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ABSTRACT

VALORIZATION OF BIOMASS USING NOVEL CATALYTIC AND
ELECTROCATALYTIC PROCESSES

By
Manali Dhawan

Increasing energy requirements and environmental pollution, along with predicted shortages
of fossil fuels in the near future, have accelerated the search for alternative renewable energy
sources. Biomass is a promising renewable resource for the production of value-added fuels and
chemicals. In this work, triglycerides, furfural and 5-hydroxymethylfurfural (HMF) are used as
bio-derived feedstock chemicals for chemo- or electro-catalytic conversion to valuable chemicals
that find applications in fuels, polymer, perfumery and pharmaceutical industries.

Chemical interesterification of triglycerides was conducted with methyl acetate, as an
alternative to transesterification, to co-produce biodiesel and a higher value-added compound,
triacetin, instead of glycerol. Conversion of waste methyl acetate in terephthalic acid production
industry using triglyceride into two valorized products biodiesel and triacetin is a novel idea.
Biodiesel is a well-known renewable fuel and triacetin can be used as a fuel additive. Amongst
various base catalysts screened, calcined Mg-Al hydrotalcite (Mg:Al mole ratio — 3:1) was found
to have the best activity in terms triglyceride conversion and triacetin selectivity.

We also studied the etherification of HMF with ethylene glycol to produce 5-(2-
hydroxyethoxymethyl) furfural (HEMF), which finds application as a fuel additive. Metal
substituted heteropoly acid catalysts were identified as a chemo-selective catalyst that favored
etherification of HMF over acetalization reaction. Aluminum substituted dodecatungsto-
phosphoric acid achieved the highest HMF conversion and HEMF selectivity, which was attributed

to the combined role of the catalyst’s Lewis and Bronsted acidity.



Further, electrocatalytic hydrogenation (ECH) of furfural using zinc as a novel metal catalyst
was studied to produce furfuryl alcohol and 2-methylfuran, which have applications in
pharmaceutical, polymer and fuel industries. The effect of metal catalyst and electrolyte pH on the
yield and Faradaic efficiency (FE) of the desired products was studied. Electrolysis at neutral pH
(pH 6 to 8) exhibited increased yields and FE as compared to acidic and basic pH. FE for ECH of
furfural with Zn was remarkably higher as compared to Cu and Ni.

However, during ECH of furfural, the total yield of the desired products was low compared to
the conversion of furfural which was due to eclectrodimerization reactions. Thus, zinc metal
nanoparticles were synthesized by electrodeposition to achieve higher activity for furfural ECH as
compared to bare zinc metal due to high surface area and roughness. Furfural electrolysis in 0.5 M
bicarbonate electrolyte at -0.6 V/RHE yielded higher conversion, yield and FE as compared to
bare zinc. Catalyst characterization revealed the presence of surface zinc oxide species post-
electrolysis, which could have a role in reaction mechanism.

Overall, this work contributes to the field of biomass valorization, by identifying new selective
catalysts and processes to produce value-added chemicals using renewable bio-derived feedstocks.
Catalyst synthesis, reaction engineering and process optimization studied for biomass conversion

processes in this work will aid in future process intensification of such processes.
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Chapter 1
Introduction

The World population is rapidly growing, with the current numbers already exceeding 7.7
billion, which would consequently lead to increase in material and energy consumption [1].
According to the U.S. Energy Information Administration, International Energy Outlook 2019
report projects that the world energy consumption is expected to rise nearly 50 % by 2050, wherein
most of this growth is driven by developing countries (particularly Asia), fast-paced economic
growth and increased standard of living [2]. Non-renewable fossils fuels such as coal, oil and
natural gas remain the most used fuel source, but these sources are depleting as indicated by their
reserve to production ratio. Reserves-to-production ratio measures the number of years of global
coal, oil and natural gas production left based on the known reserves and current annual production
levels. In 2019, the oil reserves accounted for 50 years of current production, with coal and gas
standing at 132 and 49.8 years, respectively [3]. It is well known that burning of these fossil fuels
lead to increased carbon dioxide (greenhouse gas) emission, which contributes to global warming
and climate change [3,4]. Interest in production of fuels and chemicals from renewable resources
continues to grow, as costs decrease [5,6] and the environmental impact of fossil resources
becomes more apparent [7,8]. Thus, there has been a growing need to investigate alternative
promising renewable energy sources. According to BP Statistical Review of World Energy 2020,
renewable energy recorded 40 % growth in primary energy consumption in 2019, the largest
increment as compared to other energy source consumption. It also increased its share in global
electricity generation to 10 %, surpassing nuclear energy for first time. Renewable energy
accounted for a total share of 5 % in the energy mix, inclusive of wind (2.4 %), solar (2 %),

geothermal, biomass and biofuels total accounting for (0.6 %) [3]. Biomass is the only carbon-



based, naturally abundant energy source, a large portion of which is usually managed as waste [9—
11]. Thus, an intriguing research question is how to find value in biomass waste, which can be
answered using various sustainable pathways.

Biomass is a promising renewable resource that has an immense potential for the production
of value-added and carbon neutral biofuels and fine chemicals, which have similar or superior
properties in comparison to fossil fuel derived chemicals [12—14]. A critical analysis of crude oil
versus biomass has been presented, which prioritizes the development of catalytic and biocatalytic
lignocellulosic biomass conversion processes, methane to olefin conversion technologies, and use
of hydrogen for CO; valorization to fuels and chemical, in order to achieve a carbon-neutral

economy [15].

Green chemistry utilizes a set of principles that reduces or eliminates the use or generation of
hazardous substances in the design, manufacture and application of chemical products [16]. The
twelve principles of green chemistry can be underlined as: 1) Prevention, 2) Atom economy, 3)
Less hazardous chemical synthesis, 4) Designing safer chemicals, 5) Safer solvent and auxiliaries,
6) Design for energy efficiency, 7) Use of renewable feedstocks, 8) Reduce derivatives, 9)
Catalysis, 10) Design for degradation, 11) Real-time analysis for Pollution Prevention, 12)
Inherently safer chemistry for accident prevention. The process of biomass utilization to valuable
products should be based on maximum utilization of green chemistry principles as possible, in
order to call it a greener process. Catalysis is one of an important principle of green chemistry
which can be used to develop green processes to obtain products with high selectivity, atom
economy (total mass of reactants that are converted to desired products) and lower E-factor (mass

of waste per mass of desired products). In our work, in addition to catalysis, we have also applied



some other principles of green chemistry such as waste prevention, use of renewable feedstocks,

less hazardous chemical synthesis, safer solvents and design for energy efficiency [16—18].

1.1 Biomass

Biomass can be described as any hydrocarbon material primarily consisting of carbon,
hydrogen, oxygen, nitrogen with minor traces of sulfur and inorganic species [10,19,20]. The
sources of biomass are abundant, and are 60 % terrestrial (woods, herbs, crops, bagasse, food and
feed crops, agricultural and industrial residues, sawdust, grass, pulp/paper waste, municipal waste,
food, oil, animal wastes, etc.) and 40 % aquatic (aquatic plants, algae) [10,11,20]. Biomass

comprises 75 % carbohydrates (lignocellulose) and 20 % lignin, with the remainder consisting of
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triglycerides, proteins, and terpenes [11]. The constituents of lignocellulosic feedstock can be
divided into three categories: cellulose (40 - 50 %), hemicellulose (25 - 35 %) and lignin (15-20
%) (Figure 1) [9,11,20-23]. Cellulose is a linear, unbranched polysaccharide that is composed of
hexose (D-glucose) subunits and has the general formula of (CsHi0Os)a [20,22]. Hemicellulose
(general formula: (CsHgOa)y) is a relatively complex polysaccharide consisting of branched chains
made of hexose (D-glucose, D-mannose, D-galactose) as well as pentose (D-xylose, L-arabinose)
subunits [20,22]. Lignin is fibrous, highly branched biopolymer containing cinnamyl alcohol

monomers [11,19,20].

1.2 Platform chemicals from biomass

Bio-derived platform chemicals are intermediate molecules in the production of value-added
biofuels, specialty and commodity chemicals [10,11,19,24]. Oil seeds, vegetable oils and animal
fats are an important triglyceride derived biomass source of biofuels [25,26]. Triglyceride based
feedstocks can be converted to fatty acids and glycerol via hydrolysis, which can be further
valorized to biodiesel and glycerol derived chemicals [10,11,27,28]. Biodiesel can be also obtained
by direct transesterification or interesterification of triglycerides with alcohol and acetates,
respectively [29-32].

Lignocellulosic feedstocks such as agricultural residues (sugarcane bagasse, corn cobs, corn
stover, rice husks, orange peel, oat hulls, wheat straw, etc.), forest residues, wood waste, municipal
solid organic waste, etc. are classified as second-generation bio-based platform chemicals, which
offer an advantage over first generation feedstocks (food crops such as sugarcane, corn, starches,
vegetable oils and oil seeds) due to their inedibility. The production of fuels and chemicals from
second generation inedible feed crops and oil seeds is desired to avoid competition with food

supply required to feed the growing population [11,24,26,33]. However, lignocellulose, due to its



complex polymeric structure containing high content of strongly bound cellulose, hemicellulose
and lignin, is difficult to defragment and be directly utilized to produce chemicals [9,11,19,34]. It
must be pretreated, depolymerized and partially deoxygenated to produce sugars, which can then
be chemically converted to a variety of platform molecules serving as feedstocks for the synthesis
of fuels and chemicals [9-11,19,22].

The pathways to deconstruct lignocellulosic biomass include thermochemical (pyrolysis and
gasification) and biochemical (hydrolysis) processes [10,11,24] (Figure 1). Pyrolysis is the thermal
degradation of biomass in the absence of oxygen to give pyrolysis oil (bio-oil), charcoal, syn gas
[11,20,24,35,36]. Biomass gasification in the presence of oxygen yields syngas (CO + H»)
[9,11,22,24]. Biochemical hydrolytic processes involve pretreatment of lignocellulosic biomass
using mineral acids or enzymes to fractionate lignin, cellulose, and hemicellulose [9,11,24]. The
cellulose and hemicellulose can be further hydrolyzed to produce pentose (Cs) and hexose (Cs)
sugars [11,22,24]. The pentose (xylose, arabinose) and hexose (glucose, fructose) sugars can be
further converted by: fermentation to produce acids (succinic acid, 3-hydroxypropionic acid,
glutamic acid, etc.) [10,11]; hydrogenation to produce mannitol, sorbitol and xylitol [22,37];
dehydration to produce furfural, levulinic acid, 5-hydroxymethylfurfural (HMF) [10,11,22,23],
which are some of the important platform materials to produce biofuels and chemicals
[10,11,14,15,22,38]. Thermochemical lignin conversion processes yield platform chemicals such
as benzene, toluene, xylene, quinones, phenols, guaiacol, catechol, eugenol, cresols, syringol,
vanillin, syringaldehyde), etc., which can be chemically converted to a variety of value-added fuels

and chemicals [19,34,39,40].



1.3 Value added chemicals from biomass-derived platform chemicals

Bio-derived platform chemicals can be converted by enzymatic, supercritical, chemical, or
electrochemical reactions to various value-added chemicals, which find applications in fuel, fuel
additives, polymer, solvents, perfumery, pharmaceutical industries, etc. [38,41-46]. Bio-oil
obtained from biomass pyrolysis can be stabilized by hydrogenation of constituent unsaturated
oxygenates such as aldehydes, ketones, phenols to saturated alcohols and polyols, and can then be
utilized for production of transportation fuels [36,47]. Syngas (CO + Hy) obtained from biomass
gasification can be valorized to hydrocarbon fuels and chemicals by Fischer-Tropsch or methanol
synthesis [11,48,49].

In 2004, US Department of Energy identified a list of top 12 chemical candidates derived from
sugars that can be used as potential platform chemical to obtain diversity of high value-added
products [50]. In 2010, Bozell and Petersen revisited this list and presented an updated list of
platform chemicals based on research advances made since 2004, to include some of the previous
identified platform chemicals along with some new compounds [51]. The updated list of platform
chemicals along with their annual production volumes includes glycerol (1500 kt), lactic acid
(>600 kt), 3-hydroxypropanoic acid (800 kt), levulinic acid (2-3 kt), succinic acid (34 kt), sugars
(sorbitol (1800 kt), xylitol (190 kt)), furans (furfural (360 kt), HMF, 2,5-furandicarboxylic acid
(FDCA)), bio-hydrocarbons (800 kt) and ethanol (86000 kt) [51-53].

Examples of value-added chemicals obtained from some of the aforementioned Cs and Cs
sugar derived platform chemicals are: 1) gamma-butyrolactone, tetrahydrofuran, 1,4-butanediol
by hydrogenation of succinic acid [37,52,54]; 2) 1,3-propanediol and acrylic acid by dehydration
and reduction of 3-hydroxypropionic acid, respectively [37]; 3) polylactic acid by polymerization

of lactic acid [37,55]; 4) propylene glycol, ethylene glycol, glycerol by hydrogenolysis of sorbitol



and xylitol [37,56]; 5) levulinic acid esters by esterification, 1,4-pentanediol by reduction, gamma-
valerolactone by reduction cyclisation of levulinic acid [37,57]; 6) furfuryl alcohol,
tetrahydrofurfuryl alcohol, 2-methyl furan and 2-methyltetrahydrofuran by hydrogenation of
furfural [37,43,58,59]; 7) 2,5-dimethylfuran and FDCA by hydrogenation and oxidation of HMF

[37,43,57], etc. The applications of some value-added chemicals are given in Figure 2.
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Figure 1.2 Applications of value-added chemicals obtained from bio-derived feedstock
chemicals (Reproduced from [211])

Recently, Shanks and Keeling [60] introduced the concept of bioprivileged molecules as a new
paradigm for biobased chemical development. They are defined as “biology-derived chemical
intermediates that can be efficiently converted to a diversity of chemical products including both
novel molecules and drop-in replacements”. The examples of bioprivileged intermediate
molecules discussed were muconic acid, HMF and triacetic acid lactone, which can be converted
to various products with few catalytic steps [60]. It emphasizes the use of forward diversity-

oriented synthesis approach to integrate biological and chemical processes to develop new



intermediate chemicals as platform chemicals, which can then be used for catalytic valorization to
target value-added molecules, which have been efficiently explored by computational tools [61].

Some of the value-added chemicals obtained from bio-derived platform chemicals are
discussed in detail as follows:
1.3.1 Triglycerides

Vegetable oils and animal fats are triglycerides consisting of different fatty acids attached to a
glycerol backbone [62,63]. Biodiesel (fatty acid alkyl esters) is a renewable fuel conventionally
produced by transesterification of triglycerides with alcohols, usually methanol and ethanol
[32,62] (Figure 3, pathway a). The renewable oil feedstocks are soybean oil, palm oil, rapeseed
oil, cotton seed oil, sunflower seed oil, etc [62,63]. Non-edible oils like those derived from
jatropha, pongamia or jojoba can also be used [32,63]. Likewise, waste cooking oil is considered
an economic resource for biodiesel production [63].

Biodiesel possesses superior properties compared to petroleum-based fuels, including
biodegradability, low sulfur content, small carbon footprint, less carbon dioxide emissions, higher
flash point and cetane number (CN) (measure of fuel ignition property calculated as percentage by
volume of n-hexadecane (cetane) in a mixture of n-hexadecane (100CN) and heptamethylnonane
(15CN) that has the same ignition quality when tested in the same engine under same conditions
as the fuel in question) [10,64—66]. Thus, pure biodiesel or biodiesel blends can be used in
conventional compression-ignition engines without the need for engine modifications [62].

Transesterification of triglycerides is aided by enzymatic [67] as well as chemical alkali or acid
catalyzed processes [62,68—71] or by non-catalytic supercritical processes [72]. Homogeneous
base catalysts such as alkali metal carbonates, hydroxides and alkoxides are widely used in

commercial processes because they are cost-effective and result in high activity at mild reaction



conditions [69,73]. However, these processes require additional steps for recovery of glycerol and
purification of waste streams [62]. Thus, many heterogeneous base and acid catalysts such as
alkaline metal oxides, hydroxides, hydrotalcites [70,74,75], heteropoly acids [71] and solid
superacid [76] catalysts were developed and evaluated for biodiesel production processes, since
they could be easily removed from the reaction mixture with no polluting by-products formed,
making the purification step easier.

However, 10% w/w glycerol is co-produced in the biodiesel production process, which reduces
the process efficiency [77-80]. Increasing demand of biodiesel has led to an increase in the
glycerol production simultaneously [77,80]. Glycerol has many applications in the textile,
cosmetics, pharmaceuticals, and food industries, but it stills remains an excessively supplied
chemical in the market [79,81,82]. Glycerol can be utilized as a platform chemical in large scale
plants to produce several value-added chemicals, but this requires further rigorous purification
procedures [78]. Biodiesel production is not economical vis-a-vis petro-diesel unless the co-

product glycerol is valorized.

o ° o
OH )(L CH,0H R)ko HyC J\ _CH;, ° \/ 0
CH, Methanol Di mllh)l arbon: )L CH, H,0 CH;0H + CO.
HOQ\/OH + 3r7 Yo7 ¢ ———— ‘ o0 R m——— g o S+ ) _> o + CHy 3
@ \[ e )
Fatty acid methyl ester o Fatty acid methyl ester
Glycerol prom o (Biodiesel) 0 oH
)\ Glycerol
R [o]} (o] carbonate
\
Triglyceride
Glycerol
. dicarbonate
H,c\o £
il©
o CH; 3
=
o
)k o
HyC 0 )k
CH;
o\"/cu3 + 3R o~
o Fatty acid methyl ester
o (Biodiesel)
(o) CH;

Triacetin

Figure 1.3 Valorization pathways of triglycerides to biodiesel, glycerol and glycerol
derivatives using different acyl acceptors (Adapted from [324])



One of the ways to increase the efficiency of biodiesel process is to utilize product glycerol in-
situ to produce another value-added chemical simultaneously, by one-pot cascade synthesis [29].
For example, valorization of glycerol to produce glycerol carbonate by chemical, enzymatic and
supercritical methods has been extensively researched over the years [83—88]. Glycerol carbonate
has varied applications such as polymer synthesis, surfactants, solvents, gas separation
membranes, and as a green substitute for propylene carbonate and ethylene carbonate, etc. [89].
The one-pot simultaneous catalytic coproduction of biodiesel and glycerol carbonate using
triglycerides with dimethyl carbonate as reactant is an efficient pathway to increase the biodiesel
process efficiency (Figure 3, pathway b) [29,87,90-92].

Another possibility to increase the efficiency of biodiesel production is to avoid glycerol
formation as a co-product. The formation of glycerol esters: glycerol triacetate (triacetin), glycerol
diacetate (diacetin), glycerol monoacetate (monoacetin), which are used as fuel additives, by
esterification and transesterification of glycerol with acetic acid and methyl acetate, respectively
has been reported in the literature [93-95]. Chemical interesterification of triglycerides with
methyl acetate is a good alternative as compared to transesterification, as it yields a higher value-
added compound, triacetin, as a co-product instead of the already abundant commodity, glycerol
[30,96-98] (Figure 3, pathway c). Methyl acetate is produced as a major waste byproduct in the
terephthalic acid manufacture wherein air oxidation of p-xylene in acetic acid is conducted in the
presence of Co-Mn-Br catalyst in liquid phase [99].

1.3.2 Furfural

Furfural is bio-derived feedstock obtained by the dehydration of pentose sugars such as xylose

[22,23,100,101]. It can be valorized by hydrogenation, oxidation, hydrogenolysis, etherification,

esterification and decarboxylation processes to value-added C4 and C5 chemicals, which can be
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used to produce fuels, fuel additives and chemicals [23,37,102—104]. Figure 1 depicts some of the
pathways for furfural valorization. Some of the valuable C4 and C5 chemicals obtained from
furfural are furfuryl alcohol (FAL), 2-methylfuran (MF), tetrahydrofurfuryl alcohol (THFA), 2-
methyltetrahydrofuran (MTHF), furan, tetrahydrofuran, furanone, levulinic acid, gamma-
valerolactone, alkyl levulinates, pentanediols, furoic acid (FA), furfuryl acetate, furfuryl ethers,
liquid alkanes, etc. (Figure 4) [22,23,37,102,103,105]. These chemicals find applications in

solvents, resins, perfumery, agrochemical, and pharmaceutical industries [23,102,103,105].
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Furfural can be converted by hydrogenation to form FAL and MF [22,23,59,101]. FAL is used
as a solvent, for the production of thermostatic resins, in adhesives and coatings and finds
applications in perfumery, polymer and pharmaceutical industries [8,101,106—-109]. MF can be
used biofuel or fuel additive because of low water solubility, high octane number and energy
density [8,101,106—110]. Further reduction of FAL and MF yields THFA, a green solvent, and
MTHEF, a fuel additive, respectively [23,59,100]. Oxidation of furfural yields FA [111]. FA is a
valuable intermediate in the perfumery and pharmaceutical industries [37,111].

1.3.3 S5-Hydroxymethylfurfural

5-Hydroxymethylfurfural (HMF) is an important bio-derived feedstock chemical, which is
obtained by the dehydration of hexose (glucose, fructose) sugars [112]. HMF has been named as
a ‘sleeping giant’ in the field of intermediate chemicals [51,113]. HMF is a versatile carbonyl
compound with sensitive functional groups that can be converted to a variety of value-added
compounds by undergoing oxidation, hydrogenation, hydrogenolysis, etherification, aldol
condensation, dehydration, etc. [11,45,101,114-117]. Some of the pathways of HMF valorization
to value added biofuels and chemicals are given in Figure 5. HMF can be converted to 2,5-
dihydroxymethylfuran (DHMF), 2,5-dihydroxymethyltetrahydrofuran (DHMTHF), 2,5-hexane-
dione (HD), 2,5-dimethylfuran (DMF), S5-methylfurfural (5-MF), etc. by reduction
[37,43,114,115] and to 2,5-diformylfuran (DFF), 5-formylfurancarboxylic acid (FFCA) and 2,5-
furandicarboxylic acid (FDCA), etc. by oxidation [22,37,43,116]. HMF derivatives are of great
interest and find applications as fuel and fuel additives, as monomers of plastics, and in polymer
and pharmaceutical industries [115,118-121]. DFF [115,122—-124], ethyl levulinate [119,125],
levulinic acid (LA) [120,126], and FDCA [127,128], liquid alkanes [103,105], gamma-

valerolactone (GVL) [105], 1,6-hexanediol [52,105], caprolactam [52,105], are some of the high-
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quality fuels and chemicals obtained from HMF. DHMF has applications in many of the industrial
polymerization and etherification processes [118,129,130]. HD is used for the production of fuel
additives such as 3-methylcyclopentanol and methylcyclopentane [114,131]. FDCA acts as a
monomer to produce a renewable polymer with enhanced properties as compared to polyethylene
terephthalate polymers [132].

HMF can be also be etherified to 5-alkoxymethylfurfural (AMF) [45,121,129,133-135]. 5-

Alkoxymethylfurfurals (AMFs) serve as promising fuel additives due to their high energy density
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[45,121,136]. Amongst AMFs, 5-methoxymethylfurfural (MMF) and 5-ethoxymethylfurfural
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(EMF) produced by etherification of HMF with monohydroxy alcohols, such as methanol and
ethanol, respectively, are some of the well-known and extensively studied fuel candidates
[45,121,129,137]. EMF has been reported to be an excellent fuel additive with energy density of
8.7 kWh/L, which is close to that of diesel (9.7 kWh/L) and gasoline (8.8 kWh/L) [138]. AMF fuel
additives with better blending abilities can be produced using di- or tri-hydroxy alcohols such as
5-(2-hydroxyethoxymethyl)furfural (HEMF) obtained by HMF etherification with ethylene glycol

[139,140].
1.4 Catalysis

A catalyst is a substance that increases the rate of the reaction by decreasing the activation
energy required for the conversion of reactants to products. It remains unchanged after
participation in a chemical reaction and can be continuously utilized during the reaction. Catalysis
is the application of catalysts and catalytic processes [17,18,141,142]. It is advantageous in
achieving process intensification with maximum energy efficiency by developing one pot catalytic
cascade reactions using multifunctional catalysts [17].

1.4.1 Types of Catalytic Processes

Depending on the type of catalyst used in the process, catalysis can be broadly divided into
homogeneous catalysis [143], heterogeneous catalysis [143,144], electrocatalysis [43,145-147],
photocatalysis [148], and bio-catalysis [149]. Catalysts may be supplied in several physical forms,
e.g. powders, granules, pellets or extrudes, depending upon the type of the catalyst, the reaction
and the reactor type to be employed [18,141].
1.4.1.1 Homogeneous Catalysis

Homogeneous catalysis involves the presence of catalyst and reactants in the same phase,

usually liquid. Homogeneous catalysts are soluble/miscible in the reaction mixture. They can be
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acid, base, transition metal complexes, metal ions, etc. depending on the type of reaction desired.
Homogeneous catalysts, being well dissolved in the reaction mixture and typically possessing a
single active site, are often more active and selective than heterogeneous catalysts. High activity
may also arise since pore diffusion limitations are absent but bulk heat and mass transfer
limitations may exist if sufficient agitation is not provided, particularly in viscous systems.
Homogeneous catalysts are not thermally stable and thus, cannot be used for high temperature
reactions [18]. Since, they are completely miscible, recovery of the catalyst at the end of reaction
is not possible, and hence they are not reusable [18,143]. Additionally, product extraction
procedures are tedious as they require neutralization of the acid/base catalyst, to separate the
product efficiently [18]. This makes the process expensive, leads to large amount of waste
generation, and is environmental unfriendly [143]. Thus, the E-factor for homogeneously
catalyzed processes is high [11]. However, still many bulk and fine chemicals and pharmaceuticals
are being synthesized using homogeneous catalysts which are based on transition metal complexes
[9,11]. Homogeneously catalyzed reaction mechanisms are often well understood in terms of
specific reactant-catalyst interaction and transition states [143].
1.4.1.2 Heterogeneous Catalysis

Heterogeneous catalysis involves the presence of catalyst and reactants in distinct phases,
wherein catalyst is usually solid and the reactants/products are liquid or gas [18,141]. The catalyst
is insoluble in the reaction mixture, and it must be well dispersed and porous to allow large
interfacial area at which the reaction can occur efficiently [141]. Insolubility leads to the presence
of bulk mass transfer and pore diffusion limitations, which must be ameliorated by applying
agitation, increasing pore volume among many techniques [18,141]. High temperature conditions

are often desired to achieve high activity, which is possible if a catalyst displays high thermal
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stability [18]. Additionally, heterogeneous catalysts can be easily separated at the end of the
reaction by filtration from a batch reactor and can be re-used multiple times after washing and
pretreatment. In packed and fluidized bed reactors, spent catalysts can be regenerated using water,
oxygen, steam, or heat in situ or at an off-site [150,151]. This makes the process green,
environmental benign and economical [17,141,143,144].

Some common heterogeneous chemical catalysts used in industrial processes include metals,
metal oxides, zeolites, clays, heteropolyacids, hydrotalcites, etc. [18,144]. Some heterogeneous
catalysts such as clays, zeolites etc. are advantageous in that they offer high chemical selectivity
due to pore shape and structure allowing only desired reactants to undergo reaction [141]. These
catalysts can either be used in their bulk form or as supported catalysts by dispersing them on a
high surface area substrate such as hydrotalcite supported on hexagonal mesoporous silica,
Pt/alumina, heteropolyacid supported on clays [18,152,153]. Solid catalysts can be easily scaled
up to design continuous processes, which makes them economic at industrial scale [143]. Catalyst
reusability and efficient product separation leads to lower E-factor for heterogeneously catalyzed
processes [18,144]. Thus, heterogeneous catalysts are highly utilized in processes used for bulk
chemical manufacture and fuel synthesis in petrochemical industries [18,143,144].

