxidized to LA in the presence of a base and a catalyst at moderate reaction conditions with

high selectivities (89.9% and 96%).

Based on our experimental investigations and associated literature data®'3?124 a
plausible reaction pathway for the 1Pt-1V/AC catalyzed oxidation of glycerol to lactic acid in
alkaline (KOH or NaOH) solution was established, as summarized in Scheme 6.1. The first
step of the reaction involves the selective oxidation of glycerol to glyceraldehyde and

dihydroxyacetone. One possible route is the conversion of dihydroxyacetone to pyruvaldehyde
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via dehydration. Subsequently, the pyruvaldehyde is converted to lactic acid via the Canni;ig]:g
reaction®??2, The second possible route, particularly at higher reaction times and catalyst
loadings, is converting intermediate product 1,2-PDO to LA and pyruvaldehyde, which
enhances lactic acid production *23, However, the higher reaction times also favor the further
oxidation of glycolic acid and formic acid to gaseous products. The hydration followed by
dehydrogenation, for converting glyceraldehyde to glyceric acid, occurs in tandem with the
dehydration followed by hydrogenation of dihydroxyacetone (DHA) to 1,2-propanediol occurs

in tandem?. Further, the C-C cleavage reaction produces glycolic acid, oxalic acid, and formic

acid from glyceric acid.®%22
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Scheme 6.1: Possible reaction routes for GL oxidation to LA over Pt-V/AC bimetallic catalyst.
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Table 6.2: Synthesis of lactic acid from glycerol over Pt-V/AC bimetallic catalysts.

Entry No. Oxidant time (h) base Glycerol/metal (mol/mol) | Glycerol conversion (%) Lactic acid yield (%)
1 Air 12 NaOH 4400 100 79.62
2 Air 12 KOH 4400 89.10 57.05
3 02 12 KOH 4400 78.0 46.5
4 Air 3 NaOH 8800 74.95 45.16
5 Air 12 NaOH 8800 92.10 66.30
6 Air 3 KOH blank 26.9 5.52
7 Air 12 BF 4400 19.12 0.78
8 02 12 KOH 6580 78.93 44.53
9% Air 3 NaOH 4400 66.9 325

2hase-free, ®scaleup study. Reaction conditions: base/glycerol molar ratio = 1, 5 bar oxidant pressure, 200 °C.

TH-3456_166107017
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Table 6.3: Carbon balance at various process conditions.

Entry No. Process Conditions (Temperature, pressure, base/glycerol molar ratio, glycerol/metal molar ratio) Carbon Balance (%)
1 160, 5b air, 12h, KOH/Gly = 1 (mol/mol), Gly/Metal = 4400 (mol/mol) 77.36
2 180, 5b air, 12h, KOH/Gly = 1 (mol/mol), Gly/Metal = 4400 (mol/mol) 75.05
3 200, 5b air, 12h, KOH/Gly = 1 (mol/mol), Gly/Metal = 4400 (mol/mol) 78.4
4 200, 5b air, 3h, KOH/Gly = 1 (mol/mol), Gly/Metal = 4400 (mol/mol) 72.4
5 200, 10b air, 3h, KOH/Gly = 1 (mol/mol), Gly/Metal = 4400 (mol/mol) 75.53
6 200, 15b air, 12h, KOH/Gly = 1 (mol/mol), Gly/Metal = 4400 (mol/mol) 72.62
7 200, 5b air, 6h, KOH/Gly = 1 (mol/mol), Gly/Metal = 4400 (mol/mol) 72.82
8 200, 5b air, 12h, Base free, Gly/Metal = 4400 (mol/mol) 81.7
9 200, 5b air, 12h, KOH/Gly = 0.5 (mol/mol), Gly/Metal = 4400 (mol/mol) 71.13
139
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6.4 Summary

The Pt-V/AC bimetallic catalysts were prepared successfully through a wet-impregnation
technique and were highly active for selective glycerol oxidation to lactic acid. Due to the
synergism, the Pt-V/AC bimetallic catalysts performed better than the Pt/AC and V/AC
monometallic catalysts. Very high selectivities (80%) to lactic acid were achieved with
complete conversion of glycerol under moderate reaction conditions (NaOH/glycerol: 1:1
mol/mol, 4400 glycerol/metal molar ratio, 473 K, 5 bar air, 12 h). This could be attributed to
the fact that the reactions (dehydrogenation and hydrogenation) that produce lactic acid and its
byproducts, glyceric acid and glycolic acid, occur in tandem. The Pt-V/AC bimetallic catalyst
was reusable and stable for 4 reuse cycles. The selective oxidation pathway developed in this
study is a new green lactic acid synthesis method as an alternative to the current fermentation

technology.
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7.1 Conclusions

Drawing upon the findings presented in Chapters 3, 4, 5, and 6, the following conclusions can

be inferred:

VI.

