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Abstract

The conversion, selectivity for hydrogen, and stability of different Ni based hydrotalcite
derived catalysts were studied in aqueous phase reforming of ethylene glycol and phenol and
were benchmarked against Ni/y-Al,O3 and commercial 5 wt.% Pt/C and 5 wt.% Pd/C.
Hydrotalcite catalysts were given a nomenclature as aNib, were ‘a’ is M?*/M3* ratio and ‘b’ is
Ni loading. The highest conversion obtained was for 3Ni20 catalyst giving a mass activity of
24.4 mmol of substrate per g of catalyst (38% conversion), which was similar to the mass
activity of commercial 5 wt.% Pt/C and 5 wt.% Pd/C catalyst. However, selectivity for
hydrogen of commercial catalysts was at least 1.5 times more than 3Ni20. The highest
selectivity for hydrogen for hydrotalcite derived catalyst was obtained with 8Nil5 catalyst,
which was similar to the selectivity obtained by Pt/C, however, mass activity of 8Nil5 was
only 11.5 mmol of substrate per g of catalyst. With an increase in Ni loading in Ni-hydrotalcite
derived catalysts (keeping the M2*/M3* ratio constant) conversion of ethylene glycol increased
(3Ni5 < 3Ni10 < 3Ni15 < 3Ni20) but the selectivity towards hydrogen decreased (3Ni5 > 3Ni10
> 3Ni15 > 3Ni20). With an increase in M?*/** ratio (keeping Ni loading constant) conversion
of ethylene glycol decreased (2Ni15 > 3Ni15 > 6Ni15 > 8Ni15) but the selectivity to hydrogen
increased (2Nil5 < 3Nil5 < 6Nil15 < 8Nil5). Monometallic Ni/y-Al.O3 demonstrated poorer
selectivity compared to all hydrotalcite derived catalysts. Post reaction pXrd patterns showed
that the hydrotalcite structure was changed to a spinel structure (in case of hydrotalcite derived
catalysts) and boehmite in case of Ni/y-Al2Os. Ni leaching was lower in hydrotalcite derived
catalysts as compared to monometallic Ni/y-Al.O3 except for sample 8Nil5, indicating that
higher Mg content can negatively affect catalyst stability. Spent 2Ni15, 3Ni20 and Pd/C were
re-tested in APR of ethylene glycol. For hydrotalcite derived catalysts, conversion dropped by
50% as compared to fresh catalyst while conversion remained almost same in Pd/C. Selectivity
for hydrogen of spent and fresh catalysts were almost same. The major reason for deactivation
was leaching of Ni. With the increase in reduction temperature, conversion increased but the
selectivity dropped. In case of aqueous phase reforming of phenol, no conversion of phenol
was observed with any catalyst and consequently, no hydrogen was produced, in contrast to

literature reports.
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Chapter 1: Introduction

Ever increasing energy demand and rising global pollution level means there’s an urgent need
to develop more sustainable energy sources. Hydrogen as a fuel is light, colourless and
odourless, has a high calorific value and theoretically gives clean emissions. However, before
hydrogen can be used as a mainstream fuel, it needs to be produced sustainably. Currently 95%
of the total hydrogen is produced from fossil fuels.! One of the methods to produce clean,
renewable hydrogen from sustainable resources is aqueous phase reforming. Aqueous phase
reforming is a method of producing a gaseous mixture rich in hydrogen alongside light liquid
hydrocarbons from dilute aqueous waste streams of oxygenated biomass (e.g., ethylene glycol,
glycerol, sorbitol, ethanol etc.) over heterogeneous catalysts in liquid phase at high pressure
(30-60 bar) and moderate temperatures (220-280 °C). However, currently there are two
challenges in aqueous phase reforming which limits its scalability. Firstly, hydrogen can only
be produced through a very selective route. Competing pathways produce more liquid
hydrocarbons (which have insignificant economic value), and also consumes the produced
hydrogen in-side reactions such as methanation, Fischer-Tropsch reactions and hydrogenation
of liquid hydrocarbons, thus decreasing the selectivity for hydrogen. Secondly, the
hydrothermal conditions of the reaction affect the stability of catalyst. Hence, there’s a need to
design a stable and hydrogen selective catalyst for aqueous phase reforming. Most reports
reported that Pt/Al>Os is a stable and selective catalyst. However, the cost of platinum makes
the whole APR process expensive and difficult to scale-up. Recent attention has been drawn to
nickel-based catalysts because of their high activity in C-C bond scission, promotion of the
water-gas shift reaction and low cost. However, monometallic Ni/Al>Os catalysts suffered from
stability issues (leaching, sintering and carbonaceous deposits) and are not selective towards
hydrogen production. Hence, there is a need to incorporate a basic metal and make a matrix
that can help the nickel to be more stable and selective towards hydrogen production. Layered
double hydroxide (LDH) / hydrotalcites provide an excellent route to incorporate nickel into a
matrix of oxides of Mg and Al in a controlled way. Layered double hydroxides (LDHs), also
known as hydrotalcite-like materials, are a class of two-dimensional (2D) anionic clays
consisting of positively charged host layers and exchangeable interlayer anions. The structure
is like brucite [Mg(OH),], where Mg?* ions occupy octahedral positions and form infinite
layers connected by hydrogen bonds.? In Mg-Al LDH, some Mg?* ions are substituted by AI**
ions and produced an excess positive charge which is compensated by carbonate anions present

in the interlayer space. The general formula of LDH is [M?*1- xM3"«(OH)2]** [A™wn]-mH20,
12



where M?* is a divalent cation, M®* is a trivalent cation, and A" is the anion. Further, some of
the Mg in the layered double hydroxide structure is isomorphously replaced by Ni, hence no
extra phase is observed in pXrd. When these double hydroxides are calcined and reduced, they
yield a hydrotalcite derived catalyst Ni/MgO-Al.O3 with high surface area. The basicity of the
catalyst and particle size of nickel can be adjusted by varying the Ni wt% and molar ratio of
bivalent (Mg+Ni) to trivalent (Al) metals (M?* /M3") in the LDH. Changing the concentration
of metals have effect on its basicity, reducibility, and stability, which in turn effects activity
and selectivity of the catalysts. These catalysts are proven to be highly stable and active in
various reforming reactions.>® There is some literature available for use of hydrotalcite derived
catalysts in aqueous phase reforming, mostly concentrating on adding a fourth metal or using
a different preparation route as compared to the much-used co-precipitation method. However,
there is a lack of systematic study on effect of M2*/M3* ratio on APR catalyst activity and
selectivity, catalyst deactivation, quantification and importantly (given nickel catalysts in
general for APR) comparison of leaching and effect of reduction temperature on catalyst

activity and selectivity.

1.1 Literature review

1.1.1 Energy Demand

From the beginning of the industrial revolution in the mid-eighteenth century until today, steam
powdered trains and ships and later, internal combustion engines aided people to produce and
export goods around the world. This transition from horse-power to horsepower was derived
largely from our ability to exploit fossil fuels. Coupling this with the increase in population
from around 700 million at the beginning of industrial revolution to 7 billion today, has resulted
in massive energy demands. To meet the energy demands, the consumption of fossil fuels
increased year-by-year as evident from Figure 1. According to the International Energy Agency
(Paris), the energy demand will increase from 12 billion tonne oil equivalents in 2009 to 18
billion tonne oil equivalents by 2035.% Currently, 65% of energy demand is satisfied by liquid
and gaseous fossil fuels (petroleum, natural gas etc.).” In 2014, the transportation sector
accounted for 18% energy usage with oil being the primary fuel source accounting for 95% of
transport energy demand.® Sadly, when fossil fuels are burned, they emit harmful and polluting
gases. A major part of the released gas is CO2. Swedish Nobel prize winner, Svante Arrhenius
was among those to theorize about the harmful impact of CO> on earth’s climate. However, the

theory initially met criticism and was not realised until the 1950s.° The temperature of the
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Earth depends on a balance between incoming energy from the Sun and the energy that bounces
back into space. Carbon dioxide absorbs heat that would otherwise be lost to space. Some of
this energy is re-emitted back to Earth, causing additional heating of the planet. Carbon-dioxide
emissions are expected to increase from 29 gigatonnes per year around 2009 to 43 gigatonnes
per year around 2035.° In 2014, 17% of global CO2 emissions came alone from the
transportation sector.®

Total and Individual Contributors
Il Total M Gas M Liquids M Solids Cement Gas Flaring

10,000
8,000
6,000
4,000

2,000

Million Metric Tons of Carbon per Year

1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000 2025

Year

Figure 1: Global carbon emission from 1750 to 2010 , reproduced (without permission) from Boden et al.°,

Using fossil fuels to fulfil the ever-growing energy demand, has created certain concerns:!!

1. large CO2 emissions from carbon-based fossil fuels resulting in anthropogenically
induced climate change.

2. international vexing issue of fuel poverty and energy inequality due interconnected
energy supply and political instability.

3. strong reliance between fossil fuels and economic growth.

4. depletion and extinction of the conventional fossil resources.

1.1.2 Hydrogen as fuel
To overcome these drawbacks and meet future energy demands, there is considerable
international interest in the possibility of developing a hydrogen economy. Hydrogen energy
use is hardly a novel idea, with interest in applications dating back to the 1800s. However, the
confluence of factors including urban air pollution, CO2 emissions and global climate change
has resulted in a recent increase in attractions for hydrogen energy.!? The main reasons for the
growth of interest of hydrogen as fuel are clean (CO- and air pollutant free) emissions, it is the
14



lightest fuel, reasonably easy storage (colourless, odourless and non-toxic gas), high calorific
value (34.0Kcal gt), and widespread availability.** Moreover, advances in fuel cell technology
and direct use of H2 in internal combustion engines have attracted significant attention.’

Versatility of Hydrogen allows it to be converted into different forms of energy:

1. combustion.

2. conversion into steam.

3. conversion into heat through catalytic conversion.

4. as a heat source/sink through chemical reactions.

5. conversion into electricity through electrochemical processes.
However, before hydrogen can be used as a widespread energy source, there are major
scientific, technical, and socio-economic challenges to overcome related to production, storage,

and transportation of hydrogen.

1.1.3 Global hydrogen production

One of the major challenges in realizing a hydrogen economy is today over 95% of world
hydrogen production is from fossil fuels (see Figure 2, 48% from natural gas, 30% from heavy
oils and naphtha, and 18% from coal).! There are several technologies for producing hydrogen
from fossil fuels, the main ones of which are hydrocarbon reforming, partial oxidation and

pyrolysis.t
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water
electrolysis
1%

Natual gas
48%

Heavy oil
30%

Global Hydrogen Production

Figure 2: Global hydrogen production adapted from Nikolaidis et al.