Heterogeneous catalytic reactions occur at the fluid-solid interface, and the mechanism
typically involves five steps: 1) Diffusion of reactants from the bulk phase to the catalyst surface,
2) Adsorption of reactants on the catalyst surface, 3) Surface reaction on the catalytic active sites
to form the product, 4) Desorption of products from the catalyst surface, 5) Diffusion of products
from the catalyst surface to bulk phase [18,141]. The surface reaction can occur by Langmuir-
Hinshelwood-Hougen-Watson (LHHW) mechanism or Eley-Rideal mechanism. The LHHW

model involves surface reactions either with a single site mechanism, wherein a reactant adsorbed
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at only one site is involved in the reaction, or a dual site mechanism, wherein a reactant adsorbed
at one site reacts with another similar/different type of site, which could be vacant or populated
with another reactant to form a product [141]. The Eley-Rideal mechanism involves reaction
between an adsorbed molecule and another molecule in the liquid/gas phase, the latter being near

the catalyst surface having an adsorbed species but the second species not being adsorbed [141].

1.4.1.3 Electrochemical Catalysis

Electrocatalysis employs the use of an electrode as a catalyst to accelerate an electrochemical
(electron transfer) reaction [154,155]. Electrocatalytic conversion is a green pathway to convert
biomass-derived platform chemicals into value-added fuels and chemicals by using hydrogenation
and oxidation processes [156—161]. Electrochemical reactions are conducted in aqueous solutions
using water as the hydrogen/oxygen source and at ambient conditions, thus fulfilling the major
principles of green chemistry [36,101]. With decreasing electricity prices and increasing
production from renewable sources such as solar and wind, electrocatalytic reactions provide a
sustainable way to store the energy derived from renewable feedstocks into liquid biofuels [100].
As with temperature in chemical catalysis, the two additional parameters which can be controlled
in an electrocatalytic system are electrode potential and/or faradaic current. These parameters are
helpful in tuning the reaction rate and selectivity [162]. The direction of the reaction can be
changed just by reversing the current [162].

An overall electrochemical reaction can be written as the sum of two half reactions, oxidation
and reduction, each of which has an equilibrium reduction potential. Oxidation occurs at the anode
and involves loss of electrons (e.g. zinc oxidation, equation 1.1) while reduction occurs at the
cathode involving gaining electrons (e.g. copper reduction, equation 1.2). Zinc oxidation and

copper reduction are examples of two half-cell reactions in a Daniel cell, wherein copper metal is
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reduced at the cathode using the electrons from zinc oxidation at anode, thus, the full-cell

electrochemical reaction can be written as in equation 1.3 [162].

Ingy — Inf,) + 2e” (1.1)
CuZf,, + 2e~ - Cug (12)
Zn(s) + Cu%;q) b Zn%;—q) + CU(S) (13)

The higher the equilibrium reduction potential of a chemical ion/compound, easier it is to
reduce it. The two half reactions are connected via a salt bridge or an ion exchange membrane to
conduct ions. The electrons travel through the circuit and can either do electrical work (galvanic
cell) or take up electrical energy (electrolytic cell) [163]. Electrochemical reactions can be
conducted using a two or three electrode system. In a three-electrode system (Figure 6), the
reaction of interest (oxidation/reduction) occurs on the working electrode (WE), the corresponding
half reaction occurs at the counter electrode (CE), which is required for charge neutrality. The
potential of WE is measured with respect to a reference electrode (RE), whose equilibrium
potential is known such as reversible hydrogen electrode, silver/silver chloride electrode, saturated
calomel electrode, etc. [162]. Electrolytic cells can be operated in two modes: galvanostatic
(constant current) and potentiostatic (constant potential), the latter being more reliable to study the
kinetics of the system [162].

Equilibrium cell potential (U,e);) of an electrochemical system are calculated from the standard
equilibrium reduction potential difference between two half reactions: cathodic (Ug) and anodic
(Uy) (equation 1.4).

o o o

Ucen = Uc — Ua (1.4)
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The cell potential can be used to calculate the change in Gibbs free energy (G) of the reaction

given by:

o

AG == _nFUcell (15)

Gas [ = v
L

Figure 1.6 Schematic of a three-electrode electrochemical system (Reproduced from [162])

Where, n = number of electrons transferred in an overall reaction, /' = Faraday’s constant
(96485 C/mol of electrons) and E,, is the equilibrium cell potential. Negative standard Gibbs free
energy indicates a spontaneous reaction [162].

The equilibrium reduction potential of a half reaction can also be referenced as the open circuit
potential, which is when the forward and reverse reactions are at equilibrium and the net current
is zero. Overpotential (1) is the driving force for any electrochemical reaction and it can be
calculated as the difference between the working electrode potential (V) and the equilibrium
potential (U) relative to same RE.

The current obtained for a given overpotential is determined by the kinetics of the reaction and

mass transfer effects. Current density is a more useful aspect in assessing an electrochemical
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reaction as compared to current and it can be calculated as current per unit geometric surface
area/electrochemical surface area or per unit mass [162].

The Faradaic kinetics of a system can frequently be described by the Butler-Volmer equation,
wherein the total current density (i) can be written in terms of anodic (i, ) and cathodic (i) current
density terms:

i= i, +i, (1.6)

= e (42) - ep (2] 0

Where, i, is the exchange current density (mA/cm?), a is the anodic or cathodic transfer
coefficient, R is gas constant and 7 is temperature. Near equilibrium, both the anodic and cathodic
current density terms must be considered but if the reaction is far away from equilibrium, only one
of the anodic/cathode reactions dominate and we can reduce Butler-Volmer equation to Tafel

equation, which is given by [162]:

i, = ipexp (%) (Anodic Tafel) (1.8)
i, = —iyexp (%) (Cathodic Tafel) (1.9)

The Tafel equation can be simplified to get a relationship for overpotential as a function of
current density, which can be used to calculate charge transfer coefficient (fraction of total
potential energy that imparts activation energy for an electrochemical reaction) (via «) and Tafel
slope (slope of the plot of overpotential vs log of current density indicating overpotential required

to increase reaction rate by an order of magnitude) (b, mV/decade) as:
RT . RT .
n=— —In(=0) +-7n (i) (1.10)

n=—bln(=i) + aln (iy) (1.11)

20



The efficiency of an electrocatalyst can be described by its exchange current density
(equilibrium anodic and cathodic current density, mA/cm?), Tafel slope (mV/decade), current
density for a given overpotential (mA/cm?) and overpotential required to reach a desired current
density (Volts). Catalyst efficiency is primarily measured in terms of Faradaic efficiency, which
quantifies the fraction of total current that drives the desired reaction [162]. Some important
electrochemical reactions that are extensively researched include proton/water reduction to
hydrogen gas, oxygen reduction to water, CO; reduction to hydrocarbons and nitrogen reduction
to ammonia. These reactions have applications in fuel cells, batteries and wastewater treatment as
well as biomass and carbon dioxide upgrading to fuels and chemicals [43,147,164—166].

Electrochemical processes have been used commercially for high scale production of
chemicals for e.g. electrohydrodimerization of acrylonitrile to adiponitrile, production of chlorine
and sodium hydroxide by Chlor-Alkali process, aluminum metal production, winning and refining
processes to produce Cu, Ni, Mg, Ti and Zn [167-169]. Adiponitrile is used for the synthesis of
hexamethylenediamine, which is a raw material for the production of nylon-6,6 polymers. Nearly
30 % of the world’s total adiponitrile production is by electrochemical route, led by producers such
as Solutia, Asahi Chemical and BASF. Chlor-Alkali products also act as a precursor for the
manufacture of specialty chemicals used as adhesives, plastics, paints, cosmetics, lubricants,
polymers, etc. Some other chemicals that are produced by electro-organic synthesis include
fluorination of alkyl substrates to perfluorinated hydrocarbons (3M, Bayer, Clariant),
hydrodimerization of formaldehyde to ethylene glycol (Hydro Quebec), epoxidation of propylene
to propylene oxide (Kellog, Shell), reduction of maleic acid to succinic acid (CECRI), reduction
of nitrobenzene to azobenzene (Johnson Matthey), hydrogenation of naphthalene to 1,4-

dihydronaphthalene (Clariant).
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1.4.2 Electrochemical vs Chemical Hydrogenation

Electrochemical/Electrocatalytic hydrogenation (ECH) reactions are emerging as a green
alternative to chemical/chemo-catalytic hydrogenation (CH) reactions for the production of fuels
and chemicals, as they are carried out at room temperature, atmospheric pressure and in the
presence of aqueous solvents. Additionally, ECH uses the protons generated at the anode by water
splitting as a source of atomic hydrogen, thereby lowering the operation and energy cost of the cell
and thus increasing efficiency [170]. This also replaces the transportation, storage, usage of
molecular H; as required in the chemical hydrogenation reaction.

CH and ECH pathways differ in their ways to generate atomic hydrogen. In the CH process,
there is splitting of the externally supplied molecular hydrogen gas to atomic hydrogen, whereas
ECH uses electrons generated by water oxidation (1.12) to reduce protons/hydronium ions from
the electrolyte to atomic adsorbed hydrogen on the cathodic surface by Volmer reaction (1.13)
[170].

Water oxidation: 2HO0 > 4H +4 ¢+ 0> (1.12)
Volmer reaction: H"+e + M 2> (Haas)M (1.13)

In ECH, the kinetic barriers required for H> activation are not required and thus, the reactions
demanding high temperatures and pressures in a chemo-catalytic pathway can take place at
ambient conditions in the electrochemical pathway because of the applied voltage [171].

Electrochemical reaction mechanisms can be distinguished as inner and outer sphere electron
transfer processes. In an inner sphere electron transfer process, reactions occur in an inner
Helmbholtz plane (position of centers of ions or molecules directly adsorbed on electrode surface),
wherein a common electroactive metal complex ligand is adsorbed on the electrode surface which

acts as a bridge for electron transfer from the electrode to the electroactive species. Inner sphere
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reactions are highly dependent on the nature of electrode material. In an outer-sphere process,
electroactive species is present in the outer Helmholtz plane (plane of closest approach for solvated
ions preventing adsorption) and electron transfer takes place with primary coordination spheres
remaining intact. The nature of electrode material might be expected to be less important for such
reactions [162,172].

ECH mechanisms involve inner sphere electron transfer processes characterized by strong
adsorptive interactions of the reactant with the electrode surface [162]. Some carbonyl compounds
(aldehydes and ketones) have also been reported to be hydrogenated through electroreduction
routes (ECR), which do not involve adsorbed hydrogen and thus, surface reaction.
Electroreduction mechanisms can be classified as outer sphere electron transfer reactions since the
reactants do not interact with the electrode surface [162]. In electroreduction pathway, electrons
(e) are still provided by the catalytic electrode, however, the protons (H") required for reduction
are taken directly from the electrolyte. This results in the formation of a radical intermediate (C'-
OH) from reaction of carbonyl reactant with H'/e" pair, which can be further reduced to alcohol by
uptake of another H/e pair or be dimerized to a pinacol product (Figure 7). This
electrodimerization reduces the Faradaic efficiency (FE) of the desired electroreduction or ECH

product [106,159,173].

ECH R~ R +H20

4Hads 2Hads
0] OH

A, Tt >

R

\ / HO OH
R“ R. R" R" RI

Rl

Electroreduction

Figure 1.7 Proposed pathways of ECH and ECR of carbonyl compounds (Reproduced from

[106])

23



The preference for ECH or ECR is determined by the overpotential required for the formation
of adsorbed hydrogen (Hags) and radical intermediate (C'-OH). Thus, ECH is preferred on low
hydrogen overpotential electrodes (Pt, Pd, Ru, Rh) and ECR is favorable on high hydrogen
overpotential electrodes (Pb, Cd, graphite). Medium hydrogen overpotential electrodes (Cu, Ni,
Fe, Co, Au) would involve both ECH and ECR in competition [106].

Metals with high, medium, and low hydrogen overpotential are depicted by the ascending
curve of the volcano plot shown in Figure 8 for hydrogen evolution reaction in acidic solutions. It
shows plot of log of exchange current density against strength of metal-hydrogen bond formed
during an electrochemical reaction. Low hydrogen overpotential electrodes (Pt, Pd, Ru) fall near
the top of the volcano plot, where M-H bond is strong enough to adsorb H atoms but not so strong

that H, gas could not evolved. Thus, their hydrogen adsorption energy is close to zero (AG® =
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Figure 1.8 Exchange current density for HER vs strength of metal-hydrogen bond (AG° is
standard free energy of hydrogen adsorption and 8yis surface coverage with atomic hydrogen
(Reproduced from [325])
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0) and they possess the highest catalytic activity for HER. High hydrogen overpotential electrodes
(Pb, Cd, graphite) adsorb hydrogen very weakly (AG® > 0)and this suggests favoring of ECR
mechanism on such electrodes.

The selectivity for ECH/ECR is also often limited by competitive hydrogen evolution reaction
(HER), which consumes protons to produce H». This can occur by by Tafel or Heyrovsky reactions
and this lowers the electrochemical efficiency of the cell [8,101,106].

Tafel reaction: 2 (Has)M = H2 +2 M (1.14)
Heyrovsky reaction: H" + ¢ + (Haas)M > H> + M (1.15)

As an example, HER and ECR reactions have been reported to decrease the Faradaic efficiency
of ECH of furfural. ECR leads to the formation of dimerized product, hydrofuroin, as opposed to
the desired product, FAL, which can be formed by either ECH or ECR [100,106]. Thus, selective
metal catalysts are desired that have high FE for ECH and desired ECR as compared to HER,
which will help to maximize the efficiency of the reaction.

1.4.3 Types of catalyst

The catalyst utilized in a process could be monofunctional or multifunctional. Monofunctional
catalysts possess one type of functionality and can be acid, base or redox metal catalyst
[18,144,174]. Multifunctional catalysts contain a mixture of materials possessing different
combinations of acid, base and metal catalyst functional moieties [18,144,175,176]. These
functionalities can be supported on high surface area mesoporous materials such as incorporation
of metals into solid acid or base catalyst or a combination thereof to achieve novel heterogenous
catalysts [18,175]. One-pot catalytic cascade reactions usually require multifunctional catalysts to
achieve selective intermediate, product and co-product synthesis, without requiring separation and

purification of intermediates. Cascade reaction mechanisms with multifunctional catalysts involve
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two or more sequential or parallel reactions, which are catalyzed by two or more different active
sites from different catalytic functionalities [160,174—180]. For example, metal organic
frameworks (MOF) can be designed to incorporate acid and basic active sites in their backbone or
to have different metal centers forming bimetallic MOF [175,177]. A representative cascade
reaction is one-pot synthesis of 2-(4-aminobenzylidene)-malononitrile (ABM) catalyzed by metal-
base bifunctional core-shell Pd nanoparticles surrounded by amino functionalized MOF, where
basic MOF catalyzes Knoevenagel condensation of 4-nitrobenzaldeyde and malononitrile to 2-(4-
nitrobenzaldehyde)malononitrile (NBM) and Pd metal nanoparticles selectively hydrogenate NO»
group of NBM to ABM [175]. Similarly, carbon supported bimetallic Au and Pd nanoparticles
have been used for electrocatalytic oxidation of HMF to FDCA via DFF and FFCA intermediate
formation, where Pd/C effectively hydrogenates HMF to DFF and DFF to FFCA and Au/C rapidly
hydrogenates FFCA to FDCA [160]. Such processes would be more sustainable in terms of process

efficiency, waste minimization, resource use and environmental friendliness [174,176].

1.4.3.1 Base catalyst

Some common reported heterogeneous base catalysts include bare and supported: clay
minerals (e.g. Mg-Al, Cu-Al, La-Al hydrotalcites, sepiolite, chrysolite), alkali metal hydroxides
(e.g. KOH/ALO3), alkaline (e.g. MgO, CaO) and rare earth metal oxides (e.g. LaxO3), ZrOo,
bimetallic metal oxides (e.g. ZnO-Al,03;, MgO-TiO), alkali ion-exchanged (e.g. Cs-X, Na-X),
zeolites, supported alkali metal compounds (e.g. Na/Al,0O3), non-oxides (e.g. KF/ALO3),
hydroxyapatites, etc. [144,181-188]. Some of the solid base catalyzed reactions include alkylation,
isomerization, aldol condensation, esterification, transesterification, interesterification, etc.

[144,181-183]. Base catalysts are widely used in industries for fine chemical synthesis [144,182].
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1.4.3.1.1 Hydrotalcite

Hydrotalcites (HT - hydroxycarbonates of magnesium and aluminum) are minerals belonging
to the family of anionic clays, containing anionic species in the interlamellar space [189].
Hydrotalcite like compounds have a general formula of M?* | M**(OH2)* (Axn)".yH20 where
M?* (Al, Fe, Cr) and M** (Mg, Ni, Co, Zn, Cu, Ca) are divalent and trivalent metal cations
respectively, A™(CO*, SO4*, Cl, NO*) is an n-valent anion, and x usually has a value between
0.25 and 0.33 [189-191]. Mg-Al hydrotalcites are also known as layered double hydroxides with
brucite-like (Mg(OH).) layers containing octahedrally coordinated M?* and M>* ions with positive

charge compensated by interlayer anions [189,192] (Figure 9).

OH

@ MZOAI
OH

@ I Interlayer
spacing

Figure 1.9 Schematic of Mg-Al hydrotalcite structure (Reproduced from [193])

A coprecipitation method is conventionally used for the synthesis of HTs [153,194].
Decomposition of HTs gives a high surface area with strong Lewis base sites and weak acid sites
[189,192]. They exhibit memory effects, and rehydration of heat-treated HT recovers their
structure and can form Bronsted base sites by the replacement of anions by hydroxyls [189,192].
Calcination of hydrotalcite is well known to achieve a mixed oxide that possesses Lewis basicity
[153,192,194]. This thermal treatment removes the water molecules, the interlayer charge
compensation anions and other volatile species introduced during coprecipitation. The acidic and

basic properties in the HT can be adjusted with changes in metal and metal composition [189].
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1.4.3.2 Acid catalyst

Heterogeneous acid catalyzed reactions are widely used in industries for reaction processes
such as Friedel Crafts acylation and alkylation, etherification, esterification, transesterification,
dehydration, cyclization, nitrations, halogenations etc. [144,195,196]. Acid catalysts are
characterized by their Lewis and Bronsted acidity or a combination thereof. The strength and
number of the Lewis/Bronsted acid sites determines product selectivity [195]. Lewis acids such as
aluminum chloride need to be supported on a high surface area support such as zeolites, carbon,
silica, zirconia, clays for use as heterogenous catalysts [195,196]. Several Bronsted acid catalysts
have been described in the literature: sulfated zirconia, sulfated titania, zeolites, heteropolyacids,
clays, etc. They can either used in bare form or be supported for high dispersion and better thermal

stability [144,195].

1.4.3.2.1 Heteropolyacid

Heteropolyacid (HPA) catalysts have gained a great deal of interest as they show excellent
Bronsted acidity [197-199]. There acidity approaches the super acid region (Hammett acid
strength = -13.2) leading to high catalytic activity [200,201]. HPAs are composed of protons as
counter cations bound to heteropoly anions having metal-oxygen octahedra as a basic unit. Keggin-
type HPAs have been widely used because of their ease of preparation. An example HPA catalyst,
dodecatungstophosphoric acid (DTP, H;PW12,040) possessing Keggin structure is formed by the

condensation of phosphate ion with tungstate ion.
PO#+ 12 WO4* + 27 H'— H3PW 1204 + 12 H2O (1.16)

Here, phosphorous (P) is the heteroatom, which is located at the center of HPA molecule. The
other atoms, known as polyatoms or addenda atom are bound to central P heteroatom through

oxygen atoms. In the DTP structure, a Keggin unit consists of a central POy tetrahedron, and 12
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Figure 1.10 Schematic of Keggin structure of DTP (Reproduced from [199])

terminal and 24 bridged oxygen atoms that form twelve octahedra of addenda atoms, W,

surrounding it [199,200] (Figure 10).

Typical HPAs used are H3PW 12040, HsS1W12040, H3PMo012040 and H4SiMo012040. The acid
strength and thermal stability of HPAs change with the heteroatom and polyatom (Table 1) and
follow the order as: HiPW12040 > H4SiW12040 > H3PMo012040 > H1SiMo012040. As compared to
other HPAs, the highest acidity and thermal stability is possessed by DTP (H3PW12040), and acid

strength decreases according to the support type, SiO2 > Al,O3 > carbon [199,200,202]

Table 1.1 Acid strength and thermal stability of HPAs [200,203]

Acid Dissociation constants of HPAs in acetone at 25 °C Decomposition
Temperature (°)
pK1 pKz pK3
H3PW 1204 1.6 3 4 465
H4SiW 12040 2 3.6 5.3 445
H3PMo12040 2 3.6 5.3 375
H4SiMo012040 2.1 3.9 59 350

However, HPAs suffer from low surface area, poor stability due to leaching and are highly

soluble in the presence of polar solvents such as alcohol and water. Hydrated conditions lead to
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the decrease in the catalytic activity [204]. Due to their instability and leaching in protonic form
during liquid phase reactions, they tend to have a homogeneous catalytic nature in reaction media
and suffer from poor catalyst recyclability [199].

These problems have been solved by using HPAs supported on mesoporous material such as
mesoporous silica, mesoporous aluminosilicates, alumina, metal oxide, carbon, K-10 clay, etc. and
replacing the protons in HPA with metal ions such as Cs*, AI**, Fe** Ca?*, Co?*, Sn**, Ru**, Fe’",
Zr**, etc. [104,152,209,197-199,202,205-208]. Some polyvalent metal ions such as AI** Fe’",
Ru’*, etc. generate Lewis acid sites in the catalyst, which combined with DTP’s Bronsted acidity

results in higher acidity that the parent DTP [208,210].

1.4.3.3 Metal catalyst:

Metal catalysts are generally used for reduction and oxidation reactions in chemical/electro-
chemical reactions [38,158,211-215]. The various examples of metal catalysts include
precious/noble metals (platinum, rhodium, palladium, ruthenium, gold, silver), transition metals
(nickel, cobalt, iron, copper, etc.), zinc, lead, etc. [36,106,217-220,114,158,165,211,213-216].
These catalysts can be used in different forms such as bare metal (powders, wires, pellets, foils),
metal oxides (copper oxide, manganese oxide, titania, zinc oxide), metal alloys (Raney nickel), or
supported forms (Pt/C, Ni/C, Pt/alumina), etc. [211,213,215,221]. Single atom catalysts such as
metal nitrogen carbon catalysts synthesized by pyrolysis of nitrogen and carbon based precursors
have served as a promising catalyst for oxygen reduction reactions due to high porosity and
atomically dispersed active sites [222—225]. In a chemo- or electro-catalytic reaction, a bare metal
catalyst exhibiting high conversion, yield and FE for a desired reaction can be used for synthesizing
high surface area and selective metal nanoparticle catalysts [211]. Metal nanoparticle catalysts can

help in achieving higher activity, yield, selectivity and FE of the desired products as compared to
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the bulk metal due to high surface area to volume ratio [158,165,226-228]. For example, during
ECH of furfural, electrodeposited copper catalysts exhibited increased yields for FAL and MF
production by 40 and 20 pmol/cm?, as compared to the bare copper catalysts [158]. Higher FE and
product selectivities have been achieved with zinc metal nanoparticle catalysts over bare zinc metal
for CO;reduction reactions [165,226—228]. In the following sections, we discuss various substrates
that can be used for supporting metal nanoparticle catalysts and synthesis of nanoparticle catalysts

by electrodeposition.

1.4.3.3.1 Supports for metal nanoparticle catalysts

There are numerous substrates reported in the literature to support nanoparticle catalysts
[47,223,229,230]. Reticulated vitreous carbon (RVC) has been used as a porous carbon support
for adsorption of catalysts such as Pd/C, Rh/C, Pt/C. RVC provides a high surface area with good
strength and conductivity [229,231]. Carbon felt has been utilized as an efficient catalyst support
in flow cell batteries due to its high mass transfer coefficient, flow permeability, and specific
surface area [230].

Activated carbon cloth (ACC) has been used as a microporous catalyst support for the
adsorption of metals on its surface. Ruthenium has been supported as a catalyst on ACC by
incipient wetness impregnation followed by reducing the impregnated catalyst under Ha stream in
an autoclave [36,47].

MOF have gained attention as highly porous support material for catalyst due to high surface
area, uniform morphology, and tunable chemical composition. Zeolitic imidazolate framework-8
(ZIF-8) is a MOF that contains a zinc ion bound to 2-mehtylimidazole ligands. ZIF-8 and

bimetallic Co-Zn-ZIF, Fe-Co/Zn ZIF have emerged as excellent catalysts for oxygen and CO-
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reduction reactions due to high specific surface area and pore structure which allow adsorption of
the reactants [232-237].
Apart from these substrates, the bulk metal itself has been used as a substrate for the growth

of nanoparticle catalysts by various techniques [165,226-228,238].

1.4.3.3.2 Zinc metal nanoparticles

Zinc metal is a widely used metal reductant. It can serve as practical catalyst because it’s cost-
effective and abundantly available on earth as compared to other precious metal catalysts. In
chemical reactions, it is mainly used in the form of zinc dust or mossy zinc [215]. In
electrochemical reactions, zinc has been used as a bare metal electrode or as metal nanoparticles
with different morphologies. The different forms of zinc that have been used include zinc
nanoparticles [238], porous zinc [226,227], dendritic zinc [228], hexagonal Zn [165], etc.

Electrodeposition is the most extensively used method to make metallic zinc nanoparticles
[165,226-228,239]. There is also a report on zinc nanoparticles synthesis using inverse micelle
encapsulation in poly(styrene)-block-poly(2-vinylpyridine) diblock copolymer with uniform size
distribution varying from 1.7 to 6.8 nm [238]. Zinc metal nanoparticles synthesis by

electrodeposition has been discussed in the following section.

1.4.3.3.3 Electrodeposition

Electrodeposition or electrolytic deposition refers to the deposition of metals on the target
electrode (cathode) using an electrolytic cell containing corresponding metal electrolyte [162].
There have been numerous reports on zinc electrodeposition from various electrolyte baths with
different morphologies [165,226,245,227,228,239-244]. It has been observed that the choice of
zinc precursor, applied potentials, halt time at each potential and number of applied cycles greatly

affects the morphology of electrodeposited zinc nanoparticles.
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Lu et al. electrodeposited Zn on Zn foil from zinc nitrate solution by applying different
multistep potentials of -1 V, -2 V, -2.5 V (vs. Ag/AgCl) each of 0.3-6 s for 30-90 cycles. The
electrodeposited zinc was found to have a porous network of nanoparticles of size ranging from
30 — 70 nm [227]. Won et al. observed the formation hexagonal zinc particles when zinc chloride
was used as a precursor for electrodeposition on zinc foil by applying multi-step potential of — 2
and -2.5 V/SCE of 3 s each for 30 cycles (Figure 11). The size of the particles was found to be in

the range of 400 nm to 1.5 um [165].

Figure 1.11 SEM morphology of electrodeposited hexagonal zinc particle [165]

The formation of porous hexagonal zinc oxide was also observed when
hexamethylenetetramine and ammonium chloride were used as additives, in addition to zinc nitrate
and hydrogen peroxide, as precursor of zinc and oxygen, respectively. The ZnO oxide particles
were allowed to grow for 2 h on Zn foil at a potential of -0.8 V vs Ag/AgCl electrode. The
electrodeposited ZnO was reduced by using cyclic voltammetry from -0.77 to -1.27 V/RHE at a
scan rate of 50 mV/s for 15 min [226].