Successful design and fabrication of a helically coiled microreactor (HCMR) for high-
yield chemical production from renewable sources in an organic solvent.

Sulfuric acid (SA) and maleic acid (MA) demonstrated higher activity and selectivity
in catalyzing fructose dehydration to 5-hydroxymethylfurfural (HMF) in HCMR. The
highest HMF yield of 95% was achieved at 100 °C, 0.1 mL min™' flow rate, and 3.5
wt% fructose concentration using 0.5 wt% SA catalyst.

The maximum HMF productivity reached 380 gHMF/gCat/h at 180 °C, 0.2 wt% SA
concentration, 5 mL min™! flow rate, and 50 wt% fructose concentration.

Maleic acid (3 wt%) showcased notable efficacy, achieving an 80% HMF yield while
effectively preventing degradation and inhibiting humin formation. Intriguingly, maleic
acid demonstrated commendable selectivity (83%) toward HMF, surpassing that of
sulfuric acid (80%).

Bimetallic and monometallic catalysts were effectively synthesized using wet
impregnation and chemical reduction methods. They demonstrated the excellent
activity of bimetallic catalysts for the base-free oxidation of HMF to FDCA compared
to their monometallic counterparts. The highest FDCA yields of 74.4% and 65.3% were
achieved with the Ru- V>0s/AC and Ru-Ni/AC bimetallic catalysts, showcasing their
effectiveness in the oxidation process.

The Ru-V20s/AC bimetallic catalyst exhibited stability after washing with acetone,

indicating its robust performance and durability in the oxidation reaction.
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VII. The Ru-V/AC bimetallic catalysts were effectively synthesized using wet impregnation
and a chemical reduction method. The synergism between Ru and V20s in the Ru-
V>0s/AC bimetallic catalysts resulted in superior performance compared to their
Ru/AC and V20s/AC monometallic counterparts.

VIIl. The Ru-V20s/AC bimetallic catalysts exhibited higher selectivity and yield in glycerol
oxidation to lactic acid under mild reaction conditions, outperforming their
monometallic counterparts. The bimetallic catalysts achieved a higher yield of lactic
acid, reaching up to 75.5%, compared to their monometallic counterparts. The Ru-
V20s/AC bimetallic catalyst demonstrated high stability, indicating its robust
performance throughout the oxidation reaction.

IX. The Pt-V/AC bimetallic catalysts were successfully prepared through a wet-
impregnation technique and exhibited high activity for selective glycerol oxidation to
lactic acid. Due to synergism, these bimetallic catalysts outperformed their Pt/AC and
V/AC monometallic counterparts, achieving very high selectivities (80%) to lactic acid
with complete glycerol conversion under moderate reaction conditions
(NaOH/glycerol: 1:1 mol/mol, 4400 glycerol/metal molar ratio, 473 K, 5 bar air, 12 h).
This superior performance is attributed to tandem reactions (dehydrogenation and
hydrogenation) producing lactic acid and byproducts glyceric acid and glycolic acid.
The Pt-V/AC bimetallic catalyst also demonstrated reusability and stability for four
cycles, presenting a green synthesis method as an alternative to current fermentation

technology.
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7.2 Future Work

I. To evaluate the scalability of HMF production, the homogenous catalysts are positioned
for testing in scale-up reactions. A crucial aspect of achieving scalability involves
concurrently developing an efficient purification process customized for HMF production.

Il. Advancing a one-step process for the synthesis of 5-hydroxymethylfurfural derivatives,
such as 2,5-bis(hydroxymethyl)furan (BHMF) and 2,5-diformylfuran, from fructose
utilizing microreactor technology.

I11. The synthesized catalysts can be evaluated for the scale-up of FDCA production from
purified and crude HMF, employing fixed bed reactors.

V. Various supports may synthesize bimetallic catalysts, including CeO», ZrO,, TiO, and
MgO. The resulting catalysts may then be tested for the oxidation of high concentrations
of HMF to FDCA using both high-pressure autoclaves and fixed-bed reactors. The
synthesized catalysts may be tested for converting glycerol to formic acid and hydrogen

production, employing oxidation and dehydrogenation processes.
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