Hydrocarbon reforming is a process by which the hydrocarbon fuel is converted into hydrogen
through reforming techniques. There are three main techniques used to produce hydrogen from
hydrocarbon fuels: steam reforming (SR), partial oxidation (POX), and autothermal reforming
(ATR).

The process of SR involves a catalytic conversion of the hydrocarbon and steam to hydrogen
and carbon oxides and consists of the main steps of reforming or synthesis gas (syngas)
generation, water-gas shift (WGS) and methanation or gas purification.'* Raw materials
includes methane, natural gas, and other methane containing gases through various
combinations of light hydrocarbons including ethane, propane, butane, pentane, and light and
heavy naphtha.'® The POX method involves the conversion of steam, oxygen and hydrocarbons
to hydrogen and carbon oxides. The catalytic process occurs at about 950 °C, whereas the non-
catalytic process occurs at 1150 °C—1315 °C. Feedstocks include methane, heavy oil and coal.*®
The ATR method uses the exothermic partial oxidation to provide the heat and endothermic
steam reforming to increase the hydrogen production. Steam and oxygen or air, are injected

into the reformer, causing the reforming and oxidation reactions to occur simultaneously.t

16



Hydrocarbon pyrolysis is a process in which the hydrocarbon undergoes thermal
decomposition to produce hydrogen. Thermo-catalytic decomposition of light liquid
hydrocarbons produces elemental carbon and hydrogen, whereas in the case of heavy residual
fractions hydrogen is produced in a two-step scheme namely, hydrogasification and cracking

of methane.!

1.1.4 Catalysts

Catalysts are an important class of materials, which can improve the overall sustainability of
the above types of processes. A catalyst is a substance that increases the rate of chemical
reaction without being consumed in the reaction or being part of the final products.!’ Catalytic
processes were known to humans from dawn of civilization, for example fermentation of sugar
to produce alcohol. The first documented use of an inorganic catalyst is by Valerius Cordus in
1552 when he used sulfuric acid to catalyse the conversion of alcohol to ether.*® In early 19"
Century Humphry Davy and his invention of the mining safety lamp, is considered to be the
first clear indication of a chemical reaction occurring on a metal surface between two gaseous
reactants, without the metal being affected.'® Many other such processes were studied around
that time by contemporary scientists including Antoine Augustin Parmentier (1737-1813) ,
Johann Wolfgang Ddbereiner (1780-1849), Sigismund Konstantin Kirchhoff (1764-1833),
Anselme Payen (1795-1871) Jean-Francois Persoz (1805-1868), Johann Rudolph Deiman
(1743-1808), Adrien Paets von Trootswijk (1752-1837), Anthoni Lauwerenburg (1758-1820),
Nicolas Bondt (1765-1796), Pieter Nieuwland (1764-1794) and many others.2° The first time
a catalyst was used in the industry was in 1746 by J. Hughes in the manufacture of lead

chamber sulfuric acid.?

However, there were no significant efforts made to explain these phenomena. Jons Jakob
Berzelius (1779-1848) systematically investigated the recorded observations and proposed the
term catalysis (Greek words kata meaning down and lyein meaning loosen) in 1835.22 In his
own words: “the property of exerting on other bodies an action which is very different from
chemical affinity. By means of this action, they produce decomposition in bodies, and form
new compounds into the composition of which they do not enter”.?% 22 This resulted in the start
of systematic research and discovery of new catalytic processes. It became quite evident that
catalysis was useful in most chemical processes and financial gains was realized. By the end
of the 19" century academic knowledge was translated into industrial applications. Today,

catalysts have direct involvement in the production of 80% of industrially important chemicals
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and involved in more than $10 trillion in goods and services of the global gross domestic
product (GDP) annually with an estimate that the global demand on catalysts is more than $30
billion.2 With the increasing energy and environmental concerns, one can expect a further

rapidly expanding market for catalysts.

The importance of catalysis can be realized by the industrial example of essential nonsteroidal,
anti-inflammatory painkillers. When Ibuprofen was initially developed in 1962, the production
route consisted for six stoichiometric steps with overall atom economy of 40%. Later, it was
replaced by a three-step catalytic process with overall atom economy of 77% and acetic acid
as only by product. When methods for recovering and recycling acetic acid were developed,
the atom utilization increased to 99% and it revolutionised the process pharmaceutical industry

forever.?

Catalysts cannot change the thermodynamic equilibrium (thermal equilibrium, chemical
equilibrium and mechanical equilibrium), but it changes the way equilibrium is reached. Hence
catalysis is a kinetic phenomenon. The energy needed to start a reaction is called activation

energy. A catalyst lowers the activation energy of a reaction as represented in Figure 3. 2>26

A Increasing energy

E, for uncatalysed reaction

Activation energies for
the steps of a catalyzed
reaction

Energy, kJ

Reactants

AHfor both
catalyzed and
uncatalyzed
reactions

/

Products

y

Reaction coordinate

Figure 3: Energy vs. reaction coordinate for uncatalyzed and catalysed reaction reproduced (without
permission) from Chorkendorff et al.?®.

A catalyst acts by lowering the activation energy by providing an alternative path to the reaction.

Catalysts facilitate this by forming new temporary bonds between the reactants and catalyst
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and breaking the existing bonds. After that new bonds are made, and the product is released by

breaking of temporary bonds between reactants and catalyst. A catalytic route is made up of

several steps and the product of each step between products and reactants is known as a

catalytic intermediate. Since the bonds between the catalyst and reactants are broken at the end

of the cycle, the catalyst is regenerated and ready for the next conversion. Thus only a small

amount of catalyst is used in each reaction and is often recovered at the end of the reaction.?>

26 Since a catalyst lowers the activation energy, more molecular collisions have the energy

needed to reach the transition state, which increases the reaction rate, selectivity of pathways

with lowered activation energy, and enables the reaction at lower temperatures.?>-28

Some important terminology in catalysis is highlighted as follows.

1.

Activity: the ability of a catalyst to increase the rate of a chemical reaction is called its
activity, and usually measured as mass activity — the moles of reactant converted per g

of catalyst.

Selectivity: the ability of the catalyst to direct a reaction to yield a particular product is

referred to as the selectivity of the catalyst.

Promotors: promoters are substances that increase the catalytic activity, even though

they are not catalysts by themselves.

Inhibitors: added substances which reduce the reaction rate are reaction inhibitors.

Poisons: catalyst poisoning refers to the partial or total deactivation of a catalyst by a

chemical compound.

Sintering: sintering is broadly termed as a physical and/or thermal phenomenon that
leads to agglomeration of an active phase, a reduction in the surface to volume ratio of
the catalyst. It normally results in the loss of active sites due to alteration of the
catalyst’s structure. Depending on the catalyst’s type, it can either result in loss of active
sites due to agglomeration of dispersed metal or crystallites to larger ones or partial to

total collapse of the internal pore structure and a corresponding loss of surface area.
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7. Leaching: leaching refers to the loss of active species from the solid that are transferred

into the liquid medium, causing eventually a deactivation of the catalyst.

In homogeneous catalysis, the catalyst is in the same phase as the reactants and/or products.
Homogeneous catalysis reactions are typically liquid phase, where both reactants and the
catalysts are in liquid state.?” Homogeneous catalysts are mostly organic or organometallic
compounds. Homogeneous catalysis provides excellent atom efficiency, reactivity and

selectivity towards one product but it’s separation and reusability can be very difficult.?8

When the catalysts and the reactants/products are in different phases it is called heterogeneous
catalysis. The catalyst is typically solid, and the reactants/products are in the liquid or gaseous
phase. Heterogeneous catalysts dominate over 80% of the catalysis reactions used in industry,
resulting in sales over 12 billion USD out of total 15 billion USD catalysis market.?® For the
preparation of supported catalysts (typically a metal on metal oxides), precursor of active metal
species is deposited on the surface of a support. The precursor is then converted to
nanocrystallites or amorphous nanoparticles of an active species usually through thermal
treatment. Supports are usually oxides, or carbons with different surface characteristics. The
supported particles are in oxidic, metallic or sulfidic state. Catalytic properties of the material
are governed by the nature of active sites and the support, interaction between active sites and
support and size of the active sites can all play a role. Active sites should be highly dispersed

as small nanoparticles with high loading to obtain a high-area active surface.?®-%

1.1.5 Aqueous phase reforming

There is an urgent demand for production of renewable hydrogen using sustainable feedstocks.
Aqueous Phase Reforming (APR) is a novel method of using the aqueous phase obtained from
waste biomass streams (mostly oxygenated hydrocarbons) to produce a hydrogen-rich gas
mixture (alongside light alkanes) over heterogeneous catalysts at mild reaction conditions.
APR was first proposed by the research group of Prof. Dumesic in 2002 to produce hydrogen
from biomass derived hydrocarbons (sugar and alcohols) in liquid water using a platinum-
based catalyst at 225 °C temperature.®> APR is potentially advantageous over the high
temperature vapour-phase steam reforming process of oxygenated hydrocarbons (500 °C
<T<800 °C) because it provides additional H2 through WGS by using water as solvent and
reactant and reducing CO levels in the product gases. Since APR produces H; with little or no

CO, it is especially suitable for producing renewable H> for PEM fuel cells in portable
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devices.®! APR also saves energy by not vaporizing the feed (and is especially valuable where
feeds are already in dilute aqueous form) and lowers cost by excluding an extra WGS reactor.*
APR can be used to sustainably produce liquid fuels by reforming over bi-functional catalysts,
e. g., dehydration on acid catalyst and hydrogenation on metal catalyst.3* APR can be
potentially applied where the installation of a small-scale methane steam reforming unit is not
economically attractive, for example at a standalone green diesel production plant located close

to a pulp mill.*

In early studies, ethylene glycol was mainly a feed molecule for the APR process. It possesses
the typical structure of alcohols including C-C, C-O, C-H, O-H bonds, and OH groups.
Dumesic et al. in their first report about APR outlined the possibility of APR of ethylene glycol
on platinum catalysts, the H> formation paths and the production of alkanes from alcohols as
shown in Figure 4.3 First, the alcohols transform into the adsorbed intermediates on the
catalyst surface after dehydrogenation steps, followed by cleavage of the C-C or C-O bonds.
After that, the optimal situation is the scission of the C-C bonds is followed by the WGS
reaction, which will produce H,. However, the scission of C-O bonds will make organic acids,
which are stable and cannot be reformed easily. Moreover, the produced organic acids can
corrode the equipment and deactivate catalysts by leaching and poisoning. Organic acids can
be formed by dehydrogenation reactions catalysed by the metal, followed by rearrangement
reactions that take place in solution or on the catalyst. These organic acids lead to the formation

of alkanes from carbon atoms that are not bonded to oxygen atoms.*2
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Figure 4: Reaction pathways for production of H; by reactions of oxygenated hydrocarbons with water,
reproduced from??