Zinc dendrites were observed when zinc oxide dissolved in potassium hydroxide was used as
a precursor for electrodeposition. ZnO was electrochemically reduced to metallic Zn on Zn foil

using chronoamperometry at -1 A/cm? for 60 s. The effect of deposition rate on the morphology
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of Zn electrode was studied. It was found that at low and moderate deposition rates of 10 and 20
mA/cm?, fragile and bulky electrodes are formed, respectively. A very high deposition rate of
1A/cm? was required to form uniformly coated Zn dendrite nanostructures with thickness layer of

around 50-100 um [228].
1.5 Reaction Metrics

The variables used to assess the activity of the catalyst for a particular reaction were calculated

using the following equations:

. CAO —C'At

Conversion = (1.17)

CAO

. cgt

Yield = C‘Aj (118)

., cgt
Selectivity = r (1.19)

CBtFTli

Faradaic ef ficiency = (1.20)

Q

where, C,° is the initial concentration of reactant, Cy" is the concentration of the desired
product, Ct is the total concentration of the products (desired and undesired) formed at any time
‘t’; F is the Faraday’s constant; n; is the electron transfer coefficient for a given product and Q is

the total charge passed during electrolysis.
1.6 Overview of work

This work aimed to valorize biomass derived platform chemicals — triglycerides, furfural and
HMF, to produce value-added fuels and chemicals by using catalytic and electrocatalytic processes

(Figure 12).
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Figure 1.12 Value-added chemicals from vegetable oil triglycerides, furfural and HMF

The dissertation involves the following projects:

In Chapter 2, chemical interesterification of triglycerides with methyl acetate was conducted
to co-produce value added chemicals: biodiesel and triacetin. Various base catalysts were screened
for their activity in terms triglyceride conversion and triacetin selectivity. The virgin and the reused
catalyst were characterized to understand their role in activity and verify stability. The reaction
parameters were optimized, and the concentration data of the reaction species recorded at different

temperatures were used to model reaction kinetics. (Figure 1.13a)

In Chapter 3, chemo-selective etherification of HMF was conducted with ethylene glycol to
obtain 5-(2-hydroxyethoxymethyl)furfural (HEMF) - a fuel additive with high conversion and
selectivity. Metal substituted dodecatungstophosphoric acid supported on K-10 clay catalysts were
found to be selective for the synthesis of etherified product (HEMF) over the acetalized product

(5-hydroxymethylfurfural ethylene acetal). All the catalysts were characterized, and high acidity
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of Al substituted DTP/K10 containing Lewis as well as Bronsted acid sites suggested to a play a
role in highest HEMF selectivity. The effect of various experimental reaction parameters was

studied, and reaction kinetics were deduced. (Figure 1.13b)
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Figure 1.13 Overview of the work. a) Interesterification of triglycerides with methyl acetate to
coproduce biodiesel and triacetin using calcined hydrotalcite catalyst, b) Chemo-selective
etherification of HMF with ethylene glycol to 5-(2-hydroxyethoxy)methyl furfural using Al
substituted dodecatungstophosphoric acid supported on K-10 catalyst, c) Electrocatalytic
hydrogenation of furfural to furfuryl alcohol and 2-methylfuran using copper, nickel and zinc
bare metal catalyst, d) Activity comparison of bare and electrodeposited zinc metal catalyst for
electrocatalytic hydrogenation of furfural

In Chapter 4, electrocatalytic hydrogenation (ECH) of furfural was conducted to produce
furfural alcohol and 2-methyl furan. This work establishes the use of zinc as a novel metal catalyst
for the ECH of furfural. Yield and FE of furfural ECH was studied for varying electrolyte pH,
which was found to significantly affect FE and product profile. At near-neutral pH, zinc stood out
as an active catalyst as compared to well-studied copper and nickel catalysts for furfural ECH in

terms of conversion, yield and Faradaic efficiency (FE). Oxidation of zinc was observed during
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electrolysis, only in the presence of furfural, suggesting that oxidized zinc may play a role in the
reaction mechanism. (Figure 1.13c)

In Chapter 5, supported zinc metal nanoparticles were used for the ECH of furfural to achieve
higher conversion, yield and FE of FAL and 2-MF products as compared to bare zinc metal due to
high surface area and porosity. Zinc metal nanoparticles helped in increasing the reaction rate for
the conversion of intermediate radicals in ECH of furfural to FAL and MF instead of forming

dimerized furfural product. (Figure 1.13d)
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Chapter 2
Interesterification of triglycerides with methyl acetate for the co-production biodiesel and

triacetin using hydrotalcite as a heterogenous base catalyst!

2.1 Introduction

As discussed in Chapter 1, formation of glycerol esters such as triacetin is a means to valorize
glycerol formed in addition to biodiesel in the conventional transesterification process
[62,67,77,78,246-248]. Triacetin finds application as a plasticizer and gelatinizing agent in
polymers, explosives, as an additive in cosmetics and pharmaceutical industries [42,249]. It has
also been recognized that triacetin can be successfully used as valuable fuel additive to biodiesel
up-to 10 wt. %. The final fuel mixture thus obtained possesses improved cold, combustion and
viscosity properties, and also meets the ASTM D6451 and EN 14214 quality standards [250].
These aforementioned fuel additives are generally produced by esterification and
transesterification of glycerol with acetic acid and methyl acetate, respectively [93-95]. However,
these procedures require the isolation and purification of glycerol after biodiesel synthesis. As a
result, these two consecutive processes are being carried out independently in two separate
reactors.

There exists a possibility of combining the two reactions in a single one-pot reaction by
conducting interesterification reaction of triglycerides with methyl acetate, where triacetin is
formed as a valuable co-product with fatty acid methyl ester (FAME) instead of glycerol.
Interesterification is highly reversible and leads to the presence of value-added intermediate

compounds, monoacetin-diglycerides and diacetinmonoglycerides, in high quantities in the

IThis work is published as M.S. Dhawan, S.C. Barton, G.D. Yadav, Interesterification of triglycerides with methyl
acetate for the co-production biodiesel and triacetin using hydrotalcite as a heterogenous base catalyst, Catal. Today.
(2020). doi:10.1016/j.cattod.2020.07.056.
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reaction mixture [251]. Their separation using vacuum distillation has been investigated in the
literature [252,253]. Since all the intermediates, and co-products (biodiesel and triacetin) are value-
added chemicals, the atom economy of this process is 100 %. The co-production process leads to
less waste generation as glycerol is not formed and further purification procedures for its
valorization are not required. The only waste generated will be of unreacted triglycerides, methyl
acetate, and waste solvents generated during the desired product purification. Overall, this co-
production process will lead to waste prevention and thus, low E-factor. Also, with the use of
triglycerides, heterogeneous catalyst and co-production process of two products, it satisfies the
green chemistry principles of using renewable feedstock, catalysis and design for energy
efficiency.

This reaction has been mostly studied using chemical homogenous catalysts, enzymes or under
supercritical conditions. Lipases have been extensively studied to successfully catalyze the
interesterification of triglycerides giving nearly quantitative yield of FAME with minimum loss in
activity upon reuse. However, the quantitative production of triacetin was not explored in detail.
Enzyme catalyzed reactions offer the advantages of conducting reactions at mild conditions and
catalyst reusability but fail to achieve higher yields in short reaction times [42,254-257]. There
are reports on the co-production of biodiesel and triacetin under supercritical conditions, but high
reaction temperatures and pressures are required to achieve high yields, which reduces the
scalability of the process [98,258-260]. Casas et al. explored the chemical interesterification of
triglycerides with methyl acetate using potassium methoxide as a homogeneous catalyst. This
reaction can absolutely be achieved with milder reaction conditions and lower operating cost, but
it suffered lower yields due to insolubility of the catalyst in the reaction system and high

reversibility of the reaction. In a further study to solve the solubility issues, they studied the same
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reaction using methanolic potassium methoxide as a catalyst, which increased the reaction rate due
to homogeneity of the process [31]. However, enhanced side reactions were observed due to the
presence of methanol, leading to the production of monoacetin, diacetin and glycerol as side
products [97]. There has been a study on the interesterification reaction of triglycerides using tert-
butoxide in tert-butanol as a catalyst which reduced the side reactions, thereby achieving 73.2 wt.
% and 16.6 wt. % content of biodiesel and triacetin, respectively [96].

We aimed to use a heterogeneous base catalyst for the interesterification reaction which can
achieve good conversion of triglycerides and high selectivity of intermediates and products. In our
previous work, we carried out simultaneous co-production of biodiesel and glycerol carbonate
using calcined hydrotalcite as a catalyst and achieved good conversions [29]. Thus, in the present
work, we intended to use the calcined hydrotalcite as a heterogeneous base catalyst to achieve the
interesterification of triglycerides with methyl acetate to co-produce biodiesel and triacetin. The
effect of different Mg to Al mole ratios in the calcined Mg-Al hydrotalcite catalyst was studied.
These calcined Mg-Al hydrotalcites were screened with their respective metal oxides (MgO,
AlL203) to assess their individual effect on the reaction. The activity of calcined Mg-Al hydrotalcite
supported on hexagonal mesoporous silica (CHT-HMS) was also screened for this reaction.
Additionally, it was thought to study the effect of Ca-Al hydrotalcite on the interesterification
reaction as it has served good activity for the transesterification of vegetable oil in the literature
[261-263]. The reaction kinetics was derived on the basis of the mean concentration profile of the
reactant, product and intermediate species. The virgin and the reused catalysts were fully

characterized.
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2.2 Materials and Methods
2.2.1 Chemicals

Refined soybean oil was obtained from a local market. The average molecular weight of
soybean oil was 874 g/mol and it was of the same fatty acid composition as reported in our previous
study [29]. The following chemicals were obtained from recognized vendors and used as received:
methyl acetate, sodium hydroxide, sodium carbonate (all from S.D. Fine Chemicals Ltd, Mumbai),
magnesium nitrate hexahydrate, aluminum nitrate nonahydrate, calcium nitrate tetrahydrate,
triacetin, methanol High Performance Liquid Chromatography (HPLC) grade, isopropyl alcohol
HPLC grade, n-hexane HPLC grade (all from Thomas Baker, Mumbai), methyl palmitate (97%),
methyl oleate (96%), methyl stearate (99%), methyl linoleate (all from Alfa Aesar, Mumbai),
hexadecyl amine (Otto Chemie Pvt. Ltd., Mumbai), tetraethyl orthosilicate (Sigma—Aldrich,
USA).

2.2.2 Catalyst synthesis
2.2.2.1 Preparation of calcined Mg-Al Hydrotalcite (Mg-Al CHT)

Hydrotalcite of varying Mg-Al ratios (1:1, 2:1, 3:1) was synthesized by a co-precipitation
method. A solution containing 3 - x moles of magnesium nitrate hexahydrate and x moles of
aluminum nitrate nonahydrate for a ratio x/3 = 0.25, 0.33, 0.5 was dissolved in 150 mL distilled
water. Solution of 6 + x moles of sodium hydroxide and 2 mol of anhydrous sodium carbonate was
prepared in 150 mL distilled water. Both the solutions were co-added under mechanical stirring
(speed of agitation = 600 rpm) to the round bottom flask (500 mL) maintained at a temperature of
30°C. The pH of the solution was between 9 and 10. The white precipitate of hydrotalcite obtained

was digested at 60°C for 12 h. Hydrotalcite was washed with distilled water until neutral pH and
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then dried at 100°C for 24 h. Dried hydrotalcite was crushed to fine powder and calcined at 500
°C for 6 h to obtain calcined Mg-Al hydrotalcite (Mg-Al CHT) [153,264,265].
2.2.2.2 Preparation of calcined Ca-Al Hydrotalcite (Ca-Al HT)

Ca-Al HT of mole ratio 3:1 was prepared by co-precipitation. A solution of calcium nitrate
tetrahydrate (0.09 mol) and aluminum nitrate nonahydrate (0.03 mol) was prepared in 150 mL
distilled water. This solution was co-precipitated by co-adding it with a solution of sodium
hydroxide (0.18 mol) and anhydrous sodium carbonate (0.06 mol) prepared in 150 mL distilled
water. The rest of the procedure was followed in a similar manner as described above for Mg-Al
hydrotalcite. The Ca-Al HT catalyst was calcined at 500 °C for 6 h.
2.2.2.3 Preparation of 10 % w/w Mg-Al CHT supported on hexagonal mesoporous silica

(CHT-HMS)

HMS was prepared by a protocol reported in literature [153,265,266]. CHT-HMS of Mg-Al
mole ratio 3:1 was synthesized by co-precipitation. A solution containing magnesium nitrate
hexahydrate (0.009 mol) and aluminum nitrate nonahydrate (0.003 mol), and a solution of sodium
hydroxide (0.027 mol) and anhydrous sodium carbonate (0.008 mol) were each prepared
separately in 50 mL distilled water. To 5 g of HMS, the above solutions were added simultaneously
under mechanical stirring (600 rpm) in an oil bath maintained at 30°C. The rest of the procedure
was followed in a similar manner as described above for Mg-Al hydrotalcite. The fine powder was
calcined at 500 °C for 6 h to obtain 10 % w/w CHT-HMS.
2.2.2.4 Preparation of MgO and Al,O3

MgO and Al,Os; were synthesized by co-precipitation procedure. A 150 ml solution of
magnesium nitrate hexahydrate (0.5 M) was co-added with a 150 ml solution of sodium hydroxide

(0.5 M) in a round bottom flask under mechanical stirring to obtain white precipitates of Mg(OH)..
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Similarly, a solution of aluminum nitrate nonahydrate (0.5 M) was co-added to the same
concentration of sodium hydroxide solution to obtain Al(OH)s. The neutralization, washing,
filtration and drying procedures were carried out in the same way as described above (Section
2.2.1). The calcination was performed at 500 °C for 6 h to get MgO and Al>O; catalyst.

2.2.3 Catalyst characterization techniques

The fresh and reused catalyst was characterized by various techniques such as TPD, XRD, FT-
IR, SEM, N: adsorption-desorption for BET surface area and DSC-TGA. The characterization
protocol is given here.

TPD analysis was conducted using a Micromeritics AutoChem I 2920 chemisorption analyzer
in which NH3 and CO; was used as probe molecule for finding acidity and basicity of samples,
respectively from temperature 50-500°C at ramp rate of 10 °C per min. The catalyst was taken in
a quartz tube and was pre-treated with helium at 350 °C for 30 min. The temperature is then brought
down to 50 °C under the constant flow of helium. Then 10 % NH3/COz in helium as preparation
gas was passed through the tube for 60 min. Then, the sample was flushed with helium for 30 min
to remove any physisorbed ammonia molecules on the catalyst surface. The temperature was then
increased gradually to 500 °C and the amount of desorbed ammonia molecules were detected by a
TCD detector and quantified by calibration.

XRD analysis was done on a Bruker AXS diffractometer using Cu Ka radiation (1.5406 A°)
at 40kV and 100Ma. Measurements were taken in steps of 0.010° in 17.7s step time from 20 = 5—
80°.

FTIR patterns were recorded on Bruker vortex 80V spectrophotometer and analysis was

carried out from 4000-400 cm™ using KBr Pellets. A blank KBr pellet was taken as reference
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against each sample. KBr and samples were mixed in 100:1 ratios (approximately) and pressed to
make pellets.

Surface area and pore size distribution measurements were measured by N> adsorption-
desorption process at —196°C on ASAP 2010 instrument, Micromeritics, USA. The measurements
were made after subjecting the sample to degassing under high vacuum at 200 °C for 4 h.

The surface morphology and elemental analysis of the catalyst was done using SEM and
EDAX (JEOL-JSM 6380 LA, Japan). The dried samples were mounted on specimen studs and
sputter coated with thin film of platinum to prevent charring.

DSC-TGA analysis was conducted using a Shimadzu DTG-60H differential thermal
gravimetric analyser in which measurements were carried out from 30-500°C with ramp rate of
10°C per min in nitrogen atmosphere.

2.2.4 Reaction Procedure

The interesterification reactions were performed in a 100 ¢cm? high pressure autoclave (Amar
Equipments Pvt. Ltd., Mumbai) equipped with pitched bladed turbine impellor, temperature
controller and pressure indicator. Soybean oil triglycerides acted as a limiting reagent. Methyl
acetate was utilized as reactant as well as solvent. The control reaction was conducted using 0.008
mol soybean oil, 0.4 mol methyl acetate (1:50 molar ratio) (total volume = 40 ¢cm?) and catalyst
loading 0.04 g/cm? (1.6 g) at an agitation speed of 1000 rpm at 200 °C. The samples were collected
periodically using sampling valve till 4 h and the catalyst particles present in the sample were
removed by filtration.

2.2.5 Reaction Analysis
The conversion of soybean oil triglycerides and selectivity of intermediates as well as triacetin

was analyzed by HPLC (Agilent 1200 Infinity series) using Agilent C18 reverse phase column
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(250 mm x 4.6 mm, 5 um) with gradient elution of methanol and isopropyl alcohol-hexane (5:4,
v/v), as reported in our previous study [29] and also in literature [267]. The compounds were
analyzed using a UV detector at a wavelength 205 nm with a column temperature of 40 °C,
injection volume of 10 uL, phase flow rate of 1.0 ml min! The details of the analytical
methodology (Table A2.1) and chromatogram of reaction mixture (Figure A2.1) are given in the
Appendix. Product confirmation was done by GC-MS (Thermo Scientific Trace 1300 Gas
Chromatograph equipped with an ISQL LT single quadrupole Mass Spectrometer) using TG-5MS
capillary column (150 mm x 0.25 mm, 0.25 um) (Figure A2.2-A2.7).

The conversion calculations were done using soybean oil triglycerides (T) as the limiting
reactant (2.1). The total area under the peaks of soybean oil triglyceride, monoacetindiglycerides
(MA), diacetinmonoglycerides (DA) were used to calculate conversion and selectivity. The

selectivity of triacetin was calculated by taking into account MA, DA and triacetin (TA) (1.2).

, cr® —cpt
Conversion = 0 (2.1)
T

.. . . Crat
Selectivity (Triacetin) = N CTA Fr ot (2.2)
MA DA TA

where, C;° is the initial concentration of triglyceride and C;*, Cyat, Cpa®, Cra® are the

concentrations of the triglyceride, MA, DA and TA at any time, ‘¢ .

2.3 Results and discussions
2.3.1 Catalyst characterization
2.3.1.1 TPD
The different Mg:Al mole ratio in the Mg-Al CHT was suspected to have the most effect on
the basicity and acidity profiles of the catalyst. Hence, TPD analysis was done for all the catalysts

to determine acidity and basicity using NH3 and CO; as probe molecules, respectively. TPD
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analysis of all the catalysts confirmed the presence of both weak basic and acidic sites (Figure 2.1
and 2.2). The basicity and acidity of Ca-Al HT and CHT-HMS, despite containing Ca and Mg to
Al in the ratio 3:1 respectively, was found to be similar to Mg-Al CHT (1:1). This means that the
basic and acidic sites of Mg-Al CHT in CHT-HMS were masked by neutral HMS. Also, Ca-Al
HT (3:1) imparts lower basicity to hydrotalcite as compared to Mg-Al CHT (3:1). The values of
the concentration of these sites are given in Table 2.1.

Table 2.1 TPD analysis of the catalysts

Catalysts CO, TPD NH; TPD

analysis analysis

Basicity Acidity

(mmol/g) (mmol/g)
Ca-Al HT 0.62 0.24
CHT-HMS 0.69 0.55
Mg-Al CHT (1:1) 0.64 0.58
Mg-Al CHT (2:1) 0.77 0.57
Mg-Al CHT (3:1) 0.9 0.82
Reused Mg-Al CHT (3:1) 0.89 0.75

It was found that with the increase in Mg-Al mole ratio, the basicity of the Mg-Al CHT catalyst
increased. Mg-Al CHT (3:1) possessed the highest basicity. The spent catalyst showed a negligible

loss in the basic and acidic sites after reuse confirming the stability of the catalyst.

46



®
2 ©
E
2 @
[=]
Q
= ©
®)
@
0 I(I)O 2(')0 3(l)0 4(l)0 5(')0

Temperature (°C)

Figure 2.1 CO,-TPD patterns of catalysts (a) Ca-Al HT (b) CHT-HMS (c) Mg-Al CHT (1:1) (d)
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Figure 2.2 NH;-TPD patterns of catalysts (a) Ca-Al HT (b) CHT-HMS (c) Mg-Al CHT (1:1) (d)
Mg-Al CHT (2:1) (e) Mg-Al CHT (3:1) (f) Reused Mg-Al CHT (3:1)
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2.3.1.2 XRD

The XRD patterns of all the catalysts are shown in Figure 2.3. XRD pattern of Ca-Al HT
showed a very small peak at low © value (23.2°) which correspond to the conversion of the layered
structure of Ca-Al layered double hydroxide to Ca-Al mixed oxide, and formation of amorphous
phase (JCPDS 890460). The sharp, symmetric peak at 29.6° and broad peaks at high © values (35-
65°) indicate the formation of a crystalline calcite phase (CaCO3), which might have resulted from
the non-uniform distribution of Ca and Al cations, resulting in Ca?* ions agglomeration (JCPDS
72-1652). This is in accordance with the XRD results obtained by Cortez et al. [261]. 10 % w/w
CHT-HMS showed a strong reflection at 21.2°, corresponding to that of amorphous SiO- obtained
after calcination of HMS. The Mg-Al particles on the surface/pores of HMS might be too small,

and thus no peak of the oxides was obtained in the XRD pattern of CHT-HMS. The XRD pattern
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Figure 2.3 XRD of catalysts (a) Ca-Al HT (b) CHT-HMS (c) Mg-Al CHT (3:1) (d) Reused
Mg-Al CHT (3:1)

48



of Mg-Al CHT (3:1) depicted characteristic peaks of the Mg-Al oxide at 43° and 62.4°
corresponding to (200) and (220) planes (JCPDS 45-0946). This shows that after calcination, the
layered double hydroxides were transformed to Mg-Al mixed oxides and the intensity of peaks
signify amorphous material. The crystallite size of Mg-Al CHT (3:1) was calculated as 11.3 nm
using the Scherrer equation. It increased to 16.6 nm after reuse. Reused Mg-Al CHT (3:1) showed
similar reflections as Mg-Al CHT (3:1) indicating the fidelity of the catalyst.
23.13 FT-IR

FTIR patterns of all the catalysts are depicted in Figure 2.4. The FTIR spectra of Ca-Al HT
showed the presence of carbonate ions at around 1420 cm™ and metal oxides vibrations at 874 cm-
Vand 711 cm!. The FTIR spectra of CHT-HMS showed broad band at 1069 cm™! corresponding

to Si-O-Si asymmetric stretching vibration, Si-O-Si symmetric vibration at 794 cm!, O-Si-O
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Figure 2.4 FT-IR spectra of catalysts (a) Ca-Al HT (b) CHT-HMS (c) Mg-Al CHT (3:1) (d)
Reused Mg-Al CHT (3:1)
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bending vibrations at 470 cm!, and a slight presence of water showing —OH stretching and bending
vibration at 3438 cm™! and 1639 cm!. FTIR analysis of Mg-Al CHT (3:1) showed the presence of
Mg-O bands at 426 cm™! and Al-O at 621 cm™'. The bands of carbonates at 1250-1500 cm™! were
of decreased intensity as a result of their loss during calcination [192]. Reused Mg-Al CHT (3:1)
showed a similar FTIR pattern as that of virgin Mg-Al CHT (3:1) along with a slight presence of
H>O molecules, depicted by their stretching vibration at 3457 ¢cm™! and bending vibration at 1633
cm!. This shows that the reused catalyst retains its structure even after reuse, which signifies the
stability of the catalyst.
2.3.1.4 Surface area analysis

The BET surface area, pore volume and pore size of all the catalysts measured by nitrogen

adsorption-desorption method are given in Table 2.2. Ca-Al HT showed a type III isotherm,

(d)

(c)

Quantity Adsorbed (cm3/g STP)

(b)

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Relative Pressure (P/P,)

Figure 2.5 N adsorption-desorption isotherms of catalysts (a) Ca-Al HT (b) CHT-HMS (c)
Mg-Al CHT (3:1) (d) Reused Mg-Al CHT (3:1)
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characteristic of a nonporous or macroporous solid and a little H4 type of hysteresis which
indicated narrow slit-like pores and particles with internal void. CHT-HMS, virgin and reused Mg-
Al CHT (3:1) showed a type IV isotherm signifying a mesoporous solid but with different types
of hysteresis (Figure 2.5). CHT-HMS exhibited H3 type of hysteresis indicating slit-shaped pores
and plate-like particles. The low total specific surface area of CHT-HMS after loading of Mg-Al
CHT on high specific surface area HMS could be due to the blockage of the pores in HMS, which
reduces the accessibility of N> into the pore structure. Similar findings have been reported after
loading Mg-Al CHT on HMS [88,266].

Table 2.2 Surface area, pore volume and pore diameter analysis

Ca-Al HT CHT-HMS | Mg-AICHT | Reused Mg-Al
3:1 CHT (3:1)
BET Surface Area (m>g™) 78.9 74.7 101.1 69.6
BJH Pore Volume (cm® g™) 0.7 0.7 0.9 0.4
BJH Average Pore Size (A) 364.3 384.4 358.4 248.8

Mg-Al CHT (3:1) showed the highest surface area with a H1 type hysteresis loop,
corresponding to well defined cylindrical pores open at both ends with good connectivity
(according to IUPAC classification). Reused Mg-Al CHT (3:1) was found to be stable as it showed
similar textural features with small losses after third re-use.
2.3.1.5 SEM

SEM images of the catalysts are depicted in Figure 2.6. The virgin as well as the reused catalyst

show agglomerated particles with irregular morphology.
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Figure 2.6 SEM images of (a) Mg-Al CHT (3:1) (b) Reused Mg-Al CHT (3:1)
2.3.1.6 EDAX
The composition of the elements of virgin and reused Mg-Al CHT (3:1) catalyst was
determined by EDAX and it showed the presence of Mg and Al in the same mole ratio as that
taken theoretically for the preparation of the catalyst (Table 2.3).