Therefore, effective catalysts for the APR process should demonstrate high activity in cleaving
C-C bonds, low affinity for C-O bond cleavage, high capacity to promote the subsequent WGS
reaction, and low activity in the methanation reactions.3! Activity and selectivity of hydrogen
in APR can be modified by using different active metal, support type, and reaction conditions
(pressure, temperature, acidic or basic additives, presence of the carrier gas, reactor type).

1.1.5.1 Operating conditions for aqueous phase reforming
In the review published by Dumesic et al. after some initial studies, they concluded that milder
operating temperatures are thermodynamically favourable to reforming oxygenated
hydrocarbons with C:O stoichiometry with a ratio of 1:1 to hydrogen compared to the chemical
equilibrium of the hydrocarbons with an equivalent carbon number.®® The operating conditions
applied in APR involve temperatures in the range of 225 °C - 280 °C and pressures above the
bubble point of the feedstock at the reaction temperature." 33 A comparative study carried out
by the group of Dumesic, reported that reforming in the liquid phase resulted in lower
production rates of hydrogen compared to those obtained in SR.%® In the APR of methanol at
150 °C, changing the reactor pressure from 0.45 MPa to 0.58 MPa changed the operation from
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vapour phase to liquid phase, the methanol conversion dropped from 31.8% to 4.9% and the
turnover frequency (TOF) of H: decreased from 0.23 min? to 0.03 min™t. Hence methanol
reforming is more kinetically limited in the liquid phase than in the vapour phase. Similarly,
Roy and co-workers compared APR and SR of butanol. The results showed an increase in
conversion at higher temperatures and lower pressures. However, the selectivity with respect
to hydrogen increased at lower temperatures and higher pressure under SR conditions. The H;
selectivity was highest at the vapour pressure of the feedstock, and it decreased at higher
pressures under APR conditions.®” Hence, the range of possible APR operating conditions is
limited. Once the temperature is fixed, the pressure should be as close as possible to the bubble
point to maximise conversion and Hz yield and high enough to avoid evaporation of the
feedstock. Low temperatures applied in APR are favourable for the chemical equilibrium of
the WGS reaction that converts CO into CO2 and additional Hz and are thermodynamically

unfavourable for undesirable carbon formation.3?

Reaction rates are lower at lower temperatures, which can be rectified by increasing the contact
time of reactants and catalysts. However, a longer contact will give higher conversions but
decrease H> selectivity. The research group of Dumesic in 2004 reported that higher space
velocities which involve shorter residence times, increased the hydrogen selectivity while they
decreased the alkane selectivity in the APR of oxygenated hydrocarbons over a Sn modified
Ni catalyst.® This provides evidence that production of hydrogen from aqueous phase
reforming is a Kinetically controlled and there should be a balance between desirable

conversion and contact time due to the desired hydrogen product being only metastable.

1.1.5.2 Reactors in aqueous phase reforming

Agqueous-phase reforming experiments are commonly conducted in fixed bed reactors®? 3°-40 or
in batch autoclaves reactors*-*%, The inventors of aqueous phase reforming used a fixed bed
reactor with feed flowing from bottom to top using a HPLC pump. They pressurized the system
using N2 gas. The reactor effluent was cooled using a double-pipe heat exchanger and separated

using a gas-liquid separator and the pressure was regulated using a back pressure relief valve.*

Some alternative reactors are also reported in the literature. The research group of Nijhuis
conducted aqueous phase reforming in a boehmite-washcoated microchannel reactor.*”#° In
their first report, higher conversion and selectivity of hydrogen in APR of ethylene glycol was
seen over Pt/boehmite catalyst in a coated-wall microchannel reactor (ID = 320 um) than in a

packed fixed-bed reactor (ID = 250 um). Moreover, the washcoated reactor allowed for
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efficient hydrogen removal from the catalyst due to the thin catalyst layer (1-5 pum) and short
diffusion path, avoiding undesired hydrogenation reactions, which improved H> production
efficiency.*® The same group published another study where they evaluated mass transfer in
the APR of sorbitol in washcoated microchannel and fixed-bed reactors.*” Comparable
conversions at different residence times were obtained in the fixed-bed reactor, indicating that
intra-particle mass transfer was not the rate-limiting step in the reaction. The hydrogen
selectivity was higher in the microchannel reactor due to an improved mass transfer that
allowed for the removal of hydrogen from the catalyst surface, avoiding its participation in the
side reactions.*’ In a third study hydrogen stripping further improved its selectivity by a factor
of 5.2 in addition to the feedstock conversion, which was 2.4 times higher.*® Another type of
reactor used was carbon coated ceramic membrane reactor, used for APR of sorbitol. The
hydrogen removal in a membrane reactor increased the hydrogen productivity by avoiding its

consumption in side reactions.>°

1.1.5.3 Catalysts in aqueous phase reforming
Metals form Groups 8-10 have been applied in the reforming reactions of >C, hydrocarbons
because of their efficiency for C-C bond cleavage, necessary for Hz production.®? % The results
obtained in one of the first studies on APR showed that the catalytic activity in the APR of EG
decreased over silica-supported catalysts with metals in the order of Pt ~ Ni > Ru > Rh ~ Pd >
Ir.39 After Pt was found to be the most efficient metal to produce Hy, the role of different support
materials was assessed in the APR of EG. A comparison between a silica-supported catalyst
and an alumina-supported catalyst demonstrated poor selectivity of silica towards hydrogen
due to the dehydration pathways to alkanes.® The production rate of hydrogen over different
supported Pt catalysts decreased in the order of TiO2 > y-Al,O3 > carbon > Pt-black > SiO»-
Al,O3 ~ ZrO; > Ce02 ~ ZnO ~ Si02.%° Using mixed oxides of CeO, and ZrO, to support Pt
doubled the catalytic activity and the H. selectivity compared to the single zirconium and
cerium oxides in aqueous phase reforming of ethylene glycol.>! The improvement is a result of
higher Pt dispersion, strong metal-support interaction and a larger number of oxygen
vacancies.”® The inventors of aqueous phase reforming proposed the Pt/Al,Os catalyst as the
most suitable for conducting APR due to its lower alkane selectivity and suggested the use of
alloys and dopants to further improve H: selectivity.®® Although, in most reports Pt is shown
to be highly active and selective to hydrogen, a certain number of attempts were made to find
a replacement for this expensive noble metal by a cheaper alternative, e.g. nickel, cobalt or iron.
Nickel based systems in particular have received considerable attention, given the capability
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of Ni for cleaving C-C bonds and for promoting the water gas shift reaction (WGS), which
increases hydrogen production. However, they suffered from selectivity and stability issues.
Deactivation studies of Ni based catalyst supported on y-Al>.O3 suggested that a significant part
of y-Al,03 was converted into y-AIOOH under glycerol APR conditions. The formation of y-
AIOOH significantly changed the textural properties of these catalysts, decreasing the surface
area/porosity and metal dispersion, and increasing their surface acidity. The agglomeration and
re-oxidation of the Ni particles reduced the number of metallic Ni active sites, which results in
decrease of catalyst activity. These phenomena, together with the adsorption of the
carbonaceous molecules/organic compounds were the main reasons for deactivation of Ni/y-
Al,O;3 catalysts.>? Monometallic Ni/C catalyst was found not stable at APR conditions due to
the metal leaching.>® Haasterecht et al. prepared Ni supported over carbon nanofibers and tested
them in APR of ethylene glycol. They reported Ni to have poor selectivity compared to Pt and
Co and metal particle growth and coke deposition were responsible for the deactivation of Ni
catalysts.>* The group of James Dumesic reported that the use of bimetallic catalysts can
increase activity and selectivity due to geometric, electronic, stabilising, synergistic and bi-
functional effects.®™ Hence the successful use of nickel-based catalysts demanded use of

another basic metal oxide.

A bimetallic Pt-Ni catalyst supported on Al.Os, was tested in APR by Dumesic et al.>® and
resulted in higher conversions and Ha selectivity than the monometallic catalysts. When Lu and
co-workers®’ studied the metal support interaction for APR of sorbitol, they observed a similar
phenomenon only when the Pt and Ni catalysts were co-impregnated, which resulted in an alloy
with improved reducibility. In contrast, the sequential impregnation of the Pt and Ni catalysts
resulted in separate metal phases with higher catalytic activity than the monometallic Ni-based
catalyst, though lower than that obtained over the co-impregnated catalyst. The formation of a
Pt-Ni alloy also resulted in lower coke deposition in addition to higher activity. The H» activity
decreased in the following order of the supports: Al2O3z > ZrO, > CZS (C= ceria, Z=Zirconia,
S=Silica). Bimetallic Pt-Ni/C also showed better activity compared to monometallic Pt and Ni
in aqueous phase reforming of glucose.%® Raney nickel and alumina-supported Ni and Sn
catalysts were tested in the APR of different oxygenated hydrocarbons and compared to Al,Os-
supported Pt and Ni catalysts.®® Compared to Pt/Al,Os, the Raney-NiSn catalyst was more
active and selective in terms of hydrogen production, and more stable as well.*® The improved
stability was result of addition of Sn, which was found to minimise sintering, leaching and
coking of the metal particles under APR conditions.>® However with time, the Raney NiSn
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catalysts got deactivated due to oxidation and leaching.>® In the study of APR of EG by Xie et
al., the H> selectivity increased over the Raney Ni catalyst doped with Sn as Sn could activate
the water molecules and promote the WGS reaction.®® A non-pyrophoric Ni catalyst prepared
by alkali leaching of a NisoAlso alloy using small amounts of NaOH as compared to
conventional Raney Ni catalyst showed a 50% higher EG conversion rate in APR and higher
Ho selectivity. The improved performance was attributed to a higher concentration of hydrated
alumina in the support and its positive effect on the WGS reaction.®* The research group of Lu
showed nickel-boron alloy to be 50% more active and 31% more selective toward H> as