Table 2.3 Elemental analysis of the catalysts

Element (mole %) Mg-Al CHT (3:1) Reused Mg-Al CHT (3:1)
Mg 74.9 74.1
Al 249 25.4

Mg:Al mole ratio 3:1 2.9:1
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2.3.1.7 DSC-TGA

Thermal stability of the samples was determined by DSC-TGA analysis of the catalysts as
given in Figure 2.7 and 2.8. DSC curve of both the catalysts showed an endothermic peak at around
90 °C, which is due to the loss of surface adsorbed water and decomposition of carbonates, thereby
contributing to the weight loss. The TGA analysis of Mg-Al CHT (3:1) showed a total weight loss
of 4.1 %, which meant that the catalyst was stable at higher temperature. Reused catalyst also

showed nearly similar weight loss (7.5 %) as that of fresh catalyst.
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Figure 2.7 DSC analysis of catalysts (a) Mg-Al CHT (3:1) (b) Reused Mg-Al CHT (3:1)
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Figure 2.8 TGA analysis of catalysts (a) Mg-Al CHT (3:1) (b) Reused Mg-Al CHT (3:1)
2.3.2 Interesterification of soybean oil triglycerides with methyl acetate

Scheme 2.1 depicts the transesterification reaction of soybean oil triglycerides (T) with methyl
acetate, which consists of three steps. Fatty acid methyl esters (F) are formed in each consecutive
step of the reaction. Intermediates — monoacetindiglycerides (MA) and diacetinmonoglycerides
(DA) are formed in step 1 and step 2, respectively, followed by formation of triacetin (TA) in step
3. The rate constants of each reversible step are mentioned on the arrow where k; is the rate
constant of first step for conversion of T to MA and k1" is the rate constant of the reverse reaction,
and so on. The effect of various reaction parameters on the conversion of triglycerides and

selectivity of triacetin were studied and plotted as a function of time.
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Scheme 2.1 Consecutive reactions in interesterification of soybean oil triglycerides with methyl
acetate

2.3.2.1 Efficacy of various catalysts

The interesterification reaction was studied using various base catalysts such as MgO,
Alumina, Ca:Al HT (3:1), CHT-HMS (Mg:Al=3:1), Mg-Al CHT (3:1), Mg-1 CHT (2:1) and Mg-
AL CHT (1:1). The reactions were performed for 4 h with the conditions maintained at oil to methyl
acetate mole ratio of 1:50 (total volume = 40 cm?) at 200 °C with agitation speed of 1000 rpm and
catalyst loading of 0.04 g/cm?’. All the aforementioned catalysts had remarkable activity towards
the conversion of soybean oil triglycerides but with varied selectivities towards triacetin (Figure
2.9). MgO showed good activity towards the conversion of triglycerides (85.4 %), but the

selectivity of triacetin was comparatively low (2.4 %). However, the activity of alumina towards
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the interesterification reaction was tremendously low with a conversion of 70.5 % and selectivity
of triacetin as 1 %. This shows that both acidic and basic sites play a role in the reaction to favor
the conversion of intermediates to triacetin. Thus, Mg-Al hydrotalcite was a good choice. CHT-
HMS showed less activity towards the reaction (conversion: 92.7 %, selectivity of triacetin: 2.8
%) which might be due to the hinderance of basic sites by HMS, as shown by XRD analysis (Figure
3). The activity of the Mg-Al CHT catalysts with different Mg: Al mole ratios was close to each
other in terms of conversion with varying selectivities towards triacetin, in the following order:
Mg-Al CHT (3:1) (95.9 %, 5.3 %) > Mg-Al CHT (2:1) (92.2 %, 4.2 %) > Mg-Al CHT (1:1) (89.7
%, 3.9 %). Ca:Al HT also showed appreciable activity, with 92.5 % conversion and 4.3 %
selectivity of triacetin. In all cases it was observed that, higher conversion of intermediate MA to

DA, favored high selectivity to triacetin (TA). Mg-Al CHT (3:1) was found to have the highest

100

MgO Alumina CHT (1:1) CHT (2:1) CHT (3:1) Ca:AlHT CHT (3:1)/
HMS

Catalyst

m Conversion (%)  mSelectivity (MA)  m Selectivity (DA) Selectivity (TA)

Figure 2.9 Effect of different catalysts on the conversion of soybean oil triglycerides and
selectivity of intermediates and triacetin. Soybean oil: 7.0 g, soybean oil:methyl acetate mole
ratio: 1:50, speed of agitation: 1000 rpm, temperature: 200 °C, catalyst loading: 0.04 g/cm?,
total volume 40 cm?, reaction time 240 min
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activity for the conversion of soybean oil triglycerides and selectivity towards triacetin. This is
expected because of the high basicity of this catalyst as compared to the other catalysts, as seen in
TPD analysis (Table 2.1). Hence it was used in further experimental studies and reaction
optimization.
2.3.2.2 Effect of speed of agitation

The speed of agitation was varied from 600-1000 rpm with the other parameters held constant
at catalyst loading of 0.04 g/cm?, mole ratio of oil:methyl acetate at 1: 50 and temperature 200 °C
(Figure 2.10). The conversion of soybean oil triglycerides and selectivity of triacetin increased

from 84 % to0 95.9 % and 4.1 % to 5.3 %, respectively, when the speed of agitation was increased
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Figure 2.10 Effect of speed of agitation on conversion of soybean oil triglycerides and
selectivity of triacetin. Soybean oil: 7.0 g, soybean oil:methyl acetate mole ratio: 1:50,
temperature: 200 °C, catalyst loading: 0.04 g/cm?, total volume 40 cm?, reaction time 240
min.
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from 600 to 800 rpm. There was no appreciable change in the conversion of soybean oil as well as
selectivity of triacetin when the speed was increased from 800 to 1000 rpm. This signifies that at
1000 rpm, mass transfer resistance was minimal, and it was chosen as the agitation speed for
further experimental studies.
2.3.2.3 Effect of catalyst loading

The effect of catalyst loading was studied in the range from 0.03 to 0.05 g/cm?, keeping the
other parameters constant. The conversion of soybean oil triglycerides was found to increase
significantly from 81.2 % to 95.9 % when the catalyst loading was increased from 0.03 g/cm? to
0.04 g/cm?>. The selectivity of triacetin also followed the same trend with increase from 3.8 % to

5.3 % (Figure 2.11). This is due to the proportional increase in the number of catalytic sites which

100 10

Conversion (C) of Soybean oil (%)
Selectivity (S) of Triacetin (%)

30 60 90 120 150 180 210 240

Time (min)
== C (0.03 g/cc) == C (0.04 g/cc) C (0.05 g/cce)
M-+ S (0.03 g/cc) coskeS (0.04 g/cc) S (0.05 g/cc)

Figure 2.11 Effect of catalyst loading on conversion of soybean oil triglycerides and
selectivity of triacetin. Soybean oil: 7.0 g, soybean oil:methyl acetate mole ratio: 1:50, speed
of agitation: 1000 rpm, temperature: 200 °C, total volume 40 cm?, reaction time 240 min.
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can catalyze the conversion of reactants and intermediates to products with higher catalyst loading.
The optimum catalyst loading was found to be 0.04 g/cm? as above this there was not much notable
change observed in conversion and selectivity.
2.3.2.4 Effect of mole ratio of soybean oil triglycerides to methyl acetate

Soybean oil to methyl acetate mole ratio was varied from 1:30 to 1:60 with the total volume
and other parameters held constant (Figure 2.12). Increasing mole ratio of soybean oil to methyl
acetate not only resulted in increasing conversion of soybean oil triglycerides but also favored the
reaction of intermediates with methyl acetate towards triacetin formation. The high viscosity due
to the triglycerides is compensated by using excess methyl acetate. It also acted as a solvent to

dissolve the intermediates and triacetin. The increase in the mole ratio from 1:30 to 1:50 lead to
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Figure 2.12 Effect of soybean oil triglycerides to methyl acetate mole ratio on conversion of
soybean oil triglycerides and selectivity of triacetin. Speed of agitation: 1000 rpm, catalyst
loading: 0.04 g/cm?, temperature: 200 °C, total volume 40 cm?, reaction time 240 min.

59



increase in conversion from 68.6 % to 95.9 % and selectivity of triacetin also doubled. Increase in
the mole ratio from 1:50 to 1:60 did not lead to a much appreciable increase in the conversion of
soybean oil or selectivity of triacetin. Hence, mole ratio of 1:50 was used for further reactions.
2.3.2.5 Effect of temperature

The effect of temperature on the interesterification reaction rate was studied in the range of
180-210 °C with the other variables constant (Figure 2.13). An increase in reaction temperature
led to a significant increase in the rate of the interesterification reaction. Higher reaction

temperatures favored the conversion of triglycerides and intermediates to end product, triacetin.
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Figure 2.13 Effect of temperature on conversion of soybean oil triglycerides and selectivity of
triacetin. Soybean oil: 7.0 g, soybean oil:methyl acetate mole ratio: 1:50, speed of agitation: 1000
rpm, catalyst loading: 0.04 g/cm?, total volume 40 ¢cm?, reaction time 240 min.
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2.3.2.6 Development of kinetic model
For a fixed catalyst loading w, the rates of reaction or formation can be established. The net
rate of consumption of methyl acetate (M) by three parallel reactions is given by the following

equation:

dcC ’ ’ ’
-1y = ——2 = W.{(kyCyCr + kyCpyCra + k3CpCpa) — (ky'CpCuya + k' CeCpa + k3'CrCra)}  (2.3)

dat
The rate of consumption of triglycerides (T) and the rates of formation of fatty acid methyl

esters (biodiesel) (F), monoacetindiglycerides (MA) and diacetinmonoglycerides (DA), triacetin

(TA) are as follows:
dcCr !
—’rT = —? = W. (kchCT - k]_ CFCMA) (2.4)
dc ' '
TMa = aI?A = W. (k1CyCr — ky CpCyp — koCyCya + ko CpCpy) (23)
dc ' ' ’
TF = d_tF =W. (k1CyCr — k1 CpCuyp + koCyCura — ky CpCuya + k3CyCpg — k3 CrCry)
(2.6)
dc ' '
Tpa = st)A = W. (k2CyCya — ky CpCpg — k3CyCpa + k3 CrCry) (2.7)
dCra !
T‘TA = at = W. (k3CMCDA - k3 CFCTA) (2.8)

The mean concentration profile of the reactant, intermediates and product at different
temperature was used to deduce the kinetics using the integral method. The rate equations were
integrated using scipy.integrate.solve ivp in Python [268]. The concentration of T, MA, DA and
TA at all studied temperatures and experimental time points were estimated by nonlinear least
squares fitting of the pre-exponential factor (kyp) and activation energy (E.), using a reference
temperature (To) of 200 °C. The experimental and fitted concentration profile at 200 °C is shown
in Figure 2.14. The fit was found to be good, with an R? value of 99.96 %. The concentration

profiles at other studied temperatures are provided in the Appendix (Figure A2.8). Rate constant
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(k) at 200 °C (equals pre-exponential factor as T = To) and activation energy for each reversible
interesterification step (Scheme 2.1) are given in Table 2.4. Pre-exponential factor and activation
energy calculated at a reference temperature of 200 °C were used to calculate forward and reverse

kinetic rate constants at each studied temperature (T) using the Arrhenius equation (2.9).

k = ko * exp <’% (i - %)) 2.9)

The Arrhenius plot was made using the values of kinetic rate constants (Figure 2.15).
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Figure 2.14 Experimental (x) and fitted (—) concentration (C) profile of soybean oil
triglycerides (T), fatty acid methyl esters (F), monoacetindiglycerides (MA),
diacetinmonoglycerides (DA) and triacetin (TA) as a function of time. Soybean oil: 7.0 g,
soybean oil:methyl acetate mole ratio: 1:50, speed of agitation: 1000 rpm, temperature: 200 °C,
catalyst loading: 0.04 g/cm?, total volume 40 cm?, reaction time 240 min.
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Table 2.4 Rate constant at 200 °C and activation energies for the interesterification reaction

Reaction k (L*/mol//g/sec) E. (kJ/mol)
Step 1 (forward) 6.8X107+44X 10" 61.5+0.01
Step 1 (reverse) 39X 10°+2.9X10° -924+0.9
Step 2 (forward) 13X 10°+22X 107" 50+0.3
Step 2 (reverse) 3.5X10°+8.0X10° -12.6 £0.3
Step 3 (forward) 7.1X10%+1.2X 10" 108.1+£0.2
Step 3 (reverse) 24X10°+63X10° 107.2+0.5
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Figure 2.15 Arrhenius plot with kinetic rate constants (k) as a function of temperature (T)

The activation energy of the first two reverse reactions i.e. conversion of MA to T and
conversion of DA to MA were found to be negative. The negative activation energy suggest that
the first two reversible reactions are non-elementary [269], and likely consist of sub-steps wherein

a pre-reactive intermediate is formed before going to final products. The overall activation energy
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for the interesterification reaction can be written as the sum of individual activation energies of all
steps and it was found to be positive. Thus, increasing conversion and selectivity to MA, DA and
triacetin was found with increasing temperature. The rate constants of the first two reverse
reactions, i.e. k1" and k2" were found to decrease with increase in temperature as a result of negative
activation energy. This means that the reversibility of interesterification reaction increases with
decreasing temperature.
2.3.2.7 Catalyst reusability

Reusability studies of the catalyst Mg-Al CHT (3:1) were conducted over three cycles (Figure
2.16). The catalyst, filtered after the completion of reaction, was washed with methanol to remove
any adsorbed compounds. The catalyst was dried at 100 °C for 12 h followed by calcination at 500

°C for 6 h. The catalyst lost during filtration was replaced with fresh catalyst in each experiment.
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Figure 2.16 Effect of catalyst reuse on the conversion of soybean oil and selectivity of
intermediates and triacetin. Soybean oil: 7.0 g, soybean oil:methyl acetate mole ratio: 1:50,
speed of agitation: 1000 rpm, temperature: 200 °C, catalyst loading: 0.04 g/cm?, total volume
40 cm?, reaction time 240 min.

There was a marginal decrease of 1.6 % in conversion of triglycerides and 0.5 % in the selectivity
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of triacetin at the end of the 3" reuse. The reused catalyst was also characterized by various
techniques as discussed earlier. The results show the stability and activity of the catalyst after three

reusces.

2.4 Conclusion

The interesterification of soybean oil triglycerides with methyl acetate to co-produce biodiesel
and triacetin was studied using various heterogeneous base catalysts. Mg-Al CHT (3:1) was found
to be the best catalyst for the conversion of triglycerides and selectivity towards triacetin. The
reaction conditions were optimized at agitation speed of 1000 rpm, a catalyst loading of 0.04 g/cm?,
oil to methyl acetate mole ratio of 1:50 and a temperature of 200 °C. Increase in temperature was
found to enable the reaction towards higher triacetin formation. The kinetic model for the system
was developed using concentration data and the activation energy of each step was calculated. The
virgin and the reused catalyst were fully characterized to establish its structural fidelity. The

catalyst was found to be stable and reusable without any significant loss in its activity.
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Chapter 3
Chemo-selective etherification of 5-hydroxymethylfurfural to 5-(2-
hydroxyethoxymethyl)furfural using aluminum substituted dodecatungstophosphoric acid

supported on K-10 clay as catalyst ?
3.1 Introduction

The production of AMFs by etherification of HMF with alcohols was highlighted in Chapter
1. MMF and EMF are well recognized high energy density fuel additives produced by reaction of
monohydroxy alcohol with HMF [45,121,129,137]. MMF and EMF pose problems when used at
higher concentration to blend with petroleum fuels or biodiesel [ 140]. Branched or high-molecular
weight AMF have been reported to overcome these problems as they exhibit improved cold flow
properties [138,270,271]. The literature is primarily limited to C1-C5 primary or branched alcohols
[136,138,272,273]. It was reported that AMFs produced by reacting HMF with di- or tri-hydroxy
alcohols can be used to produce better fuel additives with enhanced blending characteristics than
the ethers produced from monohydroxy alcohols - methanol or ethanol [140].

5-(2-Hydroxyethoxymethyl)furfural (HEMF) is one such AMF which is obtained by
etherification of HMF with ethylene glycol in the presence of an acid catalyst [139,140]. HMF
possesses both alcohol and aldehyde functional groups which on reaction with ethylene glycol can

give rise to ether [139,140] and/or acetals [274] depending on the catalyst and conditions used.

’This work is under revision as M.S. Dhawan, G.D. Yadav, S. Calabrese Barton, Chemo-
selective etherification of 5-hydroxymethylfurfural to 5-(2-hydroxyethoxymethyl)furfural using
aluminum substituted dodecatungsto-phosphoric acid supported on K-10 clay as catalyst, Green

Chemistry (2021).
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The desired reaction is depicted by Scheme 3.1, where the hydroxyl group of HMF reacts with
ethylene glycol to give an ether - 5-(2-hydroxyethoxymethyl) furfural (HEMF). Water is the only
co-product formed in the etherification reaction; this results in an atom economy of 90 %. If water
is recycled in the process, the E-factor will be <1 %. Again, with the use of HMF as reactant and
heterogeneous catalyst of the reaction, it satisfies the green chemistry principles of using
renewable feedstock and catalysis. The side reaction is depicted by Scheme 3.2, where ethylene
glycol instead reacts with the aldehyde group of HMF to produce undesired 5-
hydroxymethylfurfural ethylene acetal (HMFA). The formation of side product HMFA will lead
to a high E-factor. Ethylene glycol is used in excess to act as a reactant as well as solvent for the

reaction. Unreacted HMF and ethylene glycol (if not recycled) will also contribute to high E-factor.

OH
OH O
| p: + HOT NS /\E)—/ + H,0
5-hydroxymethylfurfural Ethylene glycol 5-((2-hydroxyethoxy)methyl)furfural

(HMF) (HEMF)

Scheme 3.1 Etherification reaction of HMF with ethylene glycol to give 5-(2-
hydroxyethoxymethyl) furfural

o= © on OH ° 0 OH
| / L R — </ | / + HO
o

5-hydroxymethylfurfural Ethylene glycol 5-hydroxymethylfurfural ehtylene acetal
(HMF) (HMFA)

Scheme 3.2 Acetalization of HMF with ethylene glycol to give side product - 5-
hydroxymethylfurfural ethylene acetal
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HEMF was formed as a co-product with HMF as a result of direct reaction of fructose with
ethylene glycol in 0.5 wt. % sulfuric acid at 85 °C [140]. Cottier et al. reported the production of
HEMF using pyridine HCI as a catalyst to obtain 24 % yield at 160 °C temperature and 20 Torr
pressure [139]. Pyridine HCI and sulphuric acid are homogenous acid catalysts, which are non-
reusable, toxic, and environmental unfriendly [275,276]. Conversely, Hara et al. reported the
formation of HMFA with 80 % spectroscopic yield by acetalization of HMF with ethylene glycol
using cerium phosphate as a catalyst at reflux conditions [274]. Thus, chemo-selective acid
catalysts are required to guide the reactivity of HMF with ethylene glycol towards the formation
of ether.

Catalysts possessing slight Lewis and strong Bronsted acidity have been found efficacious for
achieving high AMF product selectivity [138,271]. Furanix Technologies reported a patent on the
etherification of HMF with di- or tri-hydroxy compounds typically in the presence of homogenous
catalysts such as organic, inorganic acids, Lewis acids, to give HEMF. The temperature of the
reactions was preferably said to be in the range of 150-225 °C. The inventors said that
heterogeneous catalysts such as protonic, Bronsted or Lewis acids can be used for this reactions
for purification reasons [140]. Lewis acidity and weak basicity in the cerium phosphate catalyst
was reported to be selective for the HMFA production [274]. Thus, the aim was to find a
heterogeneous strong Bronsted acid catalyst that is active for HEMF formation by reaction of
ethylene glycol with Bronsted acid-sensitive hydroxyl group in HMF. In this work, etherification
of HMF was studied with ethylene glycol as a reactant as well as solvent using metal supported
heteropoly acid catalysts to produce HEMF.

Heteropoly acid (HPA) catalysts were chosen to serve this purpose as they show excellent

Bronsted acidity in the literature [197-199]. Amongst the HPA, dodecatungstophosphoric acid
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(DTP, H3PW12049) catalyst possessing Keggin structure has the highest acidity and thermal
stability as compared to other HPAs [199,202]. Supporting HPAs on mesoporous material such as
metal oxide, carbon, K-10 clay, etc. and the replacement of the protons in the HPA with metal ions
such as Cs*, AI**, Fe** etc. has been reported to solve leaching, thermal stability and low surface
area problems associated with the HPA catalyst [104,152,197,199]. Cs substituted DTP catalysts
has been widely used for many acid catalyzed reactions [198,199,202,205,206]. Several metal ions
such as Na®, Sm**, Sn*', Ag*, Ca?’, Co?", Sn*", Ru**, Fe**, Zr*', and AI’* substituted catalysts have
been used for various reactions [207-209]. Some polyvalent metal ions such as Fe**, Sn**, Ti*",
Bi*" and Ru** have been reported to act as electron pair acceptors generating Lewis acid sites in
the substituted heteropoly acid catalyst and possessing higher Bronsted acidity due to dissociation
of coordinated water caused by the polarizing effect of the cation [208,210]. Also, Al substituted
DTP catalyst has been reported to possess higher acidity than the parent DTP catalyst [152]. Thus,
it was thought to study the effect of different valency metal ion substitutions on the acidity of

DTP/K-10 catalyst and their activity for the etherification reaction.
3.2 Materials and Methods

3.2.1 Chemicals

HMF was obtained as a gift sample from Godavari Chemicals, Mumbai, India. The chemicals
purchased from the reputed firms were as follows: ethylene glycol, dodecatungstophosphoric acid,
aluminum nitrate, cupric chloride, cesium chloride (S. D. Fine Chemical Ltd., Mumbai), zirconyl
nitrate, acetic acid, acetonitrile HPLC grade (Thomas Baker, Mumbai), montmorillonite K-10 clay

(Sigma Aldrich, USA). All chemicals were used without further purification.
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3.2.1.1 Catalyst synthesis

Four different (20 % w/w) metal substituted dodecatungstophosphoric acid catalysts (20 %
w/w Mx-DTP) supported on montmorillonite K-10 clay (Mx-DTP/K-10) were prepared using
incipient wetness impregnation technique, where x represents the number of metal ions
[152,197,202]. The source of metals was cesium chloride for Cs, cupric chloride for Cu, aluminum
nitrate for Al and zirconyl nitrate for Zr. Metals with varying valencies from 1-4 i.e. Cs, Cu, Al
and Zr were exchanged with 2 hydrogens of DTP while retaining 1 hydrogen ligand, in order to
study the metal valency effect on the catalyst and its activity. Thus, 20 % Cs-DTP/K-10, Alg.66-
DTP/K-10, Cu;-DTP/K-10 and Zro s-DTP/K-10 were prepared. In the case of aluminum, different
variants of 20 % (w/w) aluminum exchanged DTP/K-10 were obtained - Alp.cs-DTP/K-10, Al 33-
DTP/K-10 and Alog3s-DTP/K-10 based on the retention of 2 and 0.5 hydrogen in DTP,
respectively. At least 0.5 hydrogen was required to be maintained in the DTP to maintain its
acidity.

The procedure for synthesizing the catalysts consisted of three stages: metal loading, DTP
loading and calcination. For preparing 20 % (w/w) Aloes-DTP/K-10, K-10 was dried in oven
overnight at 120 °C to remove moisture. The desired amount of aluminum nitrate was added to 5
mL of methanol and sonicated to obtain a homogenous solution. 4 g dried K-10 was taken in a
beaker and 5 mL CsCl solution was added to it intermittently (approximately 1 mL each time).
The mixture was mixed and crushed using pestle-mortar under ambient conditions until it was dry.
The formed impregnated solid was dried in oven at 120 °C for 4 h to remove the residual methanol.
The solid mixture was further impregnated with 5 mL solution of DTP in methanol intermittently
as described previously to obtain a dry catalyst. The resulting mixture was again dried in oven at

120 °C for 4 h and subjected to calcination at 350 °C for 3 h to get active Alo.ce-DTP/K-10 catalyst.
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Similarly, 20 % (w/w) Cu;-DTP/K-10, Zros-DTP/K-10, Cs2-DTP/K-10, Alp33-DTP/K-10, Alg.s35-
DTP/K-10 and DTP/K-10 (without metal loading to serve as a blank) were prepared.
3.2.1.2 Catalyst characterization

The virgin and the reused catalysts were characterized by different techniques: XRD, FTIR,
N2 physisorption surface area and porosimetry, SEM, TPD, DSC and TGA. The details of the
characterization protocol are mentioned in Chapter 2 and can also be found in the literature [30].
The methodology followed for analysis using XRD, FTIR, and SEM techniques is same as given
in Chapter 2. TPD analysis was performed in the temperature range of 50-700 °C at ramp rate of
10 °C per min to detect any strong acid sites at higher temperatures. For BET surface area and
porosity analysis, the samples were degassed under high vacuum at 300 °C for 6 h. DSC and TGA
analysis was performed in the temperature range of 50-700 °C with ramp rate of 10°C per min in
nitrogen atmosphere to confirm the stability of the catalyst at high temperatures.
3.2.1.3 Reaction procedure

All etherification experiments were conducted in a 50 mL glass reactor equipped with 4 baffles
and a standard 6-blade turbine impellor. The control experiment consisted of 5.95 mmol HMF,
0.178 mol ethylene glycol (1:30 molar ratio) as reactant as well as solvent with a total volume of
12 ¢cm?, catalyst loading of 0.03 g/cm?at 100 °C with a speed of agitation of 1000 rpm for 6 h.
After the reaction, the reactor was cooled down and the mixture was filtered to obtain the catalyst
and the product solution.
3.2.1.4 Reaction analysis

The conversion of the reactant, HMF and formation of the product, HEMF, was monitored by
HPLC (Agilent 1200 Infinity series) using Agilent C8 reverse phase column (150 mm x 4.6 mm,

5 um) maintained at a temperature of 25 °C. 0.1 % acetic acid in DI water and acetonitrile in the

71



ratio 80:20 v/v was used as a mobile phase with isocratic elution through the column at a flow rate
of 1 mL/min. 10 pL of reaction mixture was injected in the column and analyzed using UV
detector at a wavelength of 240 nm. A representative HPLC chromatogram of the reaction mixture
containing HMF, HMEF and HMFA is shown in Figure A3.1. The products were confirmed using
the same method by LC-MS (Agilent 1200 Infinity series equipped with 6140A single quadrupole
mass spectrometer) using Agilent C8 reverse phase column (250 mm x 4.6 mm, 5 um) (Figure

A3.2).
3.3 Results and Discussion

3.3.1 Catalyst characterization
3.3.1.1 XRD

The XRD spectra of all the catalysts is shown in Figure 3.1. Montmorillonite K-10 shows
amorphous nature. The K-10 showed characteristic mineral clay peaks at 20.3° and 35.1°. The
sharp peaks observed at 26.8°, 50°, 59.8° are attributed to quartz impurity. This is in agreement
with the results obtained by Wu et al. [38]. In Figure 1b, the DTP/K-10 shows the same peaks as
K-10. The peak intensity decreases after the loading of DTP and in metal exchanged DTP catalysts.
The crystalline nature of the DTP is well-substantiated in the literature with the finding that the
loading of DTP on K-10 results in the loss of its crystallinity [197,277]. DTP and metal exchanged
DTP catalysts do not show distinct peaks which can be due to low loading (20 % w/w) or high
dispersion on the K-10 support. No significant change in the XRD pattern of all the catalysts

confirms good dispersion of the catalyst on the support material. This could also have imparted
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Figure 3.1 XRD of catalysts (a) K-10 (b) DTP/K-10 (c) Cs,-DTP/K-10 (d) Cu,-DTP/K-10 (¢)
Zr, -DTP/K-10 (f) Al -DTP/K-10 (g) Reused Al, . .-DTP/K-10

the amorphous nature to all the catalysts similar to K-10. The reused Al -DTP/K-10 catalyst

shows similar spectra as the of fresh catalyst establishing the fidelity of the catalyst after reuse.
3.3.1.2 FT-IR

The FT-IR was done of all the catalysts to verify the retention of the Keggin structure of DTP
after metal exchanging and loading on the K-10 support (Figure 3.2). In Fig. 2a, the broad peak
shown by K-10 at around 1049 and 523 cm'! is attributed to Si-O stretching and bending vibration,
respectively in the tetrahedral clay. The bands at 469 and 692 cm™ are due to the quartz impurity.
The peak at 916 cm! corresponds to the bending vibration from the binding of the Al atoms to the
hydroxyl group and the peak at 795 ¢cm™! results from Si-O-Al vibrations [278,279]. Fig. 3.2b

shows the FT-IR spectra of DTP/K-10 which is similar to that of K-10 but the intensity of the K-
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10 peaks has decreased which is most likely due to the well-dispersed loading of the catalyst on
the support. Distinct peaks are seen in the DTP/K10 and all metal exchanged DTP/K-10 catalysts
which arise from the characteristic Keggin structure of the DTP [152,280]. The band at 986 cm™!
is due to the terminal W=O vibration, 895 cm™! to W-O-W vibration and 1082 cm™' to the P-O
stretching frequency in the central tetrahedra of the polyanion. The peaks at around 1630 and 3629
cm! depict -OH bending and stretching vibrations, respectively, which correspond to the presence
of water in the DTP. All the catalysts show similar spectra which confirm the intactness of the
Keggin structure after supporting metal exchanged DTP catalysts on K-10. Similar FT-IR spectra

are shown by fresh and reused Al -DTP/K-10 which confirm the structural stability of the

catalyst after third reuse.
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Figure 3.2 FTIR of catalysts (a) K-10 (b) DTP/K-10 (c) Cs,-DTP/K-10 (d) Cu,-DTP/K-10 (¢)
Zr, -DTP/K-10 (f) Al ,-DTP/K-10 (g) Reused Al . -DTP/K-10

74



3.3.1.3 NH3:-TPD

NH;-TPD analysis of the synthesized catalysts was done from 100 to 650 °C to analyze the
acid strength of the catalysts (Figure 3.3 and 3.4). All the catalysts showed TPD peaks in the range
of 100-300 °C which signifies the presence of weak acid sites in the catalysts [152].
Montmorillonite K-10 is an acid treated clay and thus possesses an acidity of its own [152,197].
The loading of DTP on K-10 increases the Bronsted acidity of DTP/K-10 catalyst. The substitution
of the hydrogen ions in the DTP with the metal has been reported to cause a slight decrease in the

acidity of the catalyst [152,197]. However, an increase in acidity was observed as valency of the

06 +

04 |

Acidity (mmol/g)

Catalyst

Figure 3.3 Acidity of the catalysts
substituted metal cations increased; Al- and Zr-substituted DTP showed higher acidity than the
DTP/K-10 catalyst. This corroborates the findings in the literature [104,281].
Metallic aluminum possesses innate Lewis acidity [152]. Aloes-DTP/K-10 showed higher
acidity as compared to Alp33-DTP/K-10 which could be due to an overall increase in Lewis and
Bronsted acid sites in the catalyst. The replacement of further hydrogen with the Al metal

(Alo.s3sDTP/K-10) leads to a slight decrease in the catalyst acidity. This suggests that Bronsted
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acidity of the DTP has an important role in the overall catalyst acidity. Negligible loss was

observed in the acidity after reusing Alo.ss-DTP/K-10 catalyst.