compared to Raney Ni in aqueous phase reforming of glycerol .2

Iriondo et al. modified an Al2Os support with the oxides of La, Mg, Zr and Ce, were selected
to improve the performance of a Ni/Al.Os catalyst in the APR of glycerol.®® The catalysts were
prepared by sequential impregnation of promotor oxide followed by Ni nitrate. The H>
production rate over those catalysts, promoted with cerium and lanthanum oxides, was higher
than over the non-promoted catalysts.®® This effect of the Ce and La catalytic promotion was
attributed to geometric effects which poisoned the Ni sites responsible for CO methanation.5
APR of glycerol over Ni supported on Ce and Zr mixed oxide support showed higher activity
as compared to single Ce and Zr oxide supported catalyst.®* Ni supported over mixed oxides
of Ceand Zr, Laand Zr, and Ce, Zr and La resulted in higher conversion rates and H> selectivity
compared to single-oxide CeO, and ZrO; supports in APR of methanol.®® Rahman reported
using bimetallic Pt-Ni supported on Multiwalled carbon nanotubes (MWNT) showed higher
activity and selectivity towards hydrogen than corresponding monometallic catalysts in the
APR of glycerol.®® Park et al. prepared X—Ni/LaAlOs (X = Cu, Co, Fe) by precipitation to test
in aqueous phase reforming of glycerol. The small size and high dispersion of Ni particles in
the Cu—Ni/LaAlO3 catalyst showed the highest glycerol conversion and hydrogen selectivity,
which can be attributed to the synergistic effect of the nickel and copper components in the
catalyst and also suppressed carbon deposition.%” Coronado et al. prepared nickel-based
catalysts with dopants copper and cerium and supports a-Al.O3, B-SiC, ZrO2, y-Al203 and
tested for APR of methanol. NiCe/y-Al2Oz exhibited the highest values of methanol conversion
and hydrogen yield.®® The effect of supports improved in the order a-Al.03 < -SiC < ZrO, <
v-Al203.8 Ni-Cu bimetallic supported on mesoporous CeO2 was successfully synthesized to
investigate the catalytic performance in APR of glycerol. The results showed that the Cu in the

catalysts can effectively improve water—gas shift (WGS) reaction and inhibit the formation of
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methane, which increased the H, production. The higher reaction temperature is beneficial to

the H production rate, but not to Hz selectivity.®

The basicity of supports were studied for influence on catalytic performance for APR of
glycerol over Pt based catalysts. The APR tests showed that the selectivity for hydrogen
followed the order Pt/MgO > Pt/Al,O3 > Pt/CeO2 > Pt/TiO2 > Pt/SiOz. These results indicated
that the APR of glycerol is more favourable for catalysts with more basic supports. However,
Pt/MgO showed the worst stability in hydrothermal conditions.”

Hence, there is a need to incorporate MgO into a stable matrix with Ni, which will not only
provide basicity but also be resistant to carbonaceous depositions and leaching.

1.1.6 Hydrotalcite derived catalysts

An excellent way of incorporating different metals and metal oxides of both support and active

species in a matrix is preparing it through a layered double oxide / hydrotalcite derived route.

Layered double hydroxides (LDHSs), also known as hydrotalcite-like materials, are a class of
two-dimensional (2D) anionic clays consisting of positively charged host layers and
exchangeable interlayer anions. The structure is like brucite [Mg(OH)2], where Mg?* ions
occupy octahedral positions and form infinite layers connected by hydrogen bonds. In Mg-Al
LDH, some Mg?* ions are substituted by AI** ions and produced an excess positive charge
which is compensated by carbonate anions present in the interlayer space. The general formula
of LDH is [M?*1- xM3*(OH)2]** [A™xn]-mH20, where M?* is a divalent cation, M®*" is a
trivalent cation, and A" is the anion. Most of the LDH corresponds to that of Mg-Al LDH, a
natural magnesium-aluminium hydroxycarbonate, MgsAl2(OH)16CO3-4H,0.%2 However, both
Mg?* and AIP* can also be substituted by other divalent cations(Ni?* 46 ™1 Sn?* 72 Mn?* 73,
Cuz* 4L 74 7n2+ 43) and trivalent cations (Co3* 776, Fe3* 7778 Cr3* 7°80) and the interlayer

anion can also be varied.

LDH are usually prepared by coprecipitation, a solution containing M?* and M** metal salts
are coprecipitated with an alkaline solution. The product crystallinity is affected by
experimental parameters such as reaction pH and temperature, concentration of used solutions,

flow rate during addition of reactants.®!

An attractive feature of LDHSs as far as catalysis is concerned, is that the M?* and M>* cations
are distributed in a uniform manner in the hydroxide layers, without clusters of like cations.

They can be used as precursors or templates for the formation of mixed metal oxides with high
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surface area and high dispersion. This conversion from precursors to mixed metal oxides is
initiated by thermal decomposition of LDH, leading to a high-surface-area Mg(AI)O mixed
oxide with Lewis basic sites. The research group of Prof. Mokhtar reported that thermal
decomposition of Mg-Al LDH led to the formation of a dehydrated intermediate phase at
200 °C, followed by crystalline MgO formation at 450 °C. Finally, the products were converted
to an MgO-like structure where AI®* ions are dissolved in the lattice to form a solid solution at
500 °C.82 LDH-derived mixed oxides typically possess high surface area, phase purity, basic

surface properties, and structural stability.

LDH-derived oxides containing other metal cations exhibit not only their original acid-basic
properties of the Mg-Al system but also the properties of other cations that have substituted
Mg and Al. LDH derived mixed oxides containing transition metal ions can be reduced to give
catalytically active metal particles supported on the remaining metal oxide phase. The
supported catalysts prepared from hydrotalcite often exhibit greater catalytic activity because
of their small metal crystallite size, high surface area, basic properties, high dispersion of metal,

and the ability to form homogeneous complex oxides."

The mixed oxides have been reported in various literature to exhibit a property termed as the
“memory effect”.®3%" The original layered structure can be reconstituted when the mixed
oxides are contacted with aqueous solution containing many different anions or even with
vaporized water. This will help in regeneration of catalysts that can be calcined and reduced to
be used again and should theoretically give the same activity and selectivity.

Di Cosimo and co-workers prepared five samples with Mg-Al ratios of 0.5-9.0 in order to
study the nature, density, and strength of surface basic sites of Mg-Al mixed oxide obtained by
calcination and concluded that the surface basicity largely depends on the Al content. On pure
MgO, strong basic sites consisted predominantly of O% anions but calcined LDH contains
surface sites of weak (OH™ groups), medium (Mg-O pairs), and strong (O?~ anions) basicity.
The addition of small amounts of Al to MgO diminished drastically the density of surface basic
sites because of a significant Al surface enrichment. Formation of surface amorphous
AIlOy structures in samples with low Al content (Mg/Al > 5) partially covered the Mg-O pairs
and decreased the concentration of surface O? ~ anions. At higher Al contents (5 > Mg/Al > 1),
the basic site density increased because the AI** cations within the MgO lattice created a defect
to compensate the positive charge generated, and the adjacent oxygen anions became co-

ordinatively unsaturated. In samples with Mg/Al < 1, segregation of bulk MgAl2O4 spinels
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occurred and caused the basic site density to diminish.%® However, pure MgO support was
proved to be unstable in aqueous phase reforming’®, but adding Al decreases the basicity of the
catalyst.®® Hence there will be a trade-off between basicity and stability, which calls for a need
to systematically study the effect of Mg/Al ratios in aqueous phase reforming.

The conventional way to prepare nickel-containing Mg—Al mixed oxide catalysts via LDH
precursor includes co-precipitation of Ni%*, Mg?, and AIP* with a carbonate counterion at
basic pH. Due to their nearly equal cation size, nickel(Il) isomorphously replaces
magnesium(ll) within the brucite-like layers of LDH, thus giving a structure very similar to
that of hydrotalcite.’

1.1.6.1 Hydrotalcite derived catalyst used in Aqueous Phase reforming

Table 1 shows different hydrotalcite derived catalysts used previously in aqueous phase
reforming of various feeds. Cruz et. al. tested Ni/Mg/Al with different Ni wt% in the APR of
ethanol in a batch reactor.** Ni/Mg/Al hydrotalcites showed an isomorphous substitution of
Mg by Ni cations in the brucite layers. Hence no other phases were detected, suggesting that
both nickel and aluminum are well dispersed in MgO matrix. Hydrotalcite derived catalyst with
highest Ni loading exhibited 70% ethanol conversion, 78% H selectivity and less than 1% of
CO formation at 230 °C. All their catalysts showed lower selectivity for methane than alumina
supported nickel, hence improving selectivity for hydrogen. However, the effect of varying
M2*/M3* was not studied and the stability of catalysts was not reported.** Bastan et al. tested
Ni/Mg/Al with different Ni wt.% in the APR of glycerol in a fixed bed reactor. The 5 wt%
Ni/Al,03-MgO showed the highest catalytic activity of 92% total conversion as well as 76%
selectivity towards the hydrogen production. The XRD and TEM characterizations of the spent
catalysts showed no evidence of deactivation in terms of phase change or any carbon
depositions. It was demonstrated that the APR activity lowered in the following Ni content
order: 5> 3> 1> 7 >10 wt% Ni/Al,03-MgO.% Both the papers didn’t study the effect of
M2+ /M3 ratio on conversion and selectivity of hydrogen in APR of substrate.

Pan et al. synthesised Ni/Sn/Al hydrotalcite derived catalyst by coprecipitation method.
However, Sn?* didn’t substitute Mg isomorphously due to large ionic radii of Sn.”? Their
material consisted of two different phases: a hydrotalcite phase and a SnO phase. For APR of
EG, they reported their catalyst was active over 120 h, however, no post mortem of catalysts

characterization was done.’”? Pendem et al. promoted Pt/Mg/Al with K and tested in APR of
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glycerol*2. With the incorporation of K, the morphology of hydrotalcites were changed to the
needle-like structure. Potassium enhanced the basicity of the catalyst which resulted in
increased conversions and hydrogen yield. However, when the loading of K was increased
above 28% Pt species became agglomerated and K blocked the active sites of Pt nanoparticles,
which resulted in the decrease of conversion and H> selectivity. They observed no leaching in
their catalyst and the catalyst retained its activity in 4 cycles.*? Boga et al. used commercial
LDH with varying Mg/Al as support for impregnating Pt and Pt-Cu to study APR of glycerol
in a semi-batch reactor system.?® Hydrogen selectivity increased with increasing Mg/Al ratio.
The addition of Cu as a promoter increased the hydrogen selectivity and suppressed methane
formation.®® Cesar et al. compared a co-precipitated Ni/Mg/Al catalyst to Pt—Ni bimetallic
catalyst derived from Ni LDH synthesized using surface organometallic chemistry on metals
for the APR of ethylene glycol.*® They reported the addition of Pt increased the activity but
found the Ni/Mg/Al catalyst to be more selective than Pt-Ni bimetallic catalyst. They indicated
this might be due to C-O bond cleavage.* However, this is the only report which suggested

adding Pt decreased hydrogen selectivity

APR of glycerol over Ni/Cu/Mg/Al were tested by Manfro et al.”* and Tuza et al.** in a fixed
bed reactor and batch autoclave respectively. In batch reactor, with increase in temperature the
selectivity for hydrogen decreased while in the fixed bed reactor with increase in temperature
the selectivity for H, increased.* ™ In both reports, with the increase of Cu content the
selectivity for the liquid products increased.*"  Sintering of metal particles was reported in

both papers.*! 74

Ni/Zn/Al was used by Chen et al. for the aqueous phase refroming of ethylene glycol in a batch
autoclave. There was a ZnO phase shown alongside hydrotalcite phase in their pXrd pattern
suggesting Zn was not incorporated into the layers. They reported over 99% conversion and
100% selectivity for their catalysts. However, it is important to note that the formula used to
calculate the selectivity for hydrogen was different from usually reported in literature. H>

Hydrogen amounts of H,

selectivity was calculated by:

1
Total carbom amounts of gas products Xz

Where R was the H2/CO- reforming ratio of 5/2 for ethylene glycol.

Due to the use of this equation, the hydrogen selectivity reached 100%. No data for deactivation

was reported.*®
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Despite suggesting that Ni hydrotalcite derived catalysts have better activity and selectivity

than monometallic Ni, none of the papers study the effect of M?*/ M3" ratio, quantify

deactivation, relate reducibility to activity and report the effect of reduction temperature.

Table 1: Hydrotalcite derived catalysts in Aqueous phase reforming

LDH based
catalyst

Feed

Reactor type

Parameters

Reference

Ni/Cu/Mg/Al

Glycerol

Batch autoclave

250mL of 10
wt.% glycerol,
400mg catalyst,
38.5 bars at 250

°C and 52.6
bars at 270 °C.

(autogenous
pressures)

i1

K promoted
Pt/Mg/Al

Glycerol

Batch autoclave

20 mL of 10
wt.%
glycerol. 200
mg catalyst. 10-
60 bar pressure
in 100-300 °C
temperature
range.

42

Ni/Sn/Al

Ethylene glycol

Fixed bed
reactor

5 wt% ethylene
glycol, flowrate:
0.05-1.00 mL
min?, 1.5¢g
catalyst, 25.8 to
30 bars in 210-
240 °C
temperature
range

72

Ni/Cu/Mg/Al

Glycerol

Fixed bed
reactor

10 vol% of
glycerol,
flowrate: 0.102
mL min?, 1.25
g catalyst, 35.5
bars at 250 °C
and 50.5 bars at
270 °C

74

Ni/Zn/Al

Ethylene glycol

Batch autoclave

20 wt% of
100mL ethylene
glycol, 200mg
catalyst, 19.5 —
34.5 bars
pressure in 210-
240 °C
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temperature
range

Ni/Mg/Al

Ethanol

Batch autoclave

200 mL of 1
wt%. ethanol,
100 mg catalyst,
15.2 bars at 200
°C,28.3at 230
°Cand 39.5 at
250 °C
temperature

i

Ni/Mg/Al
And
Ni-Pt/Mg/Al

Ethylene glycol

Batch autoclave

100 mL of 10
wt% ethylene
glycol, 44 bar
pressure at 250
°C temperature

45

Ni/Mg/Al,
Ni/Cu/Al,
Ni/Zn/Al,
Ni/Sn/Al, and
Ni/Mn/Al

Ethylene glycol

Batch autoclave

50 mL of 20
wt.% ethylene
glycol, 100 mg
of catalyst, 26
bar pressure at

225 °C
temperature

46

Ni/Mg/Al

Glycerol

Fixed bed
reactor

10 wt%
Glycerol, flow
0.2mL min?
250 mg catalyst,
50 bars pressure
at 250 °C.

89

Pt/Mg(AI)O and
Pt-Cu/Mg(AO

Glycerol

Semi-batch
reactor

10 mL of
10wt.%
glycerol, 300
mg catalyst, 29
bar pressure at
225 °C
temperature

90

Ni/Zn/Al

Phenol

Batch autoclave

50m:Lof 0.1-
0.1mol L
phenol. 100mg
catalyst. 40-70
bar pressure in
200-280 °C
temperature
range

91

Ni/Mg/Al ,
Ni/Mgo ,
Ni/Al203

Ethylene glycol

Fixed bed
reactor

10 wt%
ethylene glycol,
flow 0.2mL
min"t' 250 mg
catalyst, 50 bars

92
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pressure at 250
°C.

1.1.7 Aqueous phase reforming of Phenol

There is not much literature reported on APR of phenol. Commonly used feedstocks in APR
are oxygenated hydrocarbons with C:O ratio close to 1:1 and different ratios can affect the
process of APR and hydrogen selectivity.3® The C:O ratio in phenol is 6:1 with a very stable
structure, suggesting that APR of phenol is difficult. Groups studying APR of lignin wastewater
excluded aromatic monomers (phenol and guaiacol) as they may be responsible for the decrease
of hydrogen production.®*-** However Yan et al.>> and Li et al.® reported production of
hydrogen by APR of phenol over Ni and NiCe catalysts, respectively, both supported on ZSM-
5.9% |j et al. conducted APR of phenol over hydrotalcite derived Ni/Zn/Al and reported the
optimal conditions for hydrogen production are the concentration of 0.1 mol/L phenol under
the pressure of 4 MPa at 270 °C.°* Some reports studied in situ phenol hydrogenation by
producing hydrogen from APR, suggesting that phenol did reform to produce hydrogen at APR
conditions.*®® To mitigate phenol from waste-water Oliveira et al. degraded phenol into
intermediates by oxidation and then converted the intermediates to valuable gases by an APR
process in a second step.® This makes APR of phenol a debatable topic with no reliable
evidence to confirm the production of hydrogen by APR of phenol.

1.2 Aims and objectives

During this project, Ni/Mg/Al hydrotalcite derived catalysts were prepared by co-precipitation
with varying Ni wt% (5%, 10%, 15%, 20%) and molar ratio of bivalent (Mg + Ni) to trivalent
(Al) metals (M?*/M3" =2, 3, 6, 8). A detailed characterisation (H2-TPR, CO,-TPD, FTIR, pXrd,
ICP-OES, BET, TGA) of these materials was carried out before testing them in a batch
autoclave with ethylene glycol and phenol as feedstocks. The spent catalysts were dried in a
vacuum oven at 120 °C for 4 h and were characterized for leaching, sintering and structural
changes. Some of the spent catalysts were re-tested to check for activity and selectivity. These
results were benchmarked against commercial catalysts and Ni/y-Al203 incipient wet

impregnation catalyst. The main questions this thesis tries to answer are:

1) How does the activity and selectivity for hydrogen in APR of ethylene glycol vary with
Ni loading and M%*/M 32
33



2)

3)

4)

5)

What is the effect of nickel reduction temperature on activity and selectivity of
hydrogen in APR of ethlyene glycol?

How does the Ni loading and M#/M ** influence the stability of catalyst (e.g. to
leaching) in comparison to monometallic Ni and commercial catalysts?

How does the catalytic loading and temperature of reaction influence the activity and
selectivity of hydrogen in APR of ethylene glycol?

What are the activity and selectivity of hydrogen on Ni/Mg/Al hydrotalcite derived
catalysts for APR of phenol?
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Chapter 2. Methodology and Experimental
2.1 Methodology

This section sets out key approaches and techniques used in this work, providing relevant
underlying theory, and is followed by an experimental section that details the specific apparatus
and procedures used.

2.1.1 Synthesis of Catalysts
A plethora of methods exist to prepare catalyst materials including supported metal catalysts,
two are of specific importance to the work described here and so will be discussed in more

detail, co-precipitation and incipient wetness impregnation.

2.1.1.1 Co-precipitation

One of the principal methods of synthesizing catalysts is co-precipitation. In this method, one
or more metals are co-precipitated with the support using an alkaline solution. This method of
preparation is widely used, including on an industrial scale. In this method of preparation, the
chemical phase and dispersion is completed in a single step, hence, the surface area, porous
structure and particle shape and size are governed by the precipitation parameters like method
of dosing, mixing, and control of temperature. Hence, these process conditions need to be
controlled accurately. An advantage of this technique is the high attainable metal loading,
which is typically only limited by solubility of the precursor salt solution of metal in the solvent.
A second benefit is high metal dispersion, usually resulting in higher weight and volume
activities as a consequence of increased metal surface area. A third advantage is different
mixtures of metals and non-metallic promoters can be deposited in a single process. A major

disadvantage of using this method is large quantities of salt solution are required.*®

This method is accomplished in a number of steps including precipitation, filtration, washing,
drying and calcination. The major step to perform carefully is of precipitation as it controls the
properties of the synthesized catalyst. Precipitation consists of several steps: liquid mixing,
nucleation and crystal growth to form primary particles and aggregation of primary particles.
Although nucleation and crystal growth usually proceed simultaneously, in the theory each step
is treated separately from each other. The formation of monodisperse crystals is the key.
Nucleation is a complex process especially in multicomponent systems. It starts with formation
of clusters that are capable of spontaneous growth by further addition of monomers until a

critical size is achieved. For nucleation to occur an energy barrier must be crossed (similar to
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chemical reactions), hence it is necessary to create some degree of supersaturation before
spontaneous crystallization. Below supersaturation concentration nucleation is very slow and
above supersaturation concentration nucleation is very fast. Nucleation depends on both
concentration and temperature.'®® The nucleation rate can be described as:

dN —16ma3v?

—— = Pexp|
dt 3 (kT)® In’s

Equation 1: Rate of nucleation

Where, T is the temperature, s is supersaturation, v is solid molecular volume, B=pre

exponential term, ¢ = solid/fluid interfacial energy.®

The supersaturation can be undertaken in a number of physical and chemical methods (cooling
of reaction mixture, evaporation of solvents, hydrolysis etc.). However, the most common way

is reaction of ions in agqueous media by which the solubility product is exceeded.
The crystal growth can then be explained by a simple equation:
Ky =a(c—c)"

Equation 2: Rate of crystallization

Where, a is the growth rate constant, ¢ = concentration and ceq = solubility concentration, n =
1-2.

The key point to take from these equations is nucleation rate increases exponentially with
supersaturation concentration, but crystallite growth rate is close to linear with concentration.
Hence high supersaturation levels promote nucleation and favours the precipitation of highly
dispersed materials while precipitation from more dilute solutions tends to produce fewer, but
larger crystals. Therefore for those catalysts where the final dispersion and activity reflects the
initial dispersion of the precipitate a high initial dispersion is desired.'®

Aggregation is a process of formation of clusters of nanoscale primary particles into
micrometer-scale secondary particles. Both physical and chemical forces hold these aggregates
together. Porosity is then determined by how the primary particles are stacked, and pores can
be considered as voids between the primary particles The primary precipitation products may
not be thermodynamically stable and depending on the process conditions, counterions like

carbonate, or chloride initially are incorporated, are later partially or largely displaced by
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hydroxide. This displacement process is promoted by high pH and temperature, or by

prolonged aging.%

In context to reduced metal catalysts, after co-precipitation, filtration and drying, often the
materials are calcined to remove species other than metals and oxides and reduced to obtain

metal particles on the oxide support.