TCD Signal (A.U.)
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Figure 3.4 NH3-TPD of catalysts (a) K-10 (b) DTP/K-10 (c) Cs,-DTP/K-10 (d) Cu -DTP/K-
10 (e) Zr, -DTP/K-10 (f) Al ,,-DTP/K-10 (g) Al,, (.-DTP/K-10 (h) Al ¢,.-DTP/K-10 (i)
Reused Al -DTP/K-10

3.3.1.4 Surface area and porosimetry analysis

The surface area and porosimetry data for fresh and reused AI-DTP-K10 was calculated by
nitrogen adsorption-desorption isotherms (Figure 3.5a). The surface area and pore volume data for
K10 support and DTP/K-10 have been well documented in the literature [152,197]. It has been
reported that certain metals (Cs*, AI**) substitution in DTP salt results in increased pore density

and thereby, increased surface area of the catalyst as compared to the parent DTP
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[152,197,204,282]. The catalyst shows type 1V adsorption-desorption isotherms with hysteresis
loop of type H3, indicating mesoporous material [283].

Figure 3.5b further shows the dV/dlog(W) pore volume versus pore width, which clearly
indicates no microporous volume and completely mesoporous nature of the fresh and reused

catalyst. The BET surface area of fresh AI-DTP-K10 was found to be 226.4 m?/g with pore
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Figure 3.5 (a) N> adsorption-desorption isotherms of fresh and reused Al -DTP/K-10

catalyst (b) Pore volume vs pore size distribution of fresh and reused Al . -DTP/K-10 catalyst

diameter and pore volume as 6.4 nm and 0.36 cm?/g, respectively. The reusable catalyst showed
minimal loss in surface area (213.2 m?/g) and pore volume (0.35 cm?/g) with slight increase in

pore diameter (6.6 nm) after three reuses, signifying stable and reusable catalyst material.
3.3.1.5 SEM

The morphology of the Aloss-DTP/K-10, analyzed by SEM, is shown in Figure 3.6. The

particles were found in agglomerates, as observed in the literature for Al and Cs metal substituted
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DTP/K-10 catalysts [152,197,284]. The virgin and reused catalyst show similar morphology

confirming the stability of the catalyst after reuse.

Figure 3.6 SEM images of (a) Fresh Alo.sc-DTP/K-10, (b) Reused Alp.s-DTP/K-10

3.3.1.6 DSC-TGA

DSC-TGA analysis was done to determine the thermal stability of Aloes-DTP/K-10 catalyst.

The Keggin structure of DTP decomposes at 465 °C which results in loss of its acidity [200].
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Figure 3.7 (a) DSC and (b) TGA analysis of catalysts (1) Fresh Alos-DTP/K-10, (2) Reused
Alo.s6-DTP/K-10
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Exchanging the protons of DTP with metal cations and supporting it on inorganic support helps to
enhance its thermal stability [199,285]. The DSC curves of fresh as well as reused Alo.ss-DTP/K-
10 catalyst show an endothermic peak at around 75 and 85 °C, respectively (Figure 3.7a). This
could be attributed to the loss of physisorbed and interlayer water molecules and also due to
decomposition of hydroxide moieties in K-10 clay [152,286]. The TGA analysis of fresh and
reused Alo.es-DTP/K-10 catalyst showed a total weight loss of 15 and 18 %, respectively (Figure
3.7b). An initial weight loss of 12-15 % until 200 °C would result from the loss of adsorbed water,
and subsequent weight loss of 3 % above 470 °C could be due to disintegration of structural -OH
groups in the support. A lower weight loss until 700 °C means that the thermal stability of metal
exchanged DTP/K-10 catalyst is higher, consistent with the literature [152,197].
3.3.2 Etherification of HMF to HEMF

The etherification of HMF with ethylene glycol was studied using different catalysts to
selectively produce HEMF (Scheme 3.1) as compared to HMFA (Scheme 3.2). Ethylene glycol is
used in excess to act as a reactant as well as solvent for the reaction. The effect of different reaction
parameters on the conversion of the reactant and product selectivity were studied with HMF as a

limiting reactant.
3.3.2.1 Catalyst screening

The etherification reaction of HMF with ethylene glycol was screened using various metal
exchanged dodecatungstophosphoric acid catalysts (20 % w/w Mx-DTP/K-10) where metals (M)
vary in valency from 1-4, i.e. Cs, Cu, Al, Zr and x represents the number of metal ions. For catalyst
screening, x was initially taken to retain one hydrogen atom in the DTP. Thus, 20 % (w/w) Cs:z-
DTP/K-10, Cu;-DTP/K-10, Alp.s-DTP/K-10 and Zros-DTP/K-10 were screened for their activity

for the reaction. The catalyst activity was screened for 6 h under the control experimental
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conditions mentioned in Section 2.4. All metal exchanged DTP/K-10 catalysts were found to have
appreciable activity towards the reaction (Figure 3.8). HMF conversion was very low (15.7 %)
with 97.5 % selectivity of HEMF when only K-10 support was used for the reaction. 20 % w/w
DTP/K-10 showed high conversion for the reaction (95.1 %), but the selectivity was very low
(50.7 %). This could be due to very high acidity of DTP which lead to degradation and
polymerization reactions of HMF forming humins.

The order of Mx-DTP/K-10 catalysts conversion and selectivity towards HEMF was as
follows: Cs2-DTP/K-10 (74.1 %, 83.3 %), Cu1-DTP/K-10 (75.9 %, 91.3 %), Alo.ss-DTP/K-10 (98.9
%, 96.6 %) and Zros-DTP/K-10 (96.6 %, 74.2 %). An increase in HMF conversion and HEMF
selectivity was observed with increase in metal valency in case of Cs, Cu and Al substituted
DTP/K-10. This effect could be correlated to the acidity of the catalysts as it was found to increase
with metal valency (Figure 3.3). However, although Zro s-DTP/K-10 possessed the highest acidity,
it gave lower selectivity. This suggests that very high acidity of this catalyst might have led to
HMF polymerization. All 20 % (w/w) Mx-DTP/K-10 catalysts except DTP/K-10 favored higher
ether formation over acetal, thus making them truly chemo-selective. We have achieved almost
complete conversion of HMF during the esterification reaction, which made the separation of
product mixture of HEMF and HMFA easier by vacuum distillation.

Since, aluminum exchanged DTP/K-10 (20 % (w/w) Alo.s-DTP/K-10) was found to give the
best activity for the reaction as compared to other metals, different varieties of 20 % (w/w) Alx-
DTP/K-10 catalysts were prepared and screened for their activity to gain an insight into their role
for this reaction. As mentioned previously, Alp33-DTP/K-10 and Alos3s-DTP/K-10 were
synthesized based on the retention of 2 and 0.5 hydrogen in DTP. Alo33-DTP/K-10 and Alo.g3s-

DTP/K-10 gave lower HMF conversion and HEMF selectivity which might be due to low acidity
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as compared to Alp.sc-DTP/K-10 (Figure 3.3). Higher HEMF selectivity shown by Alo.ss-DTP/K-
10 as compared to Alp33-DTP/K-10 could suggest the role of higher Lewis acidity due to Al metal
favoring HEMF formation. Thus, 20 % (w/w) Alo.sc-DTP/K-10 was selected as the best catalyst
for the reaction considering both the HMF conversion and selectivity towards the desired product.

Hence, it was used in further experimental studies.
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Figure 3.8 Effect of different catalysts on conversion of HMF and selectivity of HEMF.
HMF:Ethylene glycol mole ratio: 1:30, Speed of agitation: 1000 rpm, Temperature: 100°C,
Catalyst Loading: 0.03 g/cm?, Total volume: 12 cm?, Reaction time: 360 min.

3.3.2.2 Catalyst stability

The hot filtration method was used to test the stability and resistance to acid site leaching of
the catalysts [197,277]. In this method, the catalyst was filtered after 30 min of reaction and
reaction was allowed to extend without catalyst for the remaining time at the same control
experimental conditions. The conversion of HMF was measured at the start as well as at the end

of 30 min and 360 min reaction time (Figure A3.3). With DTP/K-10 as catalyst, the conversion
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increased from 57.2 % (t = 30 min) to 92.8 % (t = 360 min). These results suggest that acidic DTP
leached out from the K-10 support during the reaction and thus, it behaved as a strong homogenous
acid catalyst. All Mx-DTP/K-10 catalysts were found to be resistant to leaching in the hot filtration
test as they did not show significant change in HMF conversion after catalyst removal from the
reaction (Figure A3.3). This is consistent with the results obtained in the literature with Cs-
DTP/K10 catalysts [197]. Metal substituted DTP/K-10 catalysts are reported to immobilize the
DTP on the catalyst efficiently by forming insoluble salts, which resist acid sites leaching making
it a true heterogeneous catalyst [197,277]. Thus, My-DTP/K-10 catalysts were found to be stable

and durable during the reaction.
3.3.2.3 Effect of speed of agitation

The effect of speed of agitation was studied in the range of 600-1000 rpm with experimental
conditions maintained at HMF to ethylene glycol ratio of 1:30 (total volume = 12 c¢cm?), catalyst
loading 0.03 g/cm?® and temperature 100 °C (Figure 3.9). The conversion of HMF increased from
88.3 % to 96.9 % when the agitation speed is increased from 600 rpm to 1000 rpm respectively.
However, not much appreciable increase in conversion was seen between 800 and 1000 rpm which
signified the absence of external mass transfer resistance on the reaction. Thus, 1000 rpm was

chosen as the speed of agitation for further studies.
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Figure 3.9 Effect of speed of agitation on conversion of HMF. HMF:Ethylene glycol mole
ratio: 1:30, Temperature: 100°C, Catalyst Loading: 0.03 g/cm?, Total volume: 12 cm?,
Reaction time: 360 min.

3.3.2.4 Effect of catalyst loading

The effect of catalyst loading was observed in the range of 0.02 to 0.04 g/cm? keeping the total
volume constant in each case (Figure 3.10). The other variables were kept constant at the speed of
agitation 1000 rpm, HMF to ethylene glycol ratio of 1:30 (total volume = 12 ¢m?) and temperature
100 °C. There was a 12 % increase in conversion brought by the increase in number of catalytic
active sites when the loading was increased from 0.02 to 0.03 g/cm?. The final conversion did not
show significant change when the catalyst loading was further increased from 0.03 to 0.04 g/cm?.
However, the initial rate of reaction was directly proportional to the catalyst loading (Fig. 3.10).

Thus, 0.03 g/cm? was chosen as the optimum catalyst loading for further experiments.
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Figure 3.10 Effect of catalyst loading on conversion of HMF. HMF:Ethylene glycol mole
ratio: 1:30, Speed of agitation: 1000 rpm, Temperature: 100°C, Total volume: 12 cm?,
Reaction time: 360 min.

3.3.2.5 Effect of mole ratio

The mole ratio of HMF: ethylene glycol was varied in the range of 1:10 to 1:40 keeping the
total volume and the other variables constant (Figure 3.11). Increase in mole ratio from 1:10 to
1:30 resulted in increase in conversion from 76.5 % to 99.5 %. This means excess ethylene glycol
is required for this reaction to get high conversion. Excess ethylene glycol as a solvent also makes
the reaction mixture less viscous and dissolves the solid reactant HMF effectively. It would also
solubilize the products making the catalytic active sites freely available for further reactant

adsorption and surface reaction. However, further increase in mole ratio from 1:30 to 1:40 did not
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show any appreciable difference in conversion. Thus, mole ratio of 1:30 (HMF: ethylene glycol)

was taken as optimum for further reactions.
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Figure 3.11 Effect of HMF to ethylene glycol mole ratio on conversion of HMF. Speed of
agitation: 1000 rpm, Temperature: 100°C, Catalyst Loading: 0.03 g/cm?, Total volume: 12
cm?, Reaction time: 360 min.

3.3.2.6 Effect of temperature

The effect of temperature was studied in the range of 80 - 110 °C with the other reaction
variables constant (Figure 3.12). The rate of the reaction and hence the conversion increased
significantly with increase in temperature showing that the reaction is only kinetically controlled.

Almost complete conversion of HMF (98.9 %) is achieved at 100 °C. Thus, 100 °C was chosen as
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Figure 3.12 Effect of temperature on conversion of HMF. HMF:Ethylene glycol mole ratio:
1:30, Speed of agitation: 1000 rpm, Catalyst Loading: 0.03 g/cm?, Total volume: 12 cm?,
Reaction time: 360 min.

optimum temperature for these reaction conditions. The initial rate data from the conversion of the

reactant was used to deduce the kinetics of the system.
3.3.2.7 Reaction mechanism and kinetic modelling

The reaction mechanism for the etherification of HMF with ethylene glycol is shown in
Scheme 3.3. HMF (A) and ethylene glycol (B) both adsorb on adjacent acid catalytic sites (S) of
Al-DTP-K10 catalyst via oxygen. The nucleophilic attack of terminal hydroxyl group of ethylene
glycol by lone pair electrons of oxygen on the electrophilic hydroxyl group of HMF results in the

formation of 5-(2-hydroxyethoxymethyl)furfural (E) ether by removal of water molecule (F).
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Scheme 3.3 Reaction mechanism for etherification of HMF to HEMF on catalytic acid site (S).

The kinetic model was derived using dual site LHHW mechanism. The detailed derivation is
provided in Appendix. The surface reaction between chemisorbed HMF and ethylene glycol was
assumed as the rate limiting step. For a fixed catalyst loading w, using the catalytic site balance
and the concentration of adsorbed species from the adsorption-desorption step equilibrium, the

rate of surface etherification reaction or the rate of decomposition of HMF can be derived as:

—-dCp wksKACapKpgCp

= - 3.1)
dt (1+KACA+KBCB+KECE+KFCF)2

Assuming the adsorption constants are very small (K; << 1), equation (1) can be simplified as:

= WkSKACAKBCB (32)

Since, ethylene glycol (Cp) is in excess, the concentration can be assumed to remain constant
throughout the reaction. Thus, the above equation can be reduced to a pseudo-first order rate

equation (3.3), which can be integrated to get an equation (3.4) in terms of time and conversion as

follows:
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Ta = _ZfA = wkC,Cg ;where k = ksK,Kp (3-3)

—In(1 — X,) = wkCgot, where Cgy = 14.8 mol/L andw =30g/L (3.4)

The experimental HMF conversion versus time data recorded at different temperatures,

keeping other parameters constant (Figure 3.13), was used to validate the predicted kinetic model.

Figure 3.13 shows that the reaction follows a pseudo-first order reaction. The fit at all temperatures

was found to be greater than 99%, suggesting that our assumptions are valid. The kinetic rate

constants evaluated at different temperatures are given in Table 3.1. The activation energy of the
reaction was calculated from the Arrhenius plot (Figure 3.14) and was found to be 21 kcal/mol.

Table 3.1 Kinetic rate constants and activation energy

Temperature Rate constant, k*10° Activation energy
(K) (L*/mol/g/s) (kcal/mol)
353 0.9 £0.03
363 2.3+0.05 21+1.1
373 53+0.16
383 9.5+0.15
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3.3.2.8 Catalyst reusability

The catalyst was tested for reusability over three cycles (Figure 3.15). The catalyst was filtered
at the end of reaction, and it was refluxed with methanol for 1 h to remove any adsorbed chemical
compounds. It was dried at 120 °C for 12 h followed by calcination at 350 °C for 3 h. The catalyst
loss during handling (0.03 g) was compensated with fresh catalyst in each experiment. The results
shows that the catalyst maintains similar conversion of HMF for all cycles with only marginal loss
in activity after third reuse (5.1 %). The catalyst maintained high selectivity of HEMF for all
reusability cycles. After characterization, the spent catalyst showed similar structure with
negligible loss in surface area, porosity. These results demonstrate the stability and reusability of

the catalyst.
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Figure 3.15 Effect of catalyst reusability on conversion of HMF and selectivity of HEMF.
HMF:Ethylene glycol mole ratio: 1:30, Speed of agitation: 1000 rpm, Temperature: 100°C,
Catalyst Loading: 0.03 g/cm?, Total volume: 12 cm?, Reaction time: 360 min.

3.4 Conclusion

Metal substituted dodecatungstophosphoric acid catalysts were found to be chemo-selective

catalysts for the synthesis of HEMF by etherification of HMF with ethylene glycol. 20 % (w/w)
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Aly¢¢-DTP/K-10 was found to achieve the best activity for the reaction showing 98.9 % HMF
conversion and 96.6 % selectivity of HEMF. The presence of Lewis acid sites in Al g-DTP/K-10
balanced by Bronsted acidity of DTP favored the etherification reaction over acetalization. The
metal substituted DTP/K10 catalysts were found to be resistant to acid site leaching. The optimized

reaction conditions were as follows: speed of agitation of 1000 rpm, catalyst loading of 0.03 g/cm?,

HMEF to ethylene glycol mole ratio of 1:30 and temperature of 100 °C. HMF conversion data at
different temperatures were used to model the reaction kinetics by fitting to a first order rate law
and activation energy was calculated as 21 kcal/mol. The fresh and reused catalyst was
characterized, which indicated the structural, textural, porous, and surface characteristics were
stable after reuse. The reusability studies showed that the catalyst was active and reusable with

minimal loss in its activity.
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Chapter 4

Zinc-Electrocatalyzed Hydrogenation of Furfural in Near-Neutral Electrolytes’®

4.1 Introduction

Furfural can be valorized to FAL and MF by hydrogenation [22,59,101,287], which find
applications in perfumery, polymer, pharmaceutical and fuel industries [8,101,106—110], as
discussed in Chapter 1.

The furfural hydrogenation reactions are typically carried out in a vapor-phase reactor at high
temperatures (90-500 °C) and pressures (0.1-2 MPa) using hydrogen gas in the presence of
catalysts such as copper, copper chromite, iron, Cu/SiO2, Cu/ZnO, Cu/C, bimetallic Pt-Sn, Cu-Cr,
Cu-Co, CuO/CeO2/Alx03 etc. [219,288,297,289-296]. The studies report almost 98-100%
conversion furfural [110,288,292,296] with 70-96% yield of FAL [288,289,297] and 90-98% yield
of MF [110,292]. The storage and transportation of hydrogen gas required for these processes
generates safety issues. Also, the catalysts such as chromium and solvents used for conventional
furfural hydrogenation are toxic and environmentally hazardous [291,298]. Thus, there is a need
to design reaction operating conditions that are mild and safe.

We aim to convert furfural to FAL and MF by ECH, as depicted by Scheme 4.1[101,106].
Furfural adsorbed on the metal catalyst electrode surface reacts with two moles of protons and
electrons to give rise to hydrogenated product, FAL. FAL further hydrogenates to MF by
consuming two protons and electrons with the removal of a water molecule. Dissolved protons
may be partially regenerated at the anode, for example by water oxidation (1.12). The protons may

adsorb on the surface of the metal catalyst by Volmer reaction (1.13). Protons are incorporated

3This work is published as M.S. Dhawan, G.D. Yadav, S. Calabrese Barton, Zinc-electrocatalyzed hydrogenation of
furfural in near-neutral electrolytes, Sustain. Energy Fuels. 5 (2021) 2972-2984. doi:10.1039/D1SE00221J.
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into the desired products — FAL and MF after the reaction, this results in atom economy of 100 %.
Use of furfural, metal catalysis, water as a safe solvent and hydrogen source, and co-production of
two value-added chemicals makes this ECH process satisfy green chemistry principles. These
incude the use of renewable feedstocks, catalysis, less hazardous chemical synthesis, safer solvents

and design for energy efficiency.

ECH reaction:
0~ | 0 2H* + 2¢° HO | ° 2H* + 2¢° | 0
V4 Y - H0 V4
Furfural Furfuryl alcohol 2-methylfuran

Scheme 4.1 ECH of furfural to FAL and methyl furan

The selectivity for ECH may be limited by HER, which consumes protons to produce H» gas
making them less available for ECH, thereby lowering the FE of the system. Another side reaction
is the dimerization of furfural radicals that are intermediate in FAL generation to produce
hydrofuroin (Scheme 4.2) [108,109,173]. The choice of a metal catalyst that has high FE for ECH
over both HER and dimerization helps to maximize FE of the reaction system. The formation of
hydrogen, dimerization side products and unreacted furfural will lead to a >1 % E-factor of this
process. High E-factor due to side products from furfural derivatives and unreacted furfural will

be counted in the mole balance calculations.

Furfural 1,2-di(furan-2-yl)- ethane-1,2-diol
(Hydrofuroin)

Scheme 4.2 Electrodimerization reaction of furfural to hydrofuroin [173]
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There has been a number of reports of furfural ECH by various groups, who studied the impact
of reaction conditions and electrode materials on the conversion, FE and product yields
[107,111,299,300]. The literature for ECH of furfural has been mainly dominated by copper and
nickel as a catalyst at various pH resulting in good reactant conversion and product yields
[8,43,108,111,157,299]. Zhao et al. compared the reactivity of copper, nickel, lead and platinum
for the ECH of furfural. Pure platinum gave the highest selectivity for FAL (99%), but the
conversion was very low. Copper gave high conversion and low selectivity whereas nickel yielded
low conversion and high selectivity in basic pH with higher onset potentials [216]. Thus, there is
aneed to find a catalyst that gives both higher conversions and selectivities for the ECH of furfural.

Apart from metal catalyst screening, the effect of pH on FE and product selectivities from ECH
of furfural have been studied [108]. Li et al. achieved a good yield of FAL (63%) in 0.2 M
ammonium chloride (pH 5) using nickel as a catalyst cathode with a electrochemical efficiency of
56% [101] whereas MF was reported to be formed at higher selectivities (~ 80%) at low acidic pH
(~ 0.5) by Nilges et al. [100].

Similar findings were achieved by Jung et al. who studied the activity of bulk copper and
compared it to higher surface area nano- and microcrystalline copper catalyst particles
electrodeposited on copper itself [109,158]. The highest selectivity for FAL (25.1%) was obtained
at pH 5 [109]. Thus, the main conclusion of these studies was that MF was formed at strongly
acidic conditions (pH = 0.5) and FAL was a preferred product at pH of 5. Copper was found to
promote FAL and MF formation over H» gas at less negative potentials, but the conversion was
low. More negative potentials increased the conversion of furfural but at lower FE [109].

The applied potential may determine whether HER or ECH is favored [106,158,301]. In acidic

pH, the onset potential for both ECH and HER are close, which leaves less room to modify the
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kinetics of the reactions [106,158]. High starting concentrations of furfural (100 mM) have been
shown to favor ECH over HER due to higher catalytic surface coverage and adsorption [101,106].
A further increase in initial furfural concentration to 200 mM has been reported to promote
undesired electrodimerization reactions [106]. Higher electrolyte concentration has also been
reported to favor ECH, higher conversion and product yield [109]. High electrolyte concentration
provides high ionic conductivity, reducing potential drop across the cell.

It was also shown by Jung and Biddinger that furfural, FAL and MF degrade in acidic solutions
by polymerization/oligomerization to give rise to humins [109]. Kim et al. used Raman
spectroscopy to observe the acid-catalyzed polymerization of FAL in sulfuric acid at room
temperature to conjugated diene and diketone species, which were also evident by color and
viscosity changes of FAL within an hour [302]. Liu et al. studied the reactivity of various catalysts
in basic carbonate buffer at pH 10, and the highest current efficiency of FAL (70%) was achieved
with copper at —0.56 V/RHE. However, the reaction time of 10 h was required to achieve these
results [303]. Thus, neutral or basic pH can be expected to avoid degradative side reactions and
increase FE of furfural ECH.

Other catalysts such as gold [114], silver [159], palladium [230], rhodium [229] etc. have been
reported for ECH in the literature but have not been used for ECH of furfural. Zinc has been
reported to effectively catalyze CO, and HMF electroreduction with high Faradaic efficiencies
[114,226,238]. Feng et al. observed an 18% increase in FE for the formation of ethylene from CO,
after alloying copper catalyst with zinc and using it as a bimetallic catalyst [304]. HMF is a
structural analog of furfural with an additional hydroxyl functional group present at the fifth
carbon. Zinc exhibited exceptional catalytic activity for the reduction of HMF to 2,5-hexanedione

with a FE of 72.4% and outperformed copper by 70% in terms of FE and selectivity to desired
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product [114]. Many reports on chemical hydrogenation of furfural have been published using zinc
oxide catalysts either as an active phase or as a support [110,288,289]. Thus, it was hypothesized
that zinc catalyst could have good catalytic activity for the ECH of furfural.

In this work, the hydrogenation of furfural to FAL was carried out using various catalysts such
as copper, nickel and zinc. This is the first-time zinc has been used as metal catalyst for the
hydrogenation of furfural. The present work establishes zinc as catalyst that is selective for the
ECH of furfural while inhibiting HER. The variables used to assess the activity of the catalyst were
the applied potential, achieved current density, reactant conversion, yield and FE for the desired
reaction products. Apart from these variables, the electrolyte and the pH, which determine the
proton concentration in the solvent and thus affect the selectivity of the reaction and product
formation have also been studied [106,109]. Preliminary tests to screen the activity of the catalyst
under different pH conditions — acidic, basic and neutral were performed on catalyst wire using
transient and steady-state voltammetric techniques such as cyclic voltammetry (CV) and staircase
voltammetry (SV). The catalysts and electrolyte pH were screened on the basis of potential
windows and the current density for the occurrence of desired ECH reaction and to avoid HER.
The activity of the catalysts for the ECH was screened on the basis of FE, conversion and

selectivity towards the desired products measured by potentiostatic electrolysis.

4.2 Materials and Methods
4.2.1 Chemicals

The following chemicals were obtained from reputed vendors and used without further
purification: Furfural (99%, Sigma-Aldrich), FAL (FAL, 98%, Sigma-Aldrich) , MF (MF, 99%,
200 — 400 ppm BHT as stabilizer, Sigma-Aldrich), acetonitrile (ACN, 99.5%, Mallinckrodt

Chemicals), p-xylene (= 99%, Sigma-Aldrich), sulfuric acid (H2SOs4, 98%, EMD Chemicals),
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sodium hydroxide (NaOH, Macron Fine Chemicals), sodium bicarbonate (NaHCO3, 100.3%, J. T.
Baker), sodium sulphate (Na;SOs, 99.6%, Fisher Chemical), ammonium chloride (NH4CI, >
99.5%, Columbus Chemical Industries), sodium chloride (NaCl, > 99%, Columbus Chemical
Industries), sodium phosphate monobasic (NaH2PO4.H>0, 99.7%, J. T. Baker), sodium phosphate
dibasic (Na;HPO4.7H20, Jade Scientific). 0.5 M phosphate was prepared by mixing 0.37 M
Na;HPO4.7H20 and 0.13 M NaH;PO4.H2O. All the electrolytes were prepared in deionized water
(= 18 MQ cm, Thermo Scientific).
4.2.2 Electrodes

The metal wires used as working electrodes for the ECH of furfural are as follows: copper (1.2
mm diameter, 18 AWG, 99.9%, Arcor electronics), nickel (1.0 mm diameter, 99.98%, Alfa Aesar),
zinc (1.0 mm diameter, 99.95%, Alfa Aesar). The catalyst wire electrodes were rubbed with
sandpaper (800 grit (P2400), diameter = 6.5 um, Buehler) to remove oxides, rinsed with ethanol
and deionized water prior to be used for the reaction. The geometric surface area of the working
electrode for cyclic and staircase voltammetry experiments was 1 cm? and that for electrolysis
experiments was 5 cm?. A reversible hydrogen electrode was used as a reference electrode (RE).
It was made in-house using a Pt wire (0.5 mm dia., 99.95%, Thermo Fisher Scientific) in a one-
end sealed glass tube. The RE tube was filled with working electrolyte before each experiment.
Graphite rod, (2.5 cm diameter, Pine Research Instrumentation) was used as a counter electrode.
4.2.3 Electrochemical set-up

The reactions were conducted using a three-electrode system connected via a VSP Bio-logic
SA potentiostat in a divided glass jacketed H-cell. The compliance voltage range of the potentiostat
was 20 V. The anodic chamber contained 25 ml of desired electrolyte and the cathodic chamber

contained 25 ml of 100 mM furfural in the same electrolyte. The anodic and cathodic compartment
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was separated by Nafion 115 cation exchange membrane (Ion Power). Nafion 115 membranes
were pretreated by boiling in 1M solutions of sulfuric acid, sodium sulphate or sodium hydroxide
at 80 °C for 1 h depending on the pH to be used for electrolysis i.e. acidic, neutral, basic
respectively. They were subsequently boiled in DI water at 80 °C for 1 h and stored in DI water
thereafter. The on-center distance between the two compartments was measured as 5 cm. The pH
of the electrolyte was measured prior to and following every reaction using a pH meter (Fisher
Scientific, Accumet Basic AB15). The cathodic chamber was purged with nitrogen throughout the
reaction to maintain oxygen-free conditions and to create a positive pressure inside for the removal
of evolved gases and MF. MF was collected in a cold trap connected to the H-cell as it is volatile
[109]. The cold trap was maintained at -15 + 3 °C using 20 wt% NaCl and ice mixture in Dewar
[100]. All reactions were carried out at 30 £ 0.1 °C. A rotation speed of 900 rpm was maintained
using a magnetic stirrer in the cathode chamber.