2.1.1.2 Incipient Wetness impregnation
This is the most common route of catalyst preparation and is widely under in industry and the

laboratory. It is accomplished in two steps: impregnation and drying.

The most common method to perform impregnation is contacting a dried support having pore
volume V; with V mL solution of precursor of the active phase, where V = V,. The precursor
solution is sucked up into the pores by capillary action. When this technique is performed
properly, no solution is seen outside the pores and hence the method is called ‘dry’ or ‘incipient
wetness’ impregnation. Sometimes the method is performed under vacuum to remove the air
from pores, as air might affect the mechanical strength of the support while escaping during
capillary suction. Heat is released when a solid/gas interface is replaced by solid/liquid
interface. This might affect the impregnation, if solubility of precursor decreases with increase
in temperature. This can be avoided by exposing the precursor to water vapour before

impregnation.1®

After impregnation, the solvent is eliminated by drying. Usually, the impregnated support is
spread in a fine layer and is heated up to the boiling point of the solvent in an oven under static
conditions or flow of gas. The elimination of solvent leads to an increase in precursor
concentration up to saturation and crystallization. Both temperature and ramp rate play an

important role in the distribution of the precursor species.*

Depending upon the precursor salt used, sometimes the material is calcined before reduction

to achieve metal particles on the catalyst support.

2.1.2 Characterization techniques

2.1.2.1 IR spectroscopy
Infrared spectroscopy uses the vibrations of the atoms of a molecule to generate a spectrum.
Infrared radiations are unable to excite electrons but can magnify the molecular and rotational

vibrations. An infrared spectrum is generated by passing broadband infrared radiation through
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a sample and the energy at which any peak in an absorption spectrum appears corresponds to

the frequency of a vibration of a part of a sample.1%2

For infrared absorptions to be seen, molecules should change their electric dipole moment
during vibration. Hence, homonuclear diatomic molecules (N2, Hz, O2) have no characteristic
IR spectrum because their dipole moment remains zero on vibration. The far IR region of the
IR spectrum records changes due to rotational vibrations while near IR region includes both
vibrational-rotational vibrations. The absorption frequency varies with vibration mode, while
intensity depends upon how effectively molecules absorb energy which again depends on the

change in the dipole moment.1%

IR spectra were recorded in the 1940s using dispersive instruments. From the 1950s, different
modes of obtaining an IR spectrum have been explored. A very commonly used technique these
days is Fourier-transform infrared spectrometers (FTIR). FTIR is derived from the idea of
interference of radiations between two beans to yield an interferogram. The interferogram is a
signal obtained as a function of the change of pathlength between the two beams. Fourier-

transformation is than use to interconvert distance and frequency.%

The components of FTIR spectrometer includes a source, interferometer and detector. For mid-
infrared region, a Globar or Nernst source is used and for the far infrared region a high-pressure
mercury lamp is used. Tungsten-halogen lamps are used for the near-infrared region. A
Michelson interferometer is commonly used for FTIR spectroscopy. The device has two
perpendicular mirrors and a beamsplitter (chosen as per the region under examination) which
bisects the planes of the two mirrors. The beamsplitter splits 50 % of incident radiation and
reflects to one of the mirrors and the other half is transmitted to the second mirror. The two
beans are reflected back to the beamsplitter from mirror where they recombine and interfere.
This combined beam emerges at 90 degrees from the original beam and this beam is transmitted
to the sample. Beyond the sample is a detector. The detector is usually mercury cadmium
telluride or deuterium tryglycine sulfate. The signal is amplified, and high frequency
contributions are filtered. The data is then converted to digital form using an analogue to digital

converter and transferred to computer for fourier-transformation.%®

Qualitative analysis: To interpret the spectrum recorded, the bands on the spectrum are
assigned to specific parts of a molecule or material, called group frequencies. The mid infrared
spectrum (4000-400 cm™) has four regions: X-H stretching region (O-H, C-H, N-H) (4000-
2500 cm™), the triple bond region (C=C, C=N) (2500 -2000 cm™), the double bond region
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(C=C, C=0) (2000-1500 cm™) and the fingerprint region (1500-600 cm™). In the fingerprint
region, vibrations are not reliably positioned and vary by significant numbers of wavenumbers
even for similar molecules. A spectrum of a molecule in fingerprint region may have a hundred

or more absorption bands but there is no need to assign them.%

In the near-infrared region (13000-4000 cm™) the absorptions observed are overtones or
combinations of basic stretching bands observed in the min-infrared region (generally due to
C—H, N-H or O-H stretching). These bands are usually useless for qualitative analysis. The far
infrared region (400-100 cm™ ) provides information about the vibration of molecules
containing heavy atoms, molecular skeleton vibrations, molecular torsions and crystal lattice

vibrations.104

It is important to note that hydrogen bonding effects infrared spectroscopy. This bonding
influences the bond stiffness and hence alters the frequency of vibration. For example, for a
hydrogen bond in an alcohol the O—H stretching vibration is observed in the 3500-2500 cm'*

range, rather than in the usual 3700-3600 cm™ range.'%*

Quantitative analysis: The spectra obtained in absorbance or transmittance can be quantified
by curve fitting at a particular wave number. The Beer-Lambert law (Equation 3) can be used
to co-relate the intensity of an infrared band to the amount of analyte present. The absorbance

of solution is directly proportional to the thickness and concentration of the sample:
A= ecl

Equation 3: Beer-Lambert Law
Where, A = absorbance, ¢ = concentration, | = pathlength and € = molar absorptivity (constant

of proportionality.

If a spectrum is obtained is in transmittance, it can be converted to absorbance to apply the
Beer-Lambert law. Absorbance (A) is equal to difference between log of intensity of light

entering (1) and log of intensity of light transmitted (lo)

lo
A= logT

Equation 4: Absorbance

Transmittance (T) is defined as
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Equation 5: Transmittance

Hence,

I
A= —log(z> = —logT

Equation 6: Absorbance from Transmittance

Hence, the absorbance can be calculated using transmittance via Equation 6.

The Beer-Lambert law gives a linear plot of absorbance vs. concentration with gradient el.
Once a calibration curve of absorbance vs. known concentration is prepared, concentration of

an unknown solution can be identified.1%

2.1.2.2 Adsorption experiments for surface area (BET method)

Gas such as nitrogen or argon is used to carry out an equilibrium adsorption/desorption
experiment at the liquified gas’s boiling point temperature. There are two methodologies to
perform equilibrium adsorption: manometric method and gravimetric method. In gravimetric
method, the change in the weight of a solid is calculated after equilibrium is achieved at various
gas pressures. This method has drawbacks, as the balance is at room temperature and sample
is at liquid nitrogen temperature leading to significant temperature gradient. The manometric
method considers pressure drop in a system of known volume to calculate adsorption at
different gas pressures. This method is widely used and accurate as adsorption is favoured at
low temperatures. This method is used for a total surface area of 40 m? or more. For materials
with low surface area, a large amount of sample must be used, which can cause experimental
error due to diffusion limitations in sample bed. The samples in this technique are pre-
treated/degassed to remove any physically absorbed species like humidity, without changing
the structure. Degassing is often carried out in vacuum and vacuum is applied slowly so no
sample get sucked up into the pump. Once vacuum is reached, the sample is heated to a desired
temperature. After degassing, the sample is weighed again and placed on the adsorption
manifold. Firstly, a dead volume is calculated using helium. Helium is used as it does not get

adsorbed on the sample.%®

For measurements, a known amount of gas is filled in into the reference volume and then the

reference volume is opened to the sample volume. The pressure is then monitored until an
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equilibrium between the sample and the gas is reached. The equilibrium can be checked by
establishing that there is no pressure change over a certain period. For each cycle the amount
of gas in reference volume and sample volume is calculated by the ideal gas law (as deviation
from nonideality is small for gases at 77 K and low pressures). The adsorbed amount of gas is
typically given per gram of sample (mmol/g). The equilibrium pressure (p) is given in relation
to the saturation vapor pressure (p°), which is measured separately. Hence, the adsorption
isotherm is presented as absorbed quantity (mmol g?) as a function of p/p°. Similarly, a
desorption isotherm is obtained by calculating amount of gas desorbed at equilibrium

pressure. 1%

According to IUPAC, there are six types of isotherms possible: microporous solids (Type I)
nonporous solids (Type 1), nonporous and non-wetting solids (Type 111), mesoporous solids
(Type V), mesoporous non-wetting solids (Type V), and extremely well-ordered nonporous
systems such as graphite systems where adsorption occurs layer by layer (Type VI). A
hysteresis loop is observed for the Type IV and Type V isotherms due to a capillary
condensation phenomenon associated with the mesoporosity. This hysteresis loop was again
classified into four types: 1) The H1 hysteresis loop is characterized by parallel adsorption and
desorption branches and is due to adsorption in unconnected mesopores with a relatively
narrow pore size distribution. 2) H2 hysteresis loop is almost of triangular shape and is due to
pores which are interconnected, often with smaller entrances than bodies (like an ink bottle-
shaped pores). 3) Hysteresis type H3 are due to non-rigid pore structures which can be between
particle grains 4) Hysteresis type H4 are due to non-rigid pore structures which can be between
flat plates. There’s a type H5 loop but it’s uncommon. It has a distinctive form associated with

certain pore structures containing both open and partially blocked mesopores.1%5-106
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The specific surface area is calculated using the Brunauer-Emmett-Teller (BET) equation

(Equation 7). The BET equation is based on a modified Langmuir model.

_C—1(p 1
vii-(fp)) V€ Ule)+ e

Equation 7: BET equation

where C is the BET constant, P, = saturation pressure, P = equilibrium pressure, V = volume
of adsorbed gas, Vm = volume of monolayer adsorbed gas.