4.2.4 Electrochemical techniques

CV was used for transient studies to analyze the onset potential and reduction peaks for copper,
nickel and zinc electrodes in different pH electrolytes. The onset potential was recorded as the
potential where the current reached 0.1 mA. CVs were acquired at a scan rate of 20 mV/sec with
end potential as -1 V/RHE. The starting potential for CV was varied based on the open circuit
potential of the electrode in the electrolyte, in order to record the onset potential.

SV was used as a steady-state technique to analyze the faradaic current density obtained with
each electrode in different pH electrolytes while avoiding the background capacitive current to a
greater extent as opposed to CV. For SV, a potential step of 100 mV was applied consecutively
from -0.6 to -1 V/RHE with a halt at each potential for 1 min and then reversed to the initial

potential to check steady state current density.

98



Potentiostatic electrolysis experiments were run using chronoamperometry at the desired
potential for 2 h.

4.2.5 Analysis

During electrolysis, 0.2 ml of reaction samples were collected intermittently at specific time
intervals up to 2h. Reaction analysis was performed with a Varian 450 gas chromatography system
equipped with SolGel-Wax column (30m, 0.53 mm ID, 1 um film thickness) using flame
ionization detector and helium as carrier gas at I ml/min. The temperature program started at an
initial temperature of 37 °C (held for 4 min) and then ramped at 10 °C/min to 90 °C (held for 3 min)
followed by ramp at 10 °C/min to 150 °C and ramp at 30 °C/min to 230 °C (held for 2 min). The
split ratio was 1:100. Injector and detector temperatures were set at 270 °C [305]. The furfural,
FAL standards and reaction samples were prepared by ten-fold dilution with ACN containing p-
xylene as internal standard. The diluted samples were filtered with a 0.22 um syringe filter prior
to injection on the column. MF standard was prepared in ACN, and cold trap sample was directly
analyzed without any dilution. The unknown concentration in the reaction samples was calculated
by comparing to the calibration curve prepared using the standard samples of furfural, FAL and
MF.

Some diluted reaction samples were also analyzed by gas chromatography with mass
spectrometry (GC-MS). We used a Shimadzu QP-5050A gas chromatograph equipped with Restek
Rtx-1701 capillary column (60 m, 0.25 mm ID, 0.25 um film thickness) coupled with an electron
ionization mass spectrometer. The ionization energy was 80 eV and m/z values ranged from 40 to
400 [101]. The GC program started at 40 °C (held for 1 min) and then ramped at 3 °C/min to 121
°C followed by ramp at 8 °C/min to 270 °C (held for 1 min). Injector and detector temperatures

were set at 270 °C. The mass spectrum of each chromatogram peak was identified by comparing
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to the mass spectrum of the probable chemical compounds provided by the NIST library, based on
similarity index.

It is possible for furfural to cross over through the Nafion membrane to the anode compartment,
resulting in an error in our conversion calculations. We conducted crossover measurements to
observe the concentration of furfural transferred to anode by permeation through the membrane.
The concentration profile was fitted to an equation derived for the flux of furfural across the
membrane which is proportional to the concentration gradient (Fig. A4.2). The fit demonstrated a
membrane permeability to furfural of 1x10°° cm? sec”!. Based on this value, we estimate an error
of less than 1% in our conversion estimates due to furfural crossover from cathode to anode during
electrolysis.

4.2.6 Calculations

The conversion, yield and FE was calculated using the equations provided in Chapter 1. For
calculation of Faradaic efficiency, the electron transfer coefficient for FAL and MF formation is 2
and 4, respectively.

4.2.7 Catalyst characterization

The surface morphology and elemental analysis of zinc wires and precipitates was obtained
using scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDS, JEOL
6610LV). Dried wires were mounted on specimen stubs partially coated with a thin film of carbon
tape. The wire portion not stuck to the carbon tape was analyzed. The precipitates were embedded
in a cylinder stub with a hole for sample containment to avoid carbon taping as it would obscure
any organic carbonaceous compound present in the precipitates. The samples were analyzed at low

vacuum of 60 Pa and acceleration voltage of 10 kV.
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4.3 Results and Discussion
4.3.1 Steady state voltammetry with zinc in different pH electrolytes

To study the catalytic activity of zinc catalyst for hydrogenation of furfural, we first conduct
polarization studies of the zinc electrode in the presence and absence of furfural, and in different
electrolytes. Figure 4.1 shows steady-state polarization curves of zinc wire in three 0.5 M
electrolytes of widely varying pH: H2SO4 (pH = 0.5), NaOH (pH = 13.9), and NaHCOs3 (pH = 8.4),
representing acidic, basic and neutral electrolytes. Dashed and bold lines indicate the potential-

dependent current density in the absence and presence of 100 mM furfural, respectively.
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Figure 4.1 Furfural reduction and HER polarization curves obtained with zinc in electrolytes
of varying pH.
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With no oxygen or furfural present, only HER occurs on the catalyst in this potential range.
The addition of furfural to the electrolyte leads to increased or decreased current density,
depending on the dominance of ECH reaction and the effect of furfural on HER.

With zinc in acidic pH, the polarization curve was recorded from -0.7 to -1 V/RHE because of
low onset potential (Table 4.1). There was a significant decrease in faradaic current density in the
presence of furfural. This suggests that HER reaction was hindered, which could be due to the
surface coverage of the electrode with furfural that would affect electron transfer to form H> gas.
The low current density would still suggest less activity and slower kinetics of ECH in acidic pH.
Additionally, in the absence of furfural, the linear potential dependence at zero current suggests a
mixed reaction consisting of both HER and zinc oxidation.

In basic pH, there was a lesser decrease in current density after the addition of furfural as
compared to acidic pH. Thus, we might expect ECH to have higher efficiency in basic electrolytes.
In near-neutral pH electrolyte, 0.5 M NaHCOs, at all studied potentials, an increase in current
density was observed after the addition of furfural. This strongly suggests that ECH is a more
dominant reaction in neutral pH electrolytes and higher efficiency of ECH may be achieved at

these conditions.

Table 4.1 Onset potential of HER and ECH
with zinc catalyst in different pH electrolytes

Onset Potential (V/RHE)
Electrolyte HER ECH
H>S04 -0.69 £0.003 | -0.69+-0.01
NaHCO; -0.5+0.005 | -0.56 +£0.007
NaOH -0.45+0.001 | -0.39 +0.002

Table 4.1 shows the onset potential of HER and ECH reactions with zinc at different pH,

recorded from their respective cyclic voltammograms (Figure A4.3). In case of acidic pH, the onset
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potential of HER and ECH was similar, thus the potential window cannot be altered to favor ECH
over HER, and HER is the dominant reaction at low pH at all applied potentials.

In basic pH, the onset potential of ECH was less negative than HER, but decreased current
density was observed after addition of furfural (Figure 4.1) suggesting that ECH selectivity would
increase at less negative potentials. In near-neutral pH electrolyte, 0.5 M bicarbonate, although the
onset potential of ECH was more negative than that of HER, higher current density in the presence
of furfural (Figure 4.1) suggests higher selectivity toward ECH over HER.

Cyclic voltammograms obtained with zinc in the presence of furfural in different pH
electrolytes show features due to various reactions involving metallic zinc (Figs. A4.3 and A4.4).
These may include oxidation-reduction, dissolution to form zinc hydroxide, and hydrogenation of
FAL to MF. In acidic electrolyte, zinc also shows additional onset peaks in the absence of furfural
(Fig. A4.3). This could be due to high instability of zinc catalyst at acidic pH which leads to its
oxidation and dissolution [162].

4.3.2 Steady state voltammetry with varying catalysts in near-neutral electrolyte

Steady-state polarization performed with zinc in bicarbonate were compared to well-studied
metallic ECH catalysts, copper and nickel [8,101,106,109,303]. Steady state polarization curves

obtained with these catalysts are shown in Figure 4.2.

With nickel, there was a decrease in current density after the addition of furfural, which
indicates fast kinetics of HER over ECH. In contrast, both copper and zinc catalysts showed an
increase in current density after the addition of furfural, with the increase with zinc being

considerably greater as compared to copper at all potentials. At -0.7 V/RHE, the increase in current
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density with zinc was around 398% as opposed to 61% with copper. Thus, zinc catalysis appears

to be selective toward furfural ECH.
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Figure 4.2 Furfural reduction and HER polarization curves obtained with different

Table 4.2 Onset potential of HER and ECH
with different catalysts in 0.5 M bicarbonate.

Onset Potential (V/RHE)
Catalyst HER ECH
Copper -0.31 £ 0.009 | -0.29 +-0.015
Zinc -0.5+0.005 | -0.56 +=0.007
Nickel -0.24+£0.009 | -0.45+0.03

Table 4.2 shows ECH and HER onset potentials obtained by CV in NaHCO; with different
catalysts. For the nickel catalyst, the onset potential for ECH was significantly more negative as
compared to HER; thus, we might expect HER to be dominant over ECH at all potentials on nickel.

The onset potentials of ECH and HER were close for both copper and zinc, suggesting competitive
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kinetics for both reactions. No additional peaks were observed with copper or nickel catalysts in
the absence or presence of furfural (Fig. A4.4).
4.3.3 Electrolysis with zinc in 0.5 M NaHCO; at -0.7 V/RHE

Figure 4.3a shows the variation of current density with time during a two-hour potentiostatic
electrolysis of zinc in bicarbonate electrolyte at -0.7 V/RHE. The initial current density of ~22
mA/cm? increases for 3 minutes, reaching 26 mA/cm?. This can be due to an initial period of
activation which may involve slow adsorption of furfural on the electrode or reduction of any
surface zinc oxides. After this period, the current density continuously decreases with time,
reaching 1.3 mA/cm? after 120 minutes.

Typical gas chromatography (GC) of the reaction mixture containing furfural, FAL, and p-
xylene (internal standard) are shown in Figure A4.1. Data are included for pre- and post-
electrolysis along with the post electrolysis cold trap sample containing MF. GC results are
interpreted as conversion, yield, and FE in Fig. 4.3b. A steep increase in conversion occurs during
initial electrolysis. In contrast, the relatively small yield and FE of MF were assayed only at the
end of electrolysis.

The initial furfural concentration of 100 mM has been well studied in the literature
[101,106,109,111,158,303] allowing for direct comparison of results. After two hours, furfural
conversion of 88% was obtained with 40% yield of FAL. Yield and FE of MF was obtained as
3.5% and 13%, respectively. The zinc-catalyzed reaction maintained nearly constant faradaic
efficiency, varying from 72 to 77% throughout the reaction, a demonstration of high selectivity

towards furfural ECH over HER.
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Figure 4.3 Potentiostatic electrolysis of furfural on zinc catalyst in 0.5 M NaHCO:s at -

0.7 V vs. RHE a) Chronoamperometry during electrolysis (b) Evolution of conversion,
yield and FE of products.

4.3.4 Effect of electrolyte pH on the activity of zinc catalyst

Identifying the pH range that minimizes both HER and degradative side reactions can
maximize product yield and FE for ECH. Potentiostatic electrolysis experiments were conducted
in electrolytes of various pH using zinc catalyst, to observe the stability of furfural and its products
at various pH. A high electrolyte concentration of 0.5 M was used for all the electrolytes, to

minimize ionic resistance.
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Electrolysis was performed -0.7 V/RHE for 2 h in 0.5 M electrolytes of the following
composition and pH: sulfuric acid (H2SO4, pH = 0.5), sodium sulphate (Na,SOs, pH = 6),
phosphate (NaHPO4/NaH>POs, pH = 7.4), sodium bicarbonate (NaHCOs3, pH = 8.4) and sodium

hydroxide (NaOH, pH = 13.9).
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Figure 4.4 ECH electrolysis results with zinc catalyst at -0.7 V/RHE for 2 h in different pH
electrolytes

Figure 4.4 shows the conversion of furfural and yield and FE of both FAL and MF after 2 h
electrolysis at -0.7 V/RHE in different electrolytes. Yield and FE are displayed as stacked bars, to
indicate the overall value as well as the contribution to furfuryl alcohol (FAL) and methyl furan
(MF). The pH of the electrolyte significantly affected the product yield and FE. In acidic pH, the

conversion of furfural after 2 h was only 11.5% which resulted in very low yields of MF (0.2%).
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Such low conversion can be explained by higher proton concentration, favoring HER. No FAL
product was observed in acid. However, the presence of MF, the hydrogenation product of FAL,
suggests the degradation of FAL, possibly by resinification in acidic conditions [111]. MF may
escape the degradation reaction in acidic electrolyte due to its lower aqueous solubility.

The open circuit potential of zinc in acid was measured as -0.61 £ 0.01 V/RHE (Figure A4.6).
Thus, the observed current density obtained at -0.7 V was low (-0.25 + 0.14 mA/cm?) due to lower
overpotential, leading to imprecise FE calculations. For this reason, FE values are not given for
H>SOs4 (pH 0.5) in Fig. 4.4.

In alkaline electrolyte (NaOH, pH 13.9), conversion was very high (98%). Still, yields of FAL
and MF remain low at 16.5% and 0.1%, respectively. High conversion may result from minimal
competition by HER. Low product yield, on the other hand, suggests that either furfural or the
generated FAL degraded. Highly acidic and basic conditions have been reported to induce furfural
polymerization reactions [109,302,306].

However, similar results were observed at pH 6 in NaxSOs electrolyte, with high conversion
(85%) and low yield (11.3% for FAL). This may indicate polymerization of furfural in neutral
electrolyte as well. The buffer strength of the electrolyte may also play a role; pH measurements
taken pre- and post-electrolysis show a significant pH shift for un-buffered Na>SOs electrolyte
(Fig. A4.6), suggesting that polymerization may take place at high pH.

An increase in yield and FE of products was observed as the pH was increased from 6 to 8
using buffered electrolytes. In 0.5 M phosphate (pH = 7.4) and bicarbonate (pH = 8.4) electrolytes,
the yield of FAL was 17% and 40% for a conversion of 49.5% and 88%, respectively, which
suggests reduced degradation and higher ECH efficiency in these electrolytes. Additionally, the

highest FE for MF (23 %) was obtained in phosphate electrolyte (pH = 7.4).
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The total FE obtained in phosphate electrolyte (88 %) was close to that obtained with
bicarbonate electrolyte (86%). This suggests that a pH range of 7-9 could be optimum, to favor
ECH over HER with minimal degradation. In our study, the highest FAL yield (40%) and FE
(73%) were obtained in bicarbonate electrolyte at pH 8.4. As a control, a negligible change in
furfural concentration (0.03 %) was observed over 2 h in bicarbonate electrolyte without any
electrode (data not shown), which eliminates the possibility of non-electrochemical or
autocatalytic polymerization reactions of furfural at pH 8.4. Thus, bicarbonate electrolyte (pH 8.4)
was used for further studies.

In all the neutral pH range electrolytes, we observed that the pH of the reaction mixture
increased during electrolysis. Cathode open-circuit potential (OCV) was also observed to shift to
more negative potentials during electrolysis. We consider the change in OCV to be related to the
increased pH, due to proton depletion. Figure A4.6 shows the change of pH and OCV during the
two-hour ECH reaction in different pH electrolytes. Strong acidic H2SO4 (pH = 0.5) and basic
NaOH (pH = 13.9) electrolytes did not show significant change in pH during the reaction because
of low pKa and pKb values, respectively. HoSO4 (pH = 0.5) electrolyte also did not show
significant change in OCV. However, the NaOH electrolyte did show a high change in OCV,
possibly due to lower proton concentration. Among the neutral pH range electrolytes, Na>SO4 (pH
= 6) showed the largest shift in both pH and OCV, which is expected as it is a non-buffered
electrolyte.

ECH in buffered electrolytes (bicarbonate, phosphate) led to positive shifts in pH accompanied
by negative shifts in OCV. We surmise that the lower magnitude of pH increase, and consequent

OCYV decrease, during ECH in these electrolytes is related to buffer capacity.
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The buffer capacity of 0.5 M sodium bicarbonate and phosphate was calculated analytically
using their respective equilibrium equations and disassociation constants and assuming
electroneutrality (Figure A4.7). The resulting buffer capacity of phosphate (pH 7.4) was 0.27
M/pH and that of bicarbonate (pH 8.4) was 0.03 M/pH, largely due to the proximity of the nearest
pKa (7.2 for phosphate, 6.4 for bicarbonate). The higher buffer capacity of phosphate explains its
higher resistance to change in pH and hence, OCV.

4.3.5 Effect of applied potential on the activity of zinc catalyst in NaHCO3

The activity of zinc in bicarbonate electrolyte was studied by potentiostatic electrolysis at the
applied potentials of -0.6 and -0.7 V/RHE to determine the potential that would give the maximum
conversion, yield and FE of the products (Figure 4.5). Less negative potentials, i.e. lower

overpotential, is preferred to maximize energy efficiency. Potentiostatic electrolysis provides an
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Figure 4.5 ECH electrolysis results with zinc catalyst in 0.5 M NaHCO; at different
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advantage over galvanostatic experiments in that the kinetics of the system can be studied with
control over the potential, a significant thermodynamic driving force for the reaction.

As discussed previously, the open circuit potential of zinc during ECH in bicarbonate was
observed to shift to more negative potentials as pH increases due to proton depletion (Fig. A4.6).
Thus, potentiostatic electrolysis at -0.5 V/RHE would have resulted in positive oxidation currents
over the course of 2 h resulting in the formation of zinc oxide or hydroxide on the catalyst cathode.
Therefore, the potentiostatic electrolysis for ECH of furfural was performed at -0.6 V/RHE.

Even at -0.6 V/RHE, the current density became positive after 1.5 h of reaction. Thus, the
reaction at -0.6 V/RHE was terminated after 1.5 h. Satisfactory conversion of furfural (41.9%) was
obtained at -0.6 V/RHE potential with 16.4% and 1.3% yields of FAL and MF, respectively. The
cell voltage when the ECH was conducted at -0.7 V/RHE was around 19 V, primarily due to the
electrolyte resistance (data not shown). We did aim to carry out ECH at -0.8 V/RHE; however, the
cell voltage exceeded the 20 V limit of our equipment. Thus, -0.7 V/RHE is the most negative
potential reported here. The FE of MF remained almost the same at ~13% for both applied
potentials, but the FE of FAL at -0.6 V/RHE (83%) was higher as compared -0.7 V/RHE (73%).
Also, at both potentials, zinc maintains a nearly constant FE for FAL throughout the reaction. This
suggests that zinc is an active catalyst for furfural ECH and does not degrade at these time scales.
Higher conversion of furfural (88%) along with higher yield of FAL (40%) and MF (3.5%) were

obtained at -0.7 V/RHE, so this potential was chosen for further studies.
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4.3.6 Effect of different catalysts in NaHCO3

After establishing the catalytic activity of zinc for the ECH of furfural at -0.7 V/RHE in 0.5 M
bicarbonate (pH = 8.4), it was compared to the electrolytic activity of copper and nickel catalyst
under the same reaction conditions (Figure 4.6). It was found that the catalyst had a tremendous
effect on the reactant conversion, product yield and FE of the reaction. The main product was FAL
in all the cases and MF was formed with low yields. Nickel catalysis resulted in 9% yield of FAL
with FE of 18%. The highest yield and FE of MF was obtained with nickel catalyst as 5.7% and
20% respectively, indicating that nickel is more selective to MF formation in bicarbonate
electrolyte as compared to copper and zinc. The yield of both the desired products was
tremendously low on copper but the FE was fair (13.5% (FAL) and 18% (MF)). The highest

reactant conversion for furfural (88%) and FE for FAL (73%) was obtained with zinc as a catalyst.
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Figure 4.6 ECH electrolysis results with different catalysts in 0.5 M NaHCO;3 at -0.7 V/RHE.
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To our knowledge, this is the highest FE of FAL that has been reported. Zinc was highly selective
towards the formation of FAL, with 40% yield as compared to 3.5% yield of MF. This result is
consistent with observations made by Jung and Biddinger in mildly acidic electrolyte where copper
catalyst was more selective to FAL production as compared to MF [109].

The results obtained with zinc were also compared to the results obtained in the literature with
copper and nickel catalyst. The plots of the activity of zinc catalyst compared to copper and nickel
catalyst at varying pH in literature based on conversion, yield and FE of products are given in the
Appendix (Figure A4.8). Higher conversions have been observed in the literature at acidic and
basic pH (Fig. A4.8a) [8,101,106,109,111,158]. We have obtained 88% conversion with zinc at
pH of 8.4 which is comparable to copper and nickel at a broader pH range (Fig. A4.8a). Yield and
FE for MF have been observed to decrease with increase in pH in literature (Fig. A4.8d, A4.8e)
[101,106,109,158]. In the neutral pH range, the highest FE for MF was obtained with zinc at 23%
in phosphate (pH 8.4). The nickel catalyst achieved an MF yield of 5.7% at pH of 8.4, nearly same
as that obtained at pH 1 (6%) [101]. The yields of FAL with zinc, copper and nickel were low at
pH 8.4 as compared to the literature (Fig. A4.8b) [101,109,111]. However, FE of FAL with zinc
at pH 8.4 was high as compared to literature results for all catalysts at varying pH (Fig. A4.8c)
[8,101,106,109,111,158,303]. This signifies that zinc favors ECH over HER and suggests that a
mechanistic role of zinc favors hydrogen transfer to furfural making it less available for H:

formation.

For all catalysts, the yield of all products is less than the conversion of furfural, and the mole
balance is not 100%; thus, there are side products formed during furfural ECH. GC-MS analysis
of the reaction mixture revealed the presence of multiple side products formed during ECH. A GC

chromatogram of the reaction mixture containing furfural, furfuryl alcohol, p-xylene (internal
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standard) along with the side product peaks is provided in Appendix (Figure A4.9). In the figure,
six side product peaks appear at high retention time (42-44 min). The mass spectra of each peak
was obtained and compared to chemical compounds returned by the NIST library, based on
similarity index (SI). All side product peaks generated same probable products, varying in
similarity indices (Table A4.1). The most common match was alpha-furoin, with a SI of 80+ for

all side product peaks.

A representative mass spectrum of peak at retention time 43.72 min is given in Figure A4.10.
Based on GC-MS data, the side products formed during ECH are alpha-furoin (1,2-di-2-furanyl-
2-hydroxyethanone) [307], hydrofuroin (1,2-di-2-furanyl-ethane-1,2-diol), 4-methyl-5-(2-methyl-
2-propenyl)-2(5H)-furanone [308] and 1-(2-furanyl)-3-methyl-3-butene-1,2-diol. It is suspected
that alpha-furoin and hydrofuroin are the primary side products that could be formed by electro-
dimerization. 4-methyl-5-(2-methyl-2-propenyl)-2(5H)-furanone could be formed by ring opening
and fragmentation of hydrofuroin. The formation of 1-(2-furanyl)-3-methyl-3-butene-1,2-diol

during ECH is less likely.

Similar side reactions have been extensively investigated in the literature, where for example
the formation of a pinacol product (hydrofuroin) has been identified, which occurs via coupling of
furfuryl radicals formed after the first electron transfer process [100,106]. Such radical coupling
inhibits subsequent electron transfer and formation of desired products (FAL and MF). The higher
FE for FAL with zinc suggests that the second electron transfer required for the hydrogenation of
furfuryl radicals is more facile for zinc as compared to electrodimerization. This also reflects the

significant variation in catalytic specificity among the electrode materials.
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4.3.7 Catalyst Characterization

Precipitates were observed on the electrode surface during electrolysis with zinc in the
presence of furfural. The precipitates detached from the electrode and loosely settled at the bottom
of the H-cell. Additionally, a mass loss of 0.8 = 0.08% zinc catalyst was observed after ECH
electrolysis. No precipitates or mass loss were observed during ECH electrolysis with copper and
nickel catalyst. Additionally, no precipitates or mass loss was observed in Zn wire during a control
electrolysis experiment with no furfural present at the same reaction conditions. This indicates that
the formation of precipitates on zinc surface is observed only during electrolysis in the presence
of furfural, even at negative potential. Similarly, Roylance and Choi observed roughening of Zn
surface in SEM analysis after electrochemical HMF reduction at -0.9 V/RHE, which was attributed
to surface restructuring due to the interactions between the Zn surface and HMF [114]. Furfural
radical or hydroxyl anions formed during the ECH reaction may stabilize the oxidized form of
zinc, leading to increased zinc dissolution and subsequent precipitation as zinc oxides [173,303].
Furfural has also been reported to act as stabilizing agent by forming an ion pair with the cationic
species due to lone pair of electrons on carbonyl oxygen [220]. There is some question of whether
the dissolved zinc participates in the ECH reaction.

A control experiment wherein the zinc electrode was polarized to -0.7 V/RHE in bicarbonate
electrolyte (pH = 8.4) in the absence of furfural showed a lesser increase in pH (0.6) as compared
to that during ECH (1.6, Fig. A4.6) over 2 h. This could be due to increased proton consumption
as indicated by higher charge transfer during ECH as compared to HER [303].

Metallic zinc is known to easily oxidize in the presence of air and aqueous alkaline electrolytes
[162,226,228]. Zinc passivates in aqueous bicarbonate solutions by formation of a zinc oxide

surface layer with partial dissolution to form zinc hydroxide [309]. Zincate ion formation has also
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been observed in zinc-air cells [310]. Thus, we expect these precipitates to comprise zinc oxides
or hydroxides.

Surface composition of the pre- and post-electrolysis zinc wire along with zinc precipitates
were analyzed by scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM/EDS). The SEM images and EDS spectra are shown in Appendix Figures 4.7 and A4.5,
respectively. Clean zinc wire yielded a surface composition of 91.6 wt% zinc with minor carbon
(6 wt%) and oxide content (2.5 wt%, Table 3). The surface content of the post-electrolysis wire
was 27.8 wt% zinc, 19.6 wt% sodium and 39.6 wt% oxygen. A 7 wt% increase in carbon content
was observed in all post-electrolysis samples, which could be due to adsorbed organic compounds
from the ECH reaction, contributing to electrode poisoning.

SEM images of the post-electrolysis catalyst wire showed particles of triangular morphology
surrounded by agglomerated fine particles (Fig. 4.7b). EDS of one triangular particle was
compared to that of the agglomerated particles. The triangular particle displayed almost equal zinc
and oxygen content, of 36.3 wt% and 37.3 wt% respectively. This may be interpreted as zincate
(Zn(OH)4*), based on theoretical wt%. The agglomerated particles on post-electrolysis zinc wire
contained 27.3 % zinc and 39.6 wt% oxygen, which is still close to the theoretical wt% and is

therefore likely zincate as well. In comparison, precipitates showed higher zinc content (57.4 wt%)
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Figure 4.7 SEM images of the (a) pre-electrolysis zinc wire (b) post-electrolysis zinc wire (c)
Zinc precipitates.
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with 30.6 wt% oxygen and minor traces of sodium (4.7 wt%). This result suggests that the
precipitate is primarily zinc hydroxide (based on theoretical wt%).