Thus, BET area is found via a plot of ;vs. p . This is a linear relationship for
P vii-("o/p)] (°/ Po) P

the range of 0.05 < P/P, <0.35. Solving for slope A and y-intercept | can be used to calculate
Vi,

Once, Vnmis calculated, the total surface area is calculated by

V., Ns
Stotal = mV

Where, N is Avogadro number and s is adsorption cross section of adsorbate.
Finally, the BET surface area is calculated by:

Stotal

SBET -

Where, a is the mass of the sample.1%®

2.1.2.3 Powder X-ray diffraction (pXRD)

X-ray diffraction is a widely used technique in catalysis characterization. It is used to identify
crystalline phases present and obtain an indication of particle size. X-ray diffraction happens
due to the elastic scattering of X-ray photons by atoms in a periodic lattice. The scattering of
monochromatic X-rays that are in same phase gives constructive interference. If the detector is
at a suitable angle, this signal due to constructive interference will be detected. The lattice

spacing can be derived using Bragg’s relation:

nAd = 2dsin(0),n = 1,2,3 ...
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Equation 8: Bragg's relation

where n = an integer (order of reflection), A = wavelength of radiation, d = lattice spacing and

0 = angle of incidence.'%’

If the angles 26 are measured, under which constructively interfering X-rays leave the crystal,
the Bragg relation gives lattice spacing, which are a characteristic for a particular compound.
In the powered samples, constructive interference occurs when a small fraction of powder

particlesare oriented such that a certain crystal plane is at angle 0 to the incident beam.%’

Figure 7:Geometrical condition for diffraction from lattice planes, reproduced (without permission) from
Hubschen et al.1%

The Scherrer equation can be used to approximately estimate the crystallite sizes. It relates the
average crystal size in nm (L) to line width:

B(26) = Lcos(0)

Equation 9: Scherrer Equation

where £(26) = peak width (FWHM) of reflection at angle 20 in radians, K = dimensionless
shape factor (~0.9), 1 = wavelength of radiation in nm, and @ = angle of reflection in radians.%’

The advantage of using X-rays is their penetrating power. pXRD can be used to study catalysis
in dynamic conditions and even monitor changes in solid-state reactions such as reduction and
oxidation with time. If the particles are too small or amorphous, they cannot be detected by
pXrd. Hence pXRD does not guarantee absence of phases other than those detected in the

pattern.1%’

2.1.2.4 Inductively coupled plasma — optical emission spectroscopy (ICP-OES)
ICP-OES is a proven technique for elemental analysis of a sample. It consists of two parts the

ICP (plasma used as source of atomic excitation) and an optical spectrometer. A plasma is a
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gas in which atoms are present in an ionised state, but overall, it is neutral. Usually, argon is
used as the source of plasma (due to high ionisation energy and chemical inertness). Hence all
elements other than argon can be determined. Basically, plasma is used as a source to excite
the metal atoms in the solution and when these atoms return to their ground state, they emit a
polychromatic light of their own characteristic wavelength. The major components of an ICP-
OES consist of a nebulizer for sample introduction, ICP torch, high frequency generator,
transfer optics, and spectrometer. A solution of an element whose concentration is to be known
is introduced in the ICP torch as aqueous aerosol via nebulizer. The ICP torch is turned on
creating an intense electromagnetic field. The argon gas is ionized in the intense
electromagnetic field. The sample immediately collides with the electrons and charged ions in
the plasma and is itself broken down into charged ions. The elements in the sample breaks up
into atoms and losses electrons and re-combine repeatedly giving light of their characteristic
wavelength. The polychromatic light is passed through a Rowland ring (monochromator) to
separate the light of different wavelengths, which then falls on a photomultiplier tube which
generates current proportional to the intensity of light and sends it to the data processor. A
calibration curve is made with known concentration of element and subsequently the unknown

concentration is identified. %110

Several wavelengths are available for determination of any given element, hence ICP-OES
works well for all concentrations. ICP uses a very small amount of sample but ICP is a

destructive method and hence, sample is not recovered.!0°10

2.1.2.5 H> Temperature programmed reduction (TPR) / CO, Temperature
Programmed Desorption (TPD)
Temperature programmed techniques are a category of techniques in which a chemical reaction

is monitored while the temperature increases linearly with time.

TPR is used to gather information on the temperature needed for completion of reduction of a
catalyst. It is usually applied in the context of metal or metal oxide-based catalysts. The
catalysts are typically heated at a constant rate in a reducing atmosphere (usually H> — N2) and
a thermal conductivity detector or mass spectrometer attached at the outlet, which is used to
indicate the consumption of gas at temperature. The area under a TPR curve represents the total
hydrogen consumption and is expressed in moles of hydrogen consumed per mol of metal
atoms. Often, information about reduction mechanism can also be obtained from TPR curves

(especially for bimetallic catalysts).**" 111
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TPD is a technigue that allows the study of the interaction of gases with solid surfaces and to
evaluate active sites on catalysts, understand adsorption, surface reaction and desorption. In a
TPD run, a small amount of catalyst is first degassed at high temperature under inert
environment. Then a gas is adsorbed on the catalyst surface. In inert environment using a carrier
gas (usually helium or a gas with different thermal conductivity to the gas of interest) the
sample is linearly heated and at the outlet and the composition of gas is determined using a
thermal conductivity detector or mass spectrometer. The evolution of adsorbed gas is plotted

as a function of temperature.!*2

COzis an acidic molecule which gets adsorbed on the basic sites of the catalyst. With increases
in the temperature the CO> desorbs and the higher the temperature of desorption, the stronger

are the basic sites.

2.1.2.6 Thermogravimetric analysis (TGA)

TGA is used to determine a material’s thermal stability and the fraction of volatile components.
This is done by heating the sample at a constant rate while monitoring the change in weight.
The measurements are usually carried out in air or in inert environment. The weight of the
sample is recorded as a function of increasing temperature. Information about phase transition,
absorption, adsorption, desorption, chemisorption and thermal decomposition can be obtained
by TGA.113

The construction of thermogravimetric analyser is simple and consists of a precision balance,
a sample pan inside a furnace with temperature controller and mass flow controllers controlling
the flow of gases. Often, a water-cooling system is attached with the analyser to quickly cool

down the furnace after an experiment.

2.1.3 Batch reactor

In a typical batch reactor system, all the reactants and catalysts are charged into the vessel, and
nothing is added or removed during the time of reaction. It is a perfectly mixed vessel where
reactants are converted into products. All the reaction variables (concentrations, pressure)
change with time. The concentration of reactants decreases, and products increases with the
time of reaction. Since the reactant concentrations are initially large, this means that the
reaction rate and heat transfer load is high initially and decreases with time. There is no steady

state in batch reactors. Hence often, control parameters are changed with time.*
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Batch reactors are usually large diameter, metallic cylinders with one end being welded. They
are generally mounted vertically on a support structure. The heat is generally transfers through
the wall either by furnace or jacket. Also, coils of pipes are installed inside a batch reactor to
provide extra heating or cooling. These coils also act as a baffles. A shaft attached with a fixed
or variable speed electrical motor runs through the top of the reactor. At the end of the shaft
inside the cylinder it equipped with a stirrer, which is used to mix the contents of the reaction
vessel. The speed and type of agitator depends on density, viscosity and state (slurry, gas-liquid,
emulsion etc.) of the mixture. Advantages of using a batch reactor are simple construction, low
installation cost, simple instrumentation and flexible operation. However, there operating cost
is higher than continuous processes, requires more operating staff and have safety concerns

due to unsteady-state processes.!!®

2.1.4 Chromatographic techniques

In chromatography, the components are separated by distribution between two phases. One of
the phases is a stationary phase (solid or liquid) and the other phase is mobile phase (liquid,
gas or fluid). A multi component mixture is introduced in chromatography into a moving phase.
The moving phase is in contact with the stationary phase and a continuous supply of moving
phase transports the mixture past the stationary phase. In the stationary phase, components of
mixture are separated due to their relative affinities for the phases as determined by molecular
structure and intermolecular forces. The components which have high affinity for the stationary
phase spend longer in the stationary phase. Hence, the components with higher affinity for the
stationary phase will move through the system slowly, while components with lower affinity
move faster. This difference in the migration rate results in the separation of mixtures and forms

the basis for chromatographic techniques.*®

Even though the system is dynamic, it is operated close to equilibrium conditions by optimizing
the mobile phase velocity and designing the stationary phase to allow achievement of rapid
equilibrium. Under these conditions, the system can be characterized by a thermodynamic

partition/ distribution coefficient K

K==
Cm

Equation 10: Distribution coefficient

Where, Csis concentration of analyte in stationary phase and Crn is concentration of analyte in

mobile phase. Two components with same distribution coefficient will not be separated. The
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separation may be improved by varying the mobile phase, the stationary phase or the

temperature of the system.!®

Chromatographic techniques can be used for both qualitative as well as quantitative
applications. In qualitative analysis, presence or absence of a particular compound in a mixture
can be confirmed by comparing a chromatogram of pure substance with that of the mixture
under identical conditions. However, chromatograms are not unique for a particular compound
and many other substances will exhibit same chromatographic behaviour under identical
conditions. With the help of suitable standards and calibrations, chromatograms can be used to
determine the amount of individual components in a sample. These techniques are widely used

in the measurement of product distributions in the reaction mixtures.

Depending upon the mobile phase, chromatographic techniques can be classified into three
categories: Gas chromatography, Liquid chromatography and supercritical fluid
chromatography depending on whether the mobile phase is a liquid, gas or supercritical fluid,

respectively.''

2.1.4.1 Gas Chromatography (GC)

GC is a term used for the chromatographic methods in which the mobile phase is a gas. It has
a capability of high resolution, selectivity and sensitivity. GC may involve either a solid
stationary phase or a liquid stationary phase retained on a solid sorbent (packed column) or
column wall (open tubular column). Gas-solid chromatography (GSC) comprises all
techniques with an active solid as stationary phase and gas-liquid chromatography (GLC) those

involving a liquid stationary phase.*

In a typical GC, there are three sperate heated zones for inlet, column and detector. Numerous
GC have two different columns and detectors. The sample is injected into the chromatograph
via the sample inlet into a continuous flow of mobile phase (also called carrier gas). The sample
is vaporized in the inlet and transported by the carrier gas to the heated column where
separation occurs. The individual components give rise to an electrical signal in the detector,
which may have provision for inlet of additional makeup gases. After suitable amplification
the detector signal is sent to a data processor. Pure components in the identical conditions give
a characteristic retention time, which can be used to identify different components. With
appropriate calibration, the amounts of the components can be calculated too. In GC, the basic
requirement of the sample is that it should be thermally stable and should have a significant

vapor pressure at column temperature, which will allow the sample to vaporize and move with
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the carrier gas. Hence, GC can be applied to all permanent gases, non-ionizing small or medium
sized organic molecules and many organometallic compounds. It cannot be used for
macromolecules or salts. The carrier gases are usually cheap and non-reactive gases. Hydrogen,
helium, and nitrogen are some commonly used carrier gases. However, it is important that the
highest purity gas and oxygen and moisture traps are used to reduce deterioration of the
stationary phase and lessen detector noise. The flow of carrier gas should be constant so that

the retention times do not vary, and flow over a sensitive detector will not become nonlinear.*’

The column is the key part of a GC for separation to occur. The column’s tubing contains the
stationary phase which determines the selectivity and efficiency of the separation. Columns in
GC are reusable. The packed columns are usually 0.5m-3 m long with 3mm-6 mm OD and
2mm-4mm ID. Packed columns are inexpensive and require lesser technical expertise to obtain
reproducible results. The less commonly used open tubular columns give higher resolution,
greater sensitivity and reduced analysis time but are expensive. The ID of these column are
0.1-1.0 mm and column lengths are 5-50m and the thickness of stationary phase is 0.1-5 pum.
With increase in the thickness of the stationary phase, the sample capacity increases, and
efficiency decreases. The column tubing must be chemically inert, thermally stable, direct
carrier gas, robust and flexible. Earlier materials such as stainless steel, copper, aluminium or
nickel were commonly used, which were later replaced by glass columns due to greater
chemical internes. Fused silica columns are also widely used but are weak and friable.
Polysiloxanes are most commonly used as stationary phases, because a variety of groups can
be incorporated into the structure, allowing a wide range of polarities as well as being robust
and stable.!*’

The most commonly used detectors are thermal conductivity detector (TCD) and flame

ionization detector (FID).