Table 4.3 Catalyst content (wt%) of Pre- and Post-Electrolysis zinc wire, and precipitates

Element Pre- Post-electrolysis Precipitates
electrolysis | Overall | Triangle | Agglomerated
Particle Particle
Zinc 91.6 27.8 36.3 273 57.4
Sodium - 19.6 15.7 21.1 4.7
Oxygen 2.5 39.6 37.3 39.6 30.6
Carbon 6 13 10.6 12 7.3

The high activity of zinc for ECH over HER implies that there could be a mechanistic role of
adhered oxidized zinc precipitates that favors hydrogen transfer to furfural making it less available
for H> formation. The high concentration of zincate ions in the vicinity of electrode surface as
compared to bulk solution leads to their deposition on electrode surface [311]. At saturated
concentrations, soluble zincate ions precipitate out as insoluble zinc oxide [310,312]. Burch et al.
reported that zinc oxide catalyst acted as a reservoir for atomic hydrogen and promoted hydrogen
spillover towards copper to catalyze methanol synthesis from H> and CO> [313]. The presence of
oxidized layer on the zinc metal surface has been proposed to enable stabilization of adsorbed
intermediates, thus promoting higher product selectivity [165].

Based on the above discussion, Figure A4.11 shows a proposed mechanism, wherein zinc
oxides provide adsorption sites for protons, which gets reduced to adsorbed hydrogen on the zinc
metal by Volmer reaction (Eq. 1.13). Zinc is an oxophilic metal that promotes carbonylic aldehyde
group coordination of organic compound on its surface [60,61]. Thus, furfural could adsorb on
metallic zinc. Zinc is reported to form a loose passive zinc oxides layer on the surface at alkaline
pH [309,310], which could facilitate proton association with electronegative oxygen. From there,
hydrogen may adsorb to the metal surface, and react with adsorbed furfural to produce FAL and

MF. The remaining steps shown for hydrogenation to FAL, and MF are based on the literature for
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chemical hydrogenation of furfural to FAL and MF [15,24]. There is still a question of whether
both furfural and hydrogen adsorb on zinc oxides, which requires further mechanistic
investigation. Thus, there is scope for further studies to fully elucidate the electrocatalysis of ECH
by oxidized zinc.
4.3.8 Kinetic Analysis

In principle, potentiostatic electrolysis enables chronological data to be fit to kinetic models,
which is more difficult in the case of constant-current data. Initial time-dependent furfural
concentration data for different catalysts and varying potential in bicarbonate electrolyte was fitted
to a first order rate law using a nonlinear least squares procedure. As shown in Figure 8, the first-
order model does not fit the data over the entire period of electrolysis. This is likely due to catalyst
surface modification or poisoning by reaction byproducts, which is consistent with the presence of
increased carbon content after electrolysis, as observed by EDS (Table 3). Instead, we took the
initial reaction rate by fitting the first order model to the initial data points, between 0 and 30 min.

The experimental and fitted concentration profiles are given in Figure 4.8. The fit was found
to be good, with an R? value of varying from 89 - 97%, for different cases. The highest rate constant
for ECH of furfural was obtained for zinc catalyst at -0.7 V/RHE as 0.42 /h.cm? (Table 4.4). As
expected, the rate constant of zinc at -0.7 V/RHE was over 60% higher than zinc at -0.6 V/RHE.

Table 4.4 Rate constants for ECH of furfural in 0.5 M NaHCOs.
Catalyst | Potential (V/RHE) | k (1/h.cm?) | R?

Zinc -0.6 0.15+0.01 | 0.93
Zinc 0.42 +£0.02 | 0.97
Copper -0.7 0.13+0.01 | 0.89

Nickel 0.19+£0.02 | 0.90
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Figure 4.8 Experimental furfural concentration profiles during electrolysis in 0.5 M NaHCO3
with (a) Zinc catalyst at -0.6 and -0.7 V vs. RHE; (b) Copper catalyst at -0.7 V vs. RHE; (c)
Nickel catalyst at -0.7 V vs. RHE. Curves represent fitting of initial reaction rate (0—30 min) to a
first order rate law.

The rate constant for copper and nickel were found to be similar. As seen in Figure 4.6, the
activity of copper and nickel in terms of conversion of furfural did not show significant difference.
The rate constant of zinc at -0.7 V/RHE was found around 55% higher than copper and nickel. By

this measure, therefore, zinc is comparatively better catalyst for ECH of furfural.
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4.4 Conclusion

Electrochemical hydrogenation of furfural to FAL and MF was studied using various catalysts
in multiple electrolytes of varying pH. The nature of the electrode material and electrolyte pH
immensely affected the conversion, yield and FE to the desired products. Higher product yield and
FE was obtained at pH 7.4 to 8.4 as compared to acidic and basic pH. FAL yield was high at high
pH with MF formed at lower yields. Although, the yields of FAL and MF were low on copper and
nickel, the FE was appreciable. The highest yield of MF was achieved with nickel as a catalyst.

The best activity was achieved using zinc as a catalyst on the basis 88% conversion, 40% yield
and 73% FE of FAL in 0.5 M bicarbonate electrolyte for potentiostatic electrolysis at -0.7 V/RHE
over 2 h. The total FE for ECH of furfural was obtained as 86% with zinc catalyst in bicarbonate
electrolyte (pH = 8.4), which suggests that HER was restricted. The total FE of products obtained
with zinc in phosphate (pH = 7.4) were close to those in bicarbonate (pH = 8.4). This emphasizes
the role of proton concentration in neutral pH range electrolytes to inhibit HER, polymerization
and electrodimerization reactions. Additionally, dissolution of zinc during electrolysis, only in the
presence of furfural, suggests participation of dissolved zinc in the hydrogenation mechanism.
Further investigations on the reaction mechanism for the role of zinc or oxidized zinc for ECH of

furfural will help gain better insight into the reason for high activity of zinc for this reaction.
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Chapter 5

Supported Zinc Nanoparticle Catalysts for Electrocatalytic Hydrogenation of Furfural

5.1 Introduction

As discussed in Chapter 4, Zn was found to have good activity for the ECH of furfural with
higher FE for FAL and MF in 0.5 M NaHCOs electrolyte at -0.7 V/RHE. However, the yield of
desired products was low based on the fractional conversion of furfural. Some side products,
including electrodimerization products, were formed during ECH of furfural as identified by GC-
MS. Thus, a way to increase the yield and selectivity is desired while maintaining higher
conversion and FE.

Supported zinc nanoparticle catalysts can help to achieve higher conversion and rate of reaction
as compared to bare metal due to high surface area to volume ratio. There have been few reports
on the ECH of furfural wherein nanoparticle catalysts supported on a conducting surface such as
activated carbon fiber (ACF) or on the bulk metal itself has led to enhanced catalytic activity, due
to high exposed surface area compared to bare metal electrodes [158,216]. Zhao et al. compared
the activity of impregnated and electrodeposited 3% Pt/ACF with the bulk Pt for the ECH of
furfural [216]. The bulk Pt as well as the synthesized nanoparticle catalyst maintained the same
selectivity to furfuryl alcohol (99 %) but there was ~75% increase in both conversion and FE of
furfural ECH with the use of impregnated 3% Pt/ACF catalyst as compared to bulk Pt. The higher
activity of the impregnated 3% Pt/ACF catalyst was attributed to high Pt surface area of 4 m%/g
and particle size of 2 nm. However, the total surface area of dispersed 3% Pt/ACF catalyst of 1862
m?/g came largely from the blank ACF (2398 m?/g).

Higher rate could also aid in increasing the reaction rate for the conversion of intermediate

radicals in ECH of furfural to FAL and MF instead of forming dimerized furfural product,
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depending on catalyst selectivity. Hence, it can be expected that higher conversion can be achieved
using zinc nanoparticles. However, increased surface area could also lead to increase in production
of hydrogen by-product by HER, which needs to be minimized. Bare zinc was found to be selective
toward FAL and MF formation as compared to HER in previous studies, so we might expect zinc
metal nanoparticles to maintain the same or higher FE as with bare zinc.

Jung et al. studied the activity of bulk copper and compared it to higher surface area nano- and
microcrystalline copper catalyst particles electrodeposited on copper itself [158]. Higher furfural
conversion was observed with electrodeposited Cu/Cu catalysts but the FE of FAL decreased at
all the studied potentials of -0.5, -0.65 and -0.8 V/RHE. Nanocrystalline Cu/Cu showed ~ 20 %
increase in FE of MF at -0.5 V/RHE as compared to bare Cu, but the FE decreased at -0.65 and -
0.8 V/RHE. Overall, the bare as well as the electrodeposited Cu/Cu catalysts maintained high FE
for ECH over HER. At near onset potentials for ECH, nanocrystalline Cu/Cu showed 2.4 times
higher production rate of FA+MF as compared to bare Cu. At -0.8 V/RHE, FAL and MF
production yields increased by 40 and 20 umol/cm?, respectively with electrodeposited copper
catalysts [158] (Figure 5.1). The results for improved catalytic activity were attributed to surface
roughness, and not to particle size or crystal structure. However, with increased surface roughness
of micro- and nano-crystalline Cu/Cu, the increase in production rate and FE of hydrogen gas was
much higher as compared to the desired products, FAL and MF. Thus, it is required to synthesize
a nanoparticle catalyst that is more efficient to FAL and MF production by ECH as compared to

HER.
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Figure 5.1 Consumption of FF, cumulative production of FA and MF from ECH of FF, and
competitive H2 production from HER as a function of time at —0.8 V with (a) bare Cu and (b)
Cu/Cu-400 nm (Reproduced from [158])

Zinc oxide catalysts have been used as an active phase, dopant or as a support for chemical
hydrogenation of furfural [110,288,289,314-316]. Increasing the elemental ratio of Zn in the
Cu:Zn:Cr:Zr catalyst lead to an increase in conversion during chemical hydrogenation of furfural
to FAL [288]. The increased activity of zinc oxide catalyst has been mainly attributed to its role
as a support enhancing catalyst nanoparticle dispersion, metal-support interactions, and porosity
exposing more active sites [289,314,315]. Dong et al. characterized Cu/ZnO catalyst by NH3-TPD
and identified medium acidic sites in the catalyst, which might have resulted from ZnO support
and could have an effect on achieving high FAL selectivity [110].

As discussed in Chapter 4, during electrolysis for the ECH of furfural with bare Zn as a metal
catalyst, we observed oxidized zinc species on the metal wire after the reaction. At near neutral
and basic pH, the oxidation of zinc is inevitable even at reducing potentials. Thus, the superficial
zinc metal nanoparticle layer would be expected to oxidize to zinc oxide in-situ during the ECH
reaction. Surface zinc oxide formed during the ECH of furfural was proposed to enable proton
adsorption and hydrogen transfer to Zn metal nanoparticle for furfural hydrogenation, which would

be advantageous for the reaction(Figure A4.11). Zinc and zinc oxide catalysts have been
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extensively used for CO; reduction reactions (CO2RR) to CO, wherein nanostructured metal
catalysts have helped to achieve better product selectivity as compared to bulk metal electrodes
[165,226,228,238]. The majority of the work on zinc catalysis for CO2RR has focused on
electrodeposition as an efficient method to produce zinc metal nanoparticles with different
morphologies, such as porous zinc [226,227], dendritic zinc [228], hexagonal Zn [165], etc. Bulk
zinc metal itself has generally been used to support zinc nanoparticles [165,226-228,238]. Details
on the synthesis of zinc nanoparticle catalysts by electrodeposition were discussed in Chapter 1.

These electrodeposited nanostructured zinc catalysts have exhibited high activity for CO2RR
over bulk Zn due to their high surface area, nanoscale morphology, prevalence of surface zinc
oxide species and crystalline structure [165,226-228,238]. Electrodeposited porous and dendritic
zinc catalysts show higher current densities and FE for CO2RR to CO than bulk zinc foil [227,228].
This suggested that the kinetics of CO2RR over porous electrodeposited Zn were higher than HER
as well as CO2RR on bulk Zn foil. It was also reported that high surface area and morphology of
zinc had an impact on the FE and product selectivity [227]. Higher activity of porous Zn for
CO2RR was also reported to be related to the concentration of ZnO species on the catalyst [226].
The reduced ZnO catalysts were found to exhibit enhanced CO production rates at lower
overpotential as compared to bulk Zn foil [226]. Won et al. found that rough Zn (101) facets arising
from hexagonal Zn (h-Zn) exhibited higher selectivity and lower reduction potential for CO
formation over smooth bulk Zn (002) facets, achieving 60 % higher FE for CO formation at -0.95
V/RHE than bulk Zn foil [165].

Thus, we think that zinc nanoparticles can help to achieve higher yield, selectivity of FAL and
MF due to high surface area, roughness and varied crystalline structure as compared to bare zinc.

Also, higher conversion and similar FE for ECH of furfural could be achieved at a lower
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overpotential when nanoparticle catalysts are used because of the increase in the number of
catalytic active sites. Thus, ECH of furfural using supported Zn nanoparticle catalysts has been
studied using the pH conditions optimized for bare Zn metal, as described in Chapter 4. This
allowed us to directly compare the results with electrodeposited Zn to bare Zn in terms of current

density at a given potential, conversion, yield and FE for FAL and MF.

5.2 Experimental methods
5.2.1 Chemicals

The following chemicals were procured from reputed vendors: zinc chloride (= 98 %, Sigma
Aldrich), hydrochloric acid (HCL, 12.1 M, 36.5-38 %, EMD Chemicals). The rest of the chemicals:
furfural, FAL, MF, ACN, p-xylene, NaHCO3, Na>xSO4 were used as described in Chapter 4. All
the electrolytes were prepared in deionized water (> 18 MQ cm, Ward’s Science). All the
chemicals were used per se without any further purification.
5.2.2 Electrodes

Bare zinc metal wire was used as a substrate/support for electrodeposition of zinc metal
nanoparticles. It was pre-treated prior to use in each experiment by rubbing with sandpaper to
remove surface oxides followed by rinsing with ethanol and DI water. The geometric surface area
of the bare zinc substrate was chosen as 1 c¢cm? for voltammetry and 5 cm? for electrolysis
experiments, which allowed direct comparison to previous work results with bare Zn wire (Chapter
4).

For electrodeposition experiments, silver-silver chloride (Ag-AgCl) and 25 ¢m? carbon paper
(5 cm length, Scm breadth, Toray) were used as reference and counter electrode, respectively. For
electrolysis experiments, a reversible hydrogen electrode and graphite rod were used as reference

and counter electrode, respectively, as detailed in Chapter 4.
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5.2.3 [Experimental setup

The electrodeposition experiment was conducted using a three-electrode system connected via
a VSP Bio-logic SA potentiostat. 150 ml of 0.2 M zinc chloride solution (pH = 6.2 £+ 0.06) was
used as a precursor for zinc metal nanoparticle synthesis. 0.2 M zinc chloride solution was found
to be colloidal, which could be due to the formation of zinc oxychlorate species [317]. Zinc
chloride was completely dissolved by adding 40 uL. of hydrochloric acid, which resulted in
solution pH of 4.5 £ 0.2. The reaction was maintained at 50 £ 3 °C temperature and 900 rpm
rotation speed using a hot plate, with the temperature monitored using a thermocouple. The on-
center distance between the working and counter electrode was measured as 0.5 + 0.1 cm.
Electrolyte pH was measured pre- and post-electrodeposition using a pH meter (Fisher Scientific,
Accumet Basic AB15). The solution was purged with nitrogen during the synthesis experiment to
maintain oxygen-free conditions that would help in achieving zinc metal formation avoiding
oxides. The experimental set-up used for electrolysis is the same as described in Chapter 4.
5.2.4 Electrochemical techniques

Transient experiments (CV and SV) were performed to analyze faradaic current density with
and without furfural to test the dominance of ECH of furfural as compared to HER with
electrodeposited Zn/Zn catalyst. CV and SV test conditions were as described in Chapter 4, and
thus the results were directly compared to bare Zn wire for HER and ECH. Potentiostatic
electrolysis was performed at -0.6 V/RHE for 2 h in 0.5 M NaHCOs electrolyte with the
electrodeposited catalyst, as experiments at -0.7 V/RHE were not possible due to a compliance
voltage limit of the instrument (20 V). Thus, electrolysis results with bare zinc wire at -0.6 V/RHE

under same conditions were used for comparison (Chapter 4).
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5.2.5 Reaction analysis

The progress of furfural ECH reaction during electrolysis was analyzed using gas
chromatography, the details of which are highlighted in Chapter 4.
5.2.6 Catalyst characterization

The Zn nanoparticle catalyst was characterized before and after ECH of furfural electrolysis to
analyze catalyst composition, morphological stability and zinc oxidation state. Characterization
results can help in determining probable catalytic active sites to elucidate reaction mechanism.
SEM/EDS was conducted to study the morphology and chemical composition of the synthesized
Zn nanoparticles using the procedure described in Chapter 4. The crystalline structure of the
synthesized zinc particle catalyst was examined using X-ray diffraction (XRD) using a Bruker
Davinci D8 Advance Diffractometer. For XRD analysis, Cu Ka radiation (wavelength = 1.54 A°)
at 40 kV and 40 mA. Measurements were taken in steps of 0.02° and 18.2s step time from 26 = 5—
110°. Surface area and porosity analysis of the zinc nanoparticles was done by N2 physisorption at
-196 °C on Micromeritics ASAP instrument, Micromeritics, USA. Before the analysis, the samples

were degassed under vacuum at 100 °C for 4 h to remove any adsorbed species.

5.3 Results and Discussion

Zn nanoparticle catalysts were synthesized by electrodeposition and characterized by SEM,
EDS, XRD and BET to verify desired metallic phase, determine morphology and surface area.
Preliminary electrochemical studies to test the performance and selectivity electro-deposited zinc
in the potential range of -0.6 to -1 V/RHE were done using CV and SV. The activity of zinc
nanoparticle catalyst for ECH was screened on the basis of FE, conversion and selectivity towards
the desired products measured by potentiostatic electrolysis. All the results were compared to

activity of bare zinc at the same experimental conditions.
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5.3.1 Catalyst synthesis

Zinc metal nanoparticles were electrodeposited galvanostatically on bare zinc wire from zinc
chloride solution using current density of -20 mA/cm? for a total synthesis time of 3 h [165].
Depending on the geometric surface of the bare substrate zinc wire electrode during
electrodeposition, the yields of deposited zinc varied. For 1 cm? wire, the yield was 0.065 + 0.002
g for a charge transfer of -216.2 C/cm?, corresponding to a FE of 88.2 + 2.3 %. For 5 cm? wire,
the yield of deposited zinc was found as 0.23 +0.01 g for a charge transfer of -1080 C/cm?, which
resulted in a FE of 62.3 = 2.4 %. The variation in FE of the electrodeposition could be due the
mass transfer effects for a 1cm? straight wire as compared to 5 cm? spiral wire. Figure 5.2 shows
a representative potential vs time profile during the electrodeposition synthesis on 5 cm? wire with
the potential varying from -1.15 V/Ag-AgCl to -1.1 V/Ag-AgCl until the end of synthesis. At the
end of experiment, electrodeposited Zn metal particles supported on bare Zn wire were gently
washed with DI water and ethanol. The catalyst was vacuum dried at 80 °C for 12 h, to avoid any
air oxidation. The as-dried electrodeposited wires were used for experiments.

In order to achieve higher yield of deposited nanoparticles to perform characterization,
electrodeposition experiment with 5 cm? was scaled up keeping the current density same as -20
mA/cm? but experiment extended to 5 h. The yield obtained under such experimental conditions
was 0.41 + 0.04 g for a charge transfer of -1800 C/cm?, which resulted in a FE of 65.6 + 5.6 %.
The washed and dried Zn metal particles obtained from electrodeposition were scraped off from
the wire and used for characterization to make sure that there is no background signal from the

zinc wire substrate in analysis.
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Figure 5.2 Variation of potential with time during zinc catalyst electrodeposition

For the purpose of characterization comparison, in order to determine the effect of zinc
precursor for electrodeposition, we also synthesized zinc particles using 0.05 M zinc nitrate
solution by applying multistep potentials at -1 and -2.5 V/Ag-AgCl each at 3 sec over the period
of 90 cycles [227]. This process was scaled up for XRD analysis by conducting potentiostatic
deposition at -1.95 V/Ag-AgCl for 3 h to obtain 0.6 g of catalyst with 54 % FE. The particles
derived from nitrate precursor did not remain strongly adherent to the substrate and thus, could not
be used for electrochemical measurements.

5.3.2 SEM-EDS

Electrodeposited zinc particles synthesized from zinc chloride and zinc nitrate precursors were
analyzed by SEM/EDS to determine resulting differences in morphology and composition (Figure
5.3 and 5.4). SEM analysis revealed the presence of fibrous morphology of zinc nanoparticles

obtained from zinc chloride precursor (Figure 5.3a). The particles also show high amount of
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macroporosity. Zinc particles obtained from zinc nitrate precursor showed agglomerated particles

with little porosity (Figure 5.3b).
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Figure 5.3 SEM images of electrodeposited zinc particles obtained using (a) zinc chloride, (b)
zinc nitrate precursors

EDS analysis of zinc nanoparticles derived using zinc chloride precursor showed surface

elemental composition of 97 wt% zinc and 3 wt% oxygen (Figure 5.4). Interestingly, the particles

obtained from zinc nitrate precursor contained 84 % zinc and 16 % oxygen content, which is close
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Figure 5.4 EDS spectra of electrodeposited zinc particles from zinc chloride and zinc nitrate
precursors
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to theoretical weight percentages of these metals in zinc oxide material (Zn (80 %) and O (19 %)).
This signifies that nearly pure zinc metal nanoparticles can be obtained by electro-deposition from
zinc chloride.
53.3 XRD

XRD spectra of electrodeposited zinc nanoparticles was recorded and compared to the
reference zinc metal (JCPDS 00-04-0831) as well zinc oxide compound (JCPDS 01-082-9744)
from the database (Figure 5.5). The spectral peaks at 28 positions confirm that the crystalline
structure of electrodeposited zinc nanoparticles obtained from zinc chloride matches that of pure
zinc metal. Both the standard zinc metal and electrodeposited zinc nanoparticles from zinc chloride
show the following peaks at 26 values corresponding to lattice indices as: 36.2° (002), 38.9° (100),
43.2° (101), 54.3° (102), 70° (110), 70.6° (110), 77° (004), 82.1° (112), 86.5° (201), 89.9° (104),
94.9° (202), 109.1° (203). The peak at 11.2° is unidentified and could be related to some impurity.
It was observed that in the electrodeposited zinc catalyst, the intensity of the peak at 26 value of
43.2°, which corresponds to (101) facet has increased considerably as compared to standard zinc
metal. This increase in (101) facet in electrodeposited zinc as compared to bulk zinc has also been
observed by Won et al. [165]. Average crystallite size of the nanoparticles was calculated using
the Scherrer equation and found to be 92 nm.

XRD spectra of chloride derived electrodeposited zinc nanoparticles contain all the peaks
shown by zinc metal and does not contain additional peaks corresponding to zinc oxide. However,
spectral peaks from electrodeposited zinc made from zinc nitrate precursor correspond to all the
peaks found in the standard zinc oxide compound. This confirms that electrodeposition from zinc

chloride precursor produces zinc metal and that from zinc nitrate yields zinc oxide. This also
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suggests that 3 wt% oxygen found in the EDS analysis of chloride derived zinc particles would be

due to surface adsorbed oxygen.
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Figure 5.5 XRD spectra of electrodeposited zinc nanoparticles and reference zinc metal, zinc
oxide compound from reference library

5.3.4 BET

BET surface area and pore size analysis of the catalyst was measured by nitrogen adsorption-
desorption isotherms. The BET surface area of the catalyst was found to be 5.4 m?/g with average
pore size and pore volume as 16.5 nm and 0.02 cm?®/g, respectively. The catalyst exhibited type V
isotherm with hysteresis loop of type H3 which signifies plate-like particle aggregates [5] (Figure
5.6). In terms of surface area of electrodeposited zinc as 5.4 m?/g, considering the electrochemical

roughness of bare zinc as 1, the roughness factor, can be calculated as 5.4.
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Figure 5.6 N> adsorption-desorption isotherm of electrodeposited zinc catalyst

5.3.5 Cyeclic and steady state voltammetry

Preliminary tests to compare the electrochemical response of bare zinc with respect to
electrodeposited zinc were performed using CV and steady state voltammetry (SV). Voltammetry
data for bare zinc wire are the same as discussed in Chapter 4. CVs with electrodeposited zinc
(Figure 5.7) in the presence of furfural showed similar rough peaks as with bare zinc (Figure A4.4),
which could be due to zinc metal oxidation-reduction, even at negative potentials. They may also
correspond to furfural and FAL hydrogenation to FAL and MF, respectively. Increased current
densities with electrodeposited zinc catalyst for ECH and HER in comparison to bare zinc in CVs

is similar to that obtained in steady state polarization curves, as discussed further (Figure 5.8).
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Figure 5.7 CV showing furfural ECH, and HER polarization curves obtained with bare and
electrodeposited zinc catalysts in 0.5 M NaHCO3

Figure 5.8 shows steady state polarization curves recorded in 0.5 M NaHCO; electrolyte in the
absence and presence of 100 mM furfural, depicted by dashed and bold lines, respectively. With
bare zinc, a higher current density was observed with the presence of furfural, which suggested
ECH as a more dominant reaction as compared to HER. It was observed that the rate of HER
nearly doubled with electrodeposited zinc as compared to bare zinc. This can be expected due to
increase in surface area and roughness of the electrodeposited zinc catalyst. A very high increase
in current density was observed after the addition of furfural which suggests a higher rate of ECH
as compared to HER and thus, selectivity. In the presence of furfural, the current density obtained
with electrodeposited zinc is nearly three times higher as compared to bare zinc at all studied
potentials. However, based on roughness factor, we would expect nearly five times increased

current density with electrodeposited zinc, which indicates mass transfer resistance during the
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reaction. Additionally, the increase in current density after the addition of furfural is much higher
in case of electrodeposited zinc catalyst as compared to bare zinc. At potential of -0.6 V/RHE in
presence of furfural, ~350 % increase in current density is recorded with electrodeposited zinc as
compared to bare zinc. This suggests that higher activity and selectivity for ECH of furfural can

be expected with the electrodeposited zinc catalyst at these conditions.
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Figure 5.8 Furfural reduction and HER polarization curves obtained with bare and
electrodeposited zinc catalysts in 0.5 M NaHCO3
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5.3.6 Electrolysis

Figure 5.9 shows the current density verses time profile at 0.6 V/RHE for bare and
electrodeposited zinc catalyst during 2 h potentiostatic electrolysis in sodium bicarbonate
electrolyte. It was observed that with the electrodeposited zinc catalyst, the current density starts
at -36 mA/cm?, much higher than the bare zinc, but decays quickly with time reaching -18 mA/cm?
by 2 min, which is almost the same current density as for the bare zinc. Also, a period of increased
initial current density that was attributed to furfural adsorption during furfural electrolysis with
bare zinc (Figure 4.3), was not observed with electrodeposited zinc. This indicates that the rate of
decay was much higher than the rate of furfural adsorption. After 2 min, although the current
density decreased with time, at all-time points, the electrodeposited zinc maintains a higher

reduction current throughout the 2 h electrolysis. Electrolysis on bare zinc was found to zero
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Figure 5.9 Chronoamperometry during potentiostatic electrolysis of furfural on bare and
electrodeposited zinc catalyst in 0.5 M NaHCOs at -0.6 V vs. RHE
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current after 1.5 h after electrolysis. Thus, it suggests that the electrodeposited zinc catalyst can
maintain stable furfural reduction activity for a longer period as compared to bare zinc.