Thermal conductivity detector (TCD): TCD was the first detector to be used and is still widely
used. The principal behind detection is reduction in heat loss of a hot wire because of the
presence of solute molecules. The TCD is made up of four tiny coiled wires (filaments) in a
Wheatstone bridge configuration. The wires are usually mounted concentrically in a cylinder
cavity. These wires are electrically heated when the column effluent flows past two of the wires
and reference gas flows past the other two. The gas carries away the excess heat at a rate
dependent upon the thermal conductivity of the gas. A thermal equilibrium is established when

the column effluent consists of carrier gas alone. When effluent consisting of solute molecules
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enters the detector the heat loss alters, the temperature of the wires changes and resistance of
the wires changes, causing a change in the Wheatstone bridge. The signal appears as a
difference in current from the reference. Thus, TCD responds to any compound irrespective of
it’s structure whose thermal conductivity differs from that of the carrier gas. For this reason,
hydrogen or helium are most often used as a carrier gas. Nitrogen is only used when analyte is
hydrogen or helium as thermal conductivity of nitrogen is like most organic compounds. The
TCD requires constant temperature control with good thermal insulation from the column oven
and also should be protected from oxygen while they are hot.t’

Flame ionization detector (FID): FID is the most common detector used in the GC.!" In FID
carrier gas exiting the column flows through a jet, mixes with hydrogen gas and flows to a
micro burner, which is swept by a high flow of air for combustion. lons produced by
combustion are collected at a pair of polarized electrodes, constituting a small background
current, which is the signal. The number of ions depends upon presence and absence of solute
in carrier and thus the signal spikes when the carrier contains solute. FID gives no response to
inorganic compounds (that do not burn). FID uses three gas (hydrogen, carrier and air) whose
flowrates must be adjusted correctly with respect to one another. Large deviations from
optimum values will produces noisy background, difficulty in flame ignition and might
extinguish as the sample solvent peak is eluted. The FID often needs to be baked off at high
temperature after extended use as they become contaminated by stationary phase and sample

residues.'t’

2.1.4.2 HPLC

The basic components of an HPLC system are a solvent reservoir (mobile phase), a solvent
delivery system (a pump), a sample introduction device (injector), a column, detectors and a
data system. The column (containing stationary phase) is connected to the injector via a narrow
bore tubing. The separated components are then passed via a narrow bore tubing to the detector
where they generate a signal. Columns are usually packed with rigid solids (for example silica),
resins (usually polystyrene divinylbenzene) and soft gels. Rigid solids based on silica are the
most common HPLC packings. Some of the commonly used detectors are UV/Vis detectors,
electrochemical detectors, refractive index detectors and conductivity detectors.!!8

UV/Vis detectors: This is the most common type of detector used these days. The detector
operates on the same principals as a spectrophotometer. Light from a radiation source is passed

through a monochromating device and then to a cell in which the mobile phase flows. The
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amount of transmitted light is measured using an array of photodetectors. Using Beer-Lambert
law absorbance is calculated. At a fixed wavelength a linear relationship exists between
absorbance and concentration. UV/Visible detectors are operated typically as solute property
detectors, wherein direct detection of the solute is achieved by selecting a wavelength at which
the solute exhibits a high value of molar absorptivity. Using an appropriate calibration curve,

concentration is obtained.!®

2.2 Experimental
2.2.1 Materials

All gases used in this thesis (nitrogen, argon, hydrogen, carbon-dioxide, helium) were obtained
from BOC and had a minimum purity of 99.99 %. Nickel nitrate hexahydrate, sodium
hydroxide and nitric acid were purchased from Fisher Scientific. Aluminium nitrate
nonahydrate and y-Al.O3 were purchased from Alfa Aesar (Fisher Scientific). Magnesium
nitrate hexahydrate and benzoic acid were purchased from Arcos Organics (Fisher
Scientific).Nitric acid was purchased from SLR (Fisher Scientific),ethylene glycol and 1,2-
butadiene were purchased from Sigma Aldrich. Phenol was purchased from TCI. A commercial
5% Pt/C catalyst was obtained from Johnson Matthey and 5% Pd/C catalyst was received from
Koch laboratories. All the chemicals were used as received without any further purification. A
Sorvall Legend centrifuge with 50 mL centrifuge tubes was used for all centrifugations. UHP

water was obtained from a Purite Neptune and had a resistivity of 18.2 MQ.

2.2.2 Synthesis of Catalysts

2.2.2.1 Synthesis of Hydrotalcite derived Ni/Mg/Al catalyst

The hydrotalcite derived catalysts with varying Ni wt.% (5%, 10%, 15%, 20%) and M?*/M3*
(2, 3, 6, 8) were synthesized using co-precipitation method reported widely in the literature.
Calculated amounts of nickel nitrate hexahydrate, magnesium nitrate hexahydrate and
aluminium nitrate nonahydrate were weight and mixed in a beaker with 55 mL of UHP water
(called solution A). In a second beaker, 250 mL 2M NaOH solution was prepared (called
solution B). A 500 mL 3-neck round bottom flask was filled with 100 mL UHP water and was
placed on a hot plate for stirring at room temperature. A magnetic stirrer bar was dropped in
the flask. A Jenway 3510 pH meter was used to monitor the pH of the solution. Before every
synthesis, the pH meter was calibrated at pH 4, 7 & 9 using standard pH buffer solutions. The
probe of the Jenway 3510 pH meter was lowered in the flask until it was immersed in the water.

Using a plastic syringe, solution B was dropped in the flask until the pH reached 10. Solution
51



A was filled in a dropping funnel and opened to give a flowrate of 0.3 mL min™* and was placed
in one of the openings of the flask. As solution A started to drop in the flask, solution B was
manually injected dropwise using a plastic syringe in the flask to maintain the pH constant at
10+0.2. After the solution A was completely dosed at pH 10, the slurry was left to stir at room
temperature for 24 h. After 24 h, the slurry was filtered using a sintered glass funnel in vacuum.
The precipitate was washed with UHP water at 80 °C until the pH of the filtrate became 7.0.
The residue on the filter was taken in a glass beaker and was dried overnight at 120 °C in a
static air oven. The obtained material was nickel containing layered double hydroxide. This

material was used as precursor for the preparation of Ni/Mg/Al catalysts.

Calcination: Calcination was carried out in air in a muffle furnace bought from Paragon
Instruments equipped with a Sentry Xpress 4.0 microprocessor to control the temperature. All
the samples were calcined at 800 °C for 5 h (ramp rate: 5 °C min™). Table 2 represents the
nominal composition of LHD derived catalysts in calcined state. Samples are given a
nomenclature of aNib, where a is M?*/M** and b is Ni wt.%. The state of hydrotalcite material

(precursor, calcined or reduced) is mentioned superficially where required.

Table 2: Nominal compositions of LDH derived catalysts (Ni wt.% in calcined state)

Sample name | Ni wt.% M2 M3
3Ni5 5% 3
3Nil10 10% 3
3Nil5 15% 3
3Ni20 20% 3
2Nil5 15% 2
6Nil5 15% 6
8Nil5 15% 8

Reduction: All the reductions were carried out in an in-house built system. In a quartz tube
(OD=1/2inch) a piece of quartz wool was placed in the centre. On the piece of wool, sample
was dropped and after that another piece of quartz wool was used to pack the sample. A K-type
thermocouple was attached using high temperature wire on the outside of the tube positioned
in centre of the catalyst bed. The thermocouple was attached to a PID temperature controller
(omega CN-7500), which took feedback from the thermocouple and controlled the temperature
of furnace. The quartz tube was placed inside the furnace and positioned as such that the
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catalyst bed is in the middle of furnace. Gases were supplied to the tube using MKS G series
mass flow controllers. The gases were passed through filters of activated carbon and zeolite
sieves to prevent hydrocarbon impurities and/or water from entering the MFCs. The quartz
tubes were attached to the gas supply via Ultra-Torr vacuum fittings (Swagelok).

All the samples were reduced ex-situ in 60 mL min™* of 20% H2z/N2 at 800 °C for 30 min (ramp
rate: 10 °C mint). Sample calcined 3Ni15 was also reduced at 650 °C, 700 °C, 750 °C (other

conditions the same) to observe the effect of reduction temperature.

2.2.2.2 Nily-Al203 incipient wetness impregnation (IWI1) catalysts

Before impregnation, pore volume of y-alumina was determined. About 500 mg of y-alumina
was dried overnight at 120 °C in an oven. After that, to ensure no water is retained inside the
pores of the support, y-alumina was dried in a vacuum oven for around 4 h at 120 °C. Whilst
y-alumina was above room temperature, UHP water of known mass was added dropwise and
mixed using a vortex mixer frequently to ensure an even dispersion of the water. Once the y-
alumina was seen to be macroscopically wet, the pores were assumed to be filled. The mass
(and volume) of water added was measured, and this was used to calculate the approximate

apparent pore volume of the y-alumina.

To prepare 15 wt.% Ni/y-Al203 IWI catalyst, y-alumina was first dried overnight at 120 °C in
air in an oven followed by drying in a vacuum oven for around 4 h at 120 °C. Calculated
amount of Ni(NOs)2.6H20 was dissolved in deionised water of volume equal to the pore
volume of support. The Ni(NO3)..6H>O solution was added dropwise to the y-Al.Oz with
frequent mixing using a vortex mixer to ensure an even distribution. The impregnated y-Al>O3
was then dried overnight in an oven at 120 °C and then further dried in a vacuum oven for a
minimum of 4 h at 120 °C. The catalyst was calcined at 500 °C for 4 h and was reduced at

800 °C for 30 min in the same setups mentioned above.

2.2.2.3 Reduction of commercial catalysts

Both the commercial catalysts (Pt/