We did not observe any mass loss of electrodeposited zinc due to oxidation over the electrolysis
as compared to 0.5 = 0.2 % % loss with bare zinc wire. Instead, we observed a mass gain of 0.06
%, which could be due to oxide formation and bicarbonate salt adsorption from electrolyte. Also,
no precipitates were observed. This suggests that despite surface oxidation to zinc oxide, the
particles did not convert to zinc hydroxide precipitates, which further confirms the stability of

electrodeposited zinc nanoparticles.
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Figure 5.10 (a) SEM image of post-electrolysis electrodeposited zinc particles, (b) EDS spectra
of pre- and post-electrolysis electrodeposited zinc particles

Surface oxide formation of post-electrolysis zinc particles was also analyzed by SEM-EDS.
SEM images of the post-electrolysis zinc catalyst showed that fibrous morphology was lost but it
still shows porous material (Figure 5.10a). It could be due to some surface reconstruction during
electrolysis. Also, interestingly, EDS analysis of the used zinc catalyst showed surface content of
79 % zinc and 21 % oxygen, which corresponds to the theoretical weight percentage of these

elements in zinc oxide compound (Figure 5.10b). Thus, it can be concluded that zinc metal oxidizes

137



during electrolysis which leads to change in surface morphology. It also suggests that zinc oxide
could possibly have a role in reaction mechanism.

Figure 5.11 shows the variation of conversion, yield and FE as a function of time during the
electrolysis. Figure 5.12 shows the final conversion, yield and FE obtained with bare and
electrodeposited zinc. Since the results of electrolysis with bare zinc were acquired only over 1.5
h, the results with electrodeposited zinc were compared at that time point. MF yield, selectivity
and FE were compared with 2 h samples since it is measured only at end of electrolysis (Figure

5.12). After 1.5 h, electrodeposited zinc catalyst (45.7 %) did not show an appreciable increase in
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Figure 5.11 Evolution of conversion, yield and FE during potentiostatic electrolysis of
furfural on bare and electrodeposited zinc catalyst in 0.5 M NaHCOs3 at -0.6 V vs. RHE
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conversion as compared to bare zinc (42 %). This could be related to rapid decay in current density
observed during electrolysis.

Interestingly, the yield of the desired products, FAL (26 %) and MF (9 % after 2 h) were higher
as compared to bare zinc (FAL, 16.4 % and MF, 1.3 %). Increased yield with electrodeposited zinc
can be attributed to the increase in surface roughness of the electrodeposited zinc, as has been
observed by Jung et al. [158].

The FE of FAL (69.7 %) was found decreased as compared to bare zinc (82.7 %), but the FE
of MF increased (42 %). Lower FE of FAL with electrodeposited zinc could indicate that it favored
further conversion of FAL to MF rather than going to dimerized products. However, total FE of

FAL and MF products was calculated as 112 %, a FE value higher than 100 % indicates imprecise

B Conversion
Yield (FAL)
100 [ Yield (MF)

A FE (FAL)
B FE (MF)

80 Bl Selectivity (FAL)
Hl Selectivity (MF)

60 B Mole balance

40

20

0 Bare Zn Electrodeposited Zn
Catalyst

Figure 5.12 ECH electrolysis results with bare and electrodeposited zinc catalyst in 0.5 M
NaHCO;3 at -0.6 V/RHE after 1.5 h

calculations or non-electrochemical side reactions. These results further need to be verified by
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using internal standard calibration method to quantify methyl furan concentration.
Electrodeposited zinc maintains nearly constant FE throughout the reaction, alike bare zinc, which
further proves the efficiency of zinc as a catalyst for ECH of furfural over HER. This might also
indicate the stability of the catalyst performance, despite surface oxidation, over 2 h electrolysis.

Also, with electrodeposited zinc, selectivity of FAL and MF was recorded as 56.4 % and 16
%, which are considerably higher than bare zinc (FAL, 39 % and MF, 3.1 %) (Figure 5.12). This
would suggest that the electrodeposited zinc was more selective to FAL, and MF as compared to
electro-dimerized products. It is also possible that variation in crystalline structure of
electrodeposited zinc, marked by increase (101) facets as compared to bare zinc has a role in
increased selectivity to FAL and MF formation, as has been observed by Won et al. for selectivity
to CO formation compared to HER [165]. Higher selectivity was further indicated by mole
balance, which closed at 80 % for electrodeposited zinc as opposed to 76 % with bare zinc (Figure
5.12).

Thus, overall higher conversion, yield, selectivity, FE and mole balance was observed with
electrodeposited zinc at -0.6 V vs. RHE in 0.5 M NaHCOs. These results can be attributed to high
surface area and roughness as well as to varied crystalline structure of the electrodeposited zinc,
which might have increased rate of FAL formation and FAL conversion to MF, making them more

selective to ECH than electrodimerization.

5.4 Conclusion

Electrocatalytic hydrogenation of furfural to FAL and MF was studied with electrodeposited
zinc catalysts and its activity was compared to bare zinc at -0.6 V vs. RHE in 0.5 M NaHCO:3. Zinc
particle catalysts were synthesized by electrodeposition using 0.2 M zinc chloride as precursor on

bare zinc foil at -20 mA/cm; at 50 C. The nanoparticles were found to be of fibrous morphology
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with elemental composition as 97 wt% zinc with the remainder oxygen. XRD confirmed the
crystalline structure of the zinc metal nanoparticles. The catalyst possessed surface area of 5.4
m?*/g.

Steady state polarization curves indicated that higher current density and thus, more selectivity
to ECH could be achieved with electrodeposited zinc catalyst as compared to HER and ECH with
bare zinc. During potentiostatic electrolysis at -0.6 V/RHE, a higher and stable ECH reduction
current density was obtained with electrodeposited zinc catalyst. Higher conversion (46 %), yield
(FAL (26 %) and MF (9 %)) and FE (FAL (69 %) and MF (42 %)) was observed with
electrodeposited zinc catalyst as compared to bare zinc. Higher selectivity to FAL, MF and mole
balance during the reaction indicated that electrodeposited zinc was more selective to ECH as
compared to electrodimerization. No zinc dissolution was observed but surface analysis of post-
electrodeposited zinc nanoparticles showed the presence of zinc oxide. Further investigations on

the role of zinc oxide catalysts for electrolysis can help in understanding reaction mechanism.
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Chapter 6
Summary and Future Work

Work presented in this thesis is motivated by the need to investigate various pathways of
biomass valorization, which offers a sustainable alternative to produce fuels and chemicals as
compared to fossil resources to meet increased consumer energy demands, control CO; emissions
in the so-called net zero economy, lower environmental footprint, and achieve carbon neutrality in
the coming years. In the entire thesis, principles of green chemistry have been applied, including
waste prevention (low E-factor), high atom economy, catalysis, use of renewable feedstocks, less
hazardous chemical synthesis, safer solvents and design for energy efficiency. The conversion of
triglyceride (vegetable oil) and cellulose/sugar derived feedstocks (furfural and HMF), was studied
using heterogeneous chemo- and electro-catalytic selective synthesis methods to obtain value-
added and industrially important chemicals for the polymer, perfumery, pharmaceutical and fuel
industries.

To achieve desired reactions, various acid/base/metal catalysts were synthesized and screened
for their activity based on conversion, yield, selectivity and Faradaic efficiency. In each chapter,
a systematic evaluation of the effects of various reaction parameters on the catalytic activity and
reaction rate was conducted to achieve the optimum experimental conditions to maximize catalytic
activity. The catalysts were synthesized and characterized before and after the reaction to
understand stability and reusability.

In Chapters 2, 4 and 5, two value added chemicals were simultaneously obtained from a single
one pot cascade reaction, which aids in process intensification. Thus, overall this work provides

new insights into catalyst and materials synthesis, careful evaluation of reaction conditions and
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their optimization via observed effect on reaction based on conversion, yield, selectivity and
Faradaic efficiency in order to design a successful biomass valorization reaction system.

Chapter 2 focusses on the study of chemical interesterification of soybean oil triglycerides with
methyl acetate to co-produce valuable fuel, biodiesel and fuel additive, triacetin. Calcined Mg-Al
hydrotalcite (Mg:Al mole ratio — 3:1) was found as the best catalyst for achieving 95.5 %
conversion of soybean oil triglycerides in 4 h and yielding 5.3 % selectivity of triacetin along with
the value-added intermediates - monoacetindiglycerides and diacetinmonoglycerides, produced
with a selectivity of 46 % and 48.7 %, respectively. The optimum reaction conditions were found
at an oil to methyl acetate mole ratio of 1:50, catalyst loading of 0.04 g/cm? and a temperature of
200 °C. The catalysts were fully characterized before and after the reaction, and were found to
possess high surface area with both basic and acidic sites. The concentration profiles of the
reactants, intermediates and products obtained at different temperatures were used to obtain the
kinetic rate constants and the activation energy of each parallel step was evaluated. Reusability
studies showed that the catalyst was stable and reusable up to three cycles.

Overall, interesterification of triglycerides was found as a good alternative as compared to
transesterification, to yield a higher value-added compound, triacetin, as a co-product instead of
the already abundant commodity, glycerol. To further pursue this area, higher triacetin selectivity
should be targeted at by driving conversion of intermediates towards end products. This can be
achieved by using a catalyst that has a higher basicity (combined with intermediate acidity) as
compared to the calcined Mg-Al hydrotalcite. Also, since higher temperatures favoured triacetin
selectivity, reactors that can withstand temperatures higher than 200 ‘C, for example fixed bed
continuous reactors, can be used [76]. After successfully achieving higher triacetin selectivity

combined with already achieved high triglyceride conversion and biodiesel yield, waste soybean
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oil can be used as the feedstock with the optimized catalyst and reaction conditions, in order to
make the triglyceride interesterification process more economical [63,318].

In Chapter 3, we explored the formation of an AMF fuel additive, 5-(2-hydroxyethoxy-
methyl)furfural (HEMF) by etherification of bio-based platform chemical, HMF with ethylene
glycol at high conversion and selectivity. Chemo-selective catalyst was desired to selectively
synthesize HEMF instead of the acetalized product, 5-hydroxymethylfurfural ethylene acetal
(HMFA). Metal substituted dodecatungstophosphoric acid supported on K-10 clay (Mx-DTP/K-
10) catalysts were found to serve the purpose. The highest activity was achieved with 20 % (w/w)
Al ¢s-DTP/K-10 as a catalyst yielding 98.9 % conversion of HMF with 96.6 % selectivity to
HEMEF. High selective to HEMF is attributed to the combined activity of Lewis and Bronsted acid
sites in the Al substituted DTP/K10 catalyst. The effect of reaction variables was studied, and the

optimum conditions were found to be speed of agitation of 1000 rpm, catalyst loading of 0.03

g/cm?, HMF to ethylene glycol mole ratio of 1:30 and a temperature of 100 °C. The catalysts were
characterized by various techniques and were found to be mesoporous with high surface area and
acidity. Catalyst was found to be stable and reusable up to three cycles with resistance to acid site
leaching. The reaction was kinetically controlled, and activation energy was calculated as 21
kcal/mol. Almost complete HMF conversion and high etherification selectivity yielded nearly pure
HEMF product, which could be separated by vacuum distillation. Thus, this work provided a green
and efficient way for upgrading HMF to valuable fuel with minimal downstream processing.

This study can be further followed up establishing the characteristic fuel properties of HEMF
such as cetane number, octane number, viscosity, cloud point etc., which are not available in the
literature. This can be done by using the methods developed in the literature for the testing of fuel

additives: 5-methoxymethyl furfural and 5-ethoxymethyl furfural, which are monohydroxy
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alcohol derived HMF ethers [319,320]. It would also be worthwhile to find a catalyst that does not
produce acetalized product, HMFA and thus, is completely selective to etherification reaction.
Also, different di- and tri-hydroxy alcohols can be used to produce high molecular weight branched
AMFs, which might result in better blending and fuel properties as compared to other ethers
[38,138].

Chapter 3 transitions this thesis towards electrocatalysis, where we studied zinc metal as a
novel electrocatalyst for potentiostatic ECH of furfural to furfuryl alcohol (FAL) and 2-
methylfuran (MF), products having applications in pharmaceutical, polymer and fuel industries.
The activity of zinc was compared to other well-known catalysts, copper and nickel. The effect of
electrolyte pH was studied, and it was found that electrolysis in near-neutral electrolyte (pH 6 to
8) showed increased yields and FE as compared to acidic and alkaline conditions. This result is
attributed to optimum proton concentration in neutral electrolytes that restricts HER while
minimizing side reactions. At neutral pH, the reaction was more selective towards FAL formation
than MF. The best activity of zinc catalyst was obtained with 0.5 M sodium bicarbonate (NaHCO3)
electrolyte (pH = 8.4) at -0.7 V/RHE, yielding 73% FE for FAL and 86% FE overall. At these
experimental conditions, higher conversion, yield and FE of desired products, FAL and MF were
achieved with zinc as compared to copper and nickel catalyst. To the best of our knowledge, this
is the highest FE for FAL that has been reported to date. Oxidized zinc species were found on the
electrode following furfural electrolysis, which were suspected to be involved in possible reaction
mechanism favouring proton transfer to furfural contributing to high activity of zinc for ECH.

Lastly, based on motivation of zinc as an efficient catalyst from Chapter 4, in Chapter 5, we
studied the activity of zinc metal nanoparticles for furfural ECH, comparing it to our previous

results with bare zinc. This work was done to achieve higher current density, furfural conversion,
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and higher yield of FAL, MF with high surface area zinc metal nanoparticles. It was also desired
to minimize furfural dimerization reactions, which reduce the selectivity to FAL, MF, and can
further help to increase the FE of the furfural ECH reaction.

It was envisaged that post-electrolytic characterization will aid in elucidating reaction
mechanism. Zinc metal nanoparticles were synthesized on zinc wire as substrate by
electrodeposition using 0.2 M zinc chloride as precursor at -20 mA/cm? for 5 h at 50° C. SEM-
EDS analysis revealed the presence of fibrous morphology of zinc particles with elemental
composition of zinc in the material as 97 wt% and remainder oxygen. Steady state polarization
curves depicted that in the presence of furfural, electrodeposited zinc obtained nearly three times
higher current density as compared to bare zinc, with over 350 % increased current density at -0.6
V/RHE. Also, the relative increase in current density for ECH as compared to HER was much
higher with electrodeposited zinc, which confirms their higher dominance to ECH as compared to
bare zinc. Electrolysis results further confirmed that electrodeposited zinc catalyst obtained a
higher conversion (46 %), yield (FAL (26 %) and MF (9 %)) and FE (FAL (69 %) and MF (42
%)) of desired products than the bare zinc. Higher selectivity and mole balance was achieved with
electrodeposited zinc catalyst which indicates its selectivity to ECH as opposed to
electrodimerization. Surface zinc oxide formation was observed on post-electrolysis zinc particles,
which might play a role in reaction mechanism.

We believe that many novel and interesting contributions can be made to the work on ECH of
furfural by finding efficient ways to quantify the intermediate radicals formed during the ECH
reaction, which will be helpful in devising a reaction mechanism. For examples, spectroscopic
methods to test intermediate radical and dimerized product formation, which have been identified

in the literature [321], can be calibrated to calculate product concentration based on peak intensity.
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It is also desired to test the activity of dissolved zinc for furfural ECH reaction. This might be
achieved by using zinc salt-based electrolyte with a working electrode which does not have any
activity for furfural ECH, to specifically test dissolved zinc catalysis. A more extensive empirical
investigation that tests activity of zinc oxide as compared to metallic zinc will also aid in
understanding the active species and role of zinc in the ECH reaction. For example, zinc precursors
that result in strongly adherent zinc oxide particles deposition on a substrate or anodized zinc can
be used as an electrode for furfural ECH reaction and the results can be compared to zinc metal
activity [226,322]. At last, this process can be scaled up employing higher surface area zinc
nanoparticle catalysts in a continuous electrolyzer to obtain high product yields and conversion
efficiency. This system may also be applicable to ECH of other aldehydes, such as benzaldehyde,
cinnamaldehyde to produce valuable products [321,323]. Zinc catalysis for ECH can also be
extended to hydrogenation of aldehydes or ketones present in bio-oil for its upgrading and
stabilization [47].

In summary, this work provides a guide to selective design of catalysts and chemicals by
reaction engineering and process optimization. It significantly contributes to understanding of
various catalytic biomass conversion processes to synthesize value-added fuels and chemicals with
industrial applications. By way of biomass valorization, it adds value to the existing field of green
chemistry for the design of processes using renewable feedstocks and catalysis. The results
obtained in this thesis would be helpful in further process intensification of studied biomass

conversion processes.
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APPENDIX A

Reaction Analysis, GC-MS spectra of products and concentration profiles
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Reaction analysis

Triglycerides (T), monoacetindiglycerides (MA), diacetinmonoglycerides (DA), fatty acid
methyl esters (F) and triacetin (TA) possess no conjugate structure and thus show poor UV
absorption. Thus, UV detector was used at a very low UV wavelength of 205 nm. The gradient
method of elution was used for analysis by passing different ratios of methanol and isopropyl
alcohol-hexane (5:4, v/v) (Table A2.1). This method of analysis was adopted from the literature
and a similar chromatogram was obtained [267]. The different fractions of mobile phase during
the 21 min run could create a mixture of polar and non-polar mobile phase in the column. The time
with high polar mobile phase could help in elution of slightly polar compounds — F, TA and DA
and moderately non-polar mobile phase will help in elution of MA and T. The chromatogram of
the reaction mixture based on this HPLC method is shown in Figure A2.1.

Table A2.1. Gradient method of elution of Methanol and isopropyl alcohol-hexane 5:4 (v/v)

Time (min) A: Methanol; B: Isopropyl alcohol-hexane 5:4 (v/v)

0 A =100 % B=0%
10 A=50% B=50%
16 A=50% B=50%
21 A=100% B=0%

MAU 3 F

B0

50- DA T

-

- MA

20

WA

0
A00-
25 5 15 10 12,5 15 175 20 min

Figure A2.1 HPLC Chromatogram of a reaction mixture (Triglycerides (T),
monoacetindiglycerides (MA), diacetinmonoglycerides (DA), fatty acid methyl esters (F) and
triacetin (TA))

150



The total area under the peaks of soybean oil triglyceride (T), fatty acid methyl esters (F),
monoacetindiglycerides (MA), diacetinmonoglycerides (DA) were used to calculate
concentrations of these species based on the differential rate equations and mole balance equation

as follows:

The net rate of consumption of methyl acetate (M) by three parallel reactions is given by the

following equation:

dc r ’
Ty = _d_:/, =w. {(k1CMCT + kyCyCya + k3CMCDA) - (k1 CrCya + ky CpCpy +

k3'CrCra)} (1)
The rate of consumption of triglycerides (T) and the rates of formation of fatty acid methyl

esters (FAME, biodiesel) (F), monoacetindiglyceride (MA) and diacetin-monoglyceride (DA),

triacetin (TA) are as follows:

—rr = _dstT = w. (kyCy Cr — ky'CpCra) (2)
Tma = diin:A =w. (k1 CyCr — k1’CFCMA — kyCyCya + kZICFCDA) 3)
Tp = % =w. (k1CyCr — kllcFCMA + ko CyCuya — kZICFCMA + k3CyCpa — kSICFCTA)
4
Tpa = d(C;t)A =w. (kyCyCya — kZICFCDA — k3CyCpa + k3,CFCTA) (%)
Tta = dZ:A =w. (k3CyCpa — k3 ' CrCr,) (0)
At time t=0
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At any time t, the following holds:1 mole of T reacts with 3 moles of M and leads to formation

of 3 moles of F, 1 mol of each of MA, DA and TA

The total material balance states the following:

CT:CTO(l_XT) (7)
CMo

Cy :CMO _XFCTO :CTO(C _XF):CTO(R_XF) 3
it

0

Converting differential equations into difference equations for all species:

AC=C(t)-C,
Manipulate equations 1 through 6 by addition or subtraction to get all rate terns on LHS and

others on RHS to make them zero.

Subtracting equation (4) from equation (1) gives the following:

dc r ’
Ty = _d_:/, =w. {(k1CMCT + kyCyCya + k3CMCDA) - (k1 CpCya + ky CpCpy +

ks'CrCra)} )

dc ’ r l
r = d_tF =w. (k1CMCT —ky CeCya + kyCyCpya — ky CpCpya + k3CyCpy — k3 CFCTA) (10)

That it:
dCpy dCg _ ’ k ’ k !
_E - E - (kchCT + kZCMCMA + k3CMCDA) - (kl CFCMA + 2 CFCDA + 3 CFCTA)'
(kchCT - kIICFCMA + kZCMCMA - kZICFCMA + kSCMCDA - k3,CFCTA)= O (11)
So,
-dC,, —dC,. =0
-AC,, —AC, =0
-Cy+C,y, —Cr+Cp =0
Cy, +Cp =C,, +C;
Since,
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Fy
Cy, =Cy +Cs
Equation 12 holds at any time t.

Similarly, we can connect other concentrations by manipulating other equations.

Similarly,

ac !
—rr = —d—: = W. (kchCT - kl CFCMA)

Similarly, subtract equations 3, 5 and 6 from equation 2 to get:

dCr dCma dCpa dCra _
dt dt dt dt

-dC, —dC,,, —dC,,—dC,, =0
~AC, —=AC,,, —AC,,—AC,, =0

Since the initial concentrations of mono-, di- and triacetins are zero. The following holds
CT0 =C,+C,, +Cy,+C,,
Equation 17 also hold at all times.
Using equation 17 we can write,
Cro = Cr = Cya+ Cps + Cry

Cma Cpa Cra

1= + +
CTO - CT CTO - CT CTO - CT

1 :SMA +SDA +STA

Ci
S

Cro—Cr

Here, i refers to MA, DA or TA.
Thus, the concentrations of MA, DA, TA can calculated using equation:
Ci = S * (Cro — Cr)

The concentration of T can be calculated using equation 7.

153

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)



Since 1 mole of T can produce 3 moles of F, 1 mole of MA can produce 2 moles of F and 1

mole of DA can produce 1 mole of F, the concentration of F can be calculated as:

CF:3*CT_2*CDA_CMA

(20)

The rate equations and the concentrations can be solved using Python to get rate constants as

discussed in Chapter 2 (Section
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Figure A2.2 Gas chromatography-mass spectra of the reaction mixture
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Figure A2.3 Gas chromatography-mass spectra of methyl palmitate
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Figure A2.4 Gas chromatography-mass spectra of methyl linoleate
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e Methyl oleate
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Figure A2.5 Gas chromatography-mass spectra of methyl oleate
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Figure A2.6 Gas chromatography-mass spectra of methyl stearate
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> Triacetin
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Figure A2.7 Gas chromatography-mass spectra of triacetin
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Figure A2.8 Experimental (x) and fitted (—) concentration (C) profile of soybean oil
triglycerides (T), fatty acid methyl esters (F), monoacetindiglycerides (MA),
diacetinmonoglycerides (DA) and triacetin (TA) as a function of time at temperature (a) 180 °C,
(b) 190 °C, (b) 210 °C. Soybean oil: 7.0 g, soybean oil:methyl acetate mole ratio: 1:50, speed of
agitation: 1000 rpm, catalyst loading: 0.04 g/cm?, total volume 40 cm?, reaction time 240 min.
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APPENDIX B

HPLC Analysis, Catalyst stability and Kinetic modelling
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HPLC chromatogram of the reaction mixture
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Figure A3.1 GC chromatogram of reaction mixture containing 5-hydroxymethylfurfural (HMF),
5-(2-hydroxyethoxymethyl)furfural (HEMF), 5-hydroxymethylfurfural ethylene acetal (HMFA).

Liquid chromatography-mass spectra of products

Figure A3.2 HPLC-MS spectra of synthesized 5-(2-Hydroxyethoxymethyl)furfural (HEMF)
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Catalyst stability tests by hot filtration method

100

Conversion (%)

DTP/K-10 Cs2-DTP/K-10 Cul-DTP/K-10  Al0.66-DTP/K-10  Zr0.5-DTP/K-10

Catalysts
ut=30 min ut=360 min
Figure A3.3 Catalyst stability test to check the conversion of HMF after 30 and 360 min reaction

time. HMF:Ethylene glycol mole ratio: 1:30, Speed of agitation: 1000 rpm, Temperature: 100°C,
Catalyst Loading: 0.03 g/cm?, Total volume: 12 ¢cm?, Reaction time: 360 min.

Kinetic model
The kinetic model was derived using a dual sitt LHHW mechanism [141]. The detailed
derivation is provided below:
Adsorption (Molecular):
Adsorption of A on vacant acid sites:
A+S & AS (1)
Adsorption of B on vacant acid sites:

B+S < BS )
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The adsorption rates of A and B are given by:

map = ka (CaCs = 525) 3)
rop = ky (CoCs — 22 “4)

Surface reaction:
The surface reaction of adsorbed species AS and BS to form products, ES and DS is given by:
AS + BS = ES + DS (5)

The rate of surface reaction is given by:

s = ksCysCps (0)
Desorption (Molecular):
Desorption of E:

E+S ©ES (7)
Desorption of F:

F+S ©FS (8)

The desorption rates of E and D are given by:

ren = ki (CeCs = 522) )
ren = ki (CeCs = 52) (10)

Site Balance:
The total concentration of catalytic active sites is given by:
Cr = Cs + Cy5 + Cps + Cgs + Crs (11)
Assuming that the surface reaction is rate limiting and the adsorption and desorption steps are
in equilibrium, we can determine the concentration of adsorbed species from equations (3), (4),

(9) and (10) as:
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Cas = K4CyCs

Cps = KpCg(Cs
Cgs = KgCgCs
Crs = KpCpCs

Substituting equations 12-15 in equation 11,

CT = CS + KACACS + KBCBCS + KECECS + KFCFCS

— Cr
(1+KACA+KBCB+KECE+KFCF)

Cs

The rate of reaction of A is given as:

_ —dCy _ _
A= g T = ksCysCps

Substituting equations 12-15 in equation 6, we get:

Ty = =Ts = kSKACAKBCBCSZ

Substituting (12) in (14), we get:

- -dCy ksKACaAKpCpC¥

A dt (1+KACA+KBCB+KECE+KFCF)2
If w is the catalyst loading, then,

r, = —dCyqp ksKaCaKpCpw

A dt (1+KACA+KBCB+KECE+KFCF)2

Assuming the adsorption constants (K;<<<1), we get

Ty = = w kSKACAKBCB

(12)

(13)

(14)

(15)

(1)

(12)

(13)

(14)

(15)

(16)

(17)

Since, ethylene glycol (Cp) is in excess, the concentration can be assumed to remain constant

throughout the reaction, which gives:

—dCy

’r =
A dt

Integrating above equation, we get:
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= wkC,Cp , where, k = ksK,Kp

(18)



C
ll’l <£) == WkCBot
Ca

USing CA = CA0(1 - XA),
—In(1 — X,) = wkCpgot (19)
The experimental conversion versus time data recorded at different temperatures, keeping

other parameters constant can be used to validate the predicted kinetic model by equation 19.
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APPENDIX C

GC, GC-MS analysis, Cyclic voltammograms, Buffer capacity, Open circuit potential vs pH

tests, EDS Spectra and Literature comparison of results
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Figure A4.1 GC chromatogram of reaction mixture containing furfural (F); furfuryl alcohol
(FAL), 2-methylfuran (MF), p-xylene (internal standard, IS)
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Figure A4.2 Experimental (Exp.) and fitted (Fit) concentration profile of furfural in
anode chamber after permeation
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Figure A4.9 GC chromatogram of reaction mixture containing furfural (F); furfural alcohol
(FAL), p-xylene (internal standard, IS) and side products (alpha-furoin (Ethanone, 1,2-di-2-
furanyl-2-hydroxy); hydrofuroin (1,2-Ethanediol, 1,2-di-2-furanyl-); 4-methyl-5-(2-methyl-2-
propenyl)-2(5H)-furanone and 1-(2-furanyl)-3-methyl-butene-1,2-diol [cold trap sample
containing MF not analyzed by GC-MS].

Table A4.1 Similarity indices of probable chemical compounds at respective peak retention
times in GC chromatogram [Fig. A4.9]

Similarity Index of Chemical Products

alpha-furoin | Hydrofuroin 4-methyl-5-(2- 1-(2-furanyl)-
methyl-2-propenyl)- 3-methyl-
2(5H)-furanone butene-1,2-diol
42.8 87 - 88 89
= £ 43.1 87 - 89 -
S £
= 433 80 - - -
g2 g 435 83 82 - -
ME| 437 82 84 85 82
43.9 82 85 85
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Figure A4.10 GC Mass spectra with probable chemical side products. (a) Mass spectrum of GC
peak at 43.7 min retention time. Reference mass spectrum for (b) 4-methyl-5-(2-methyl-2-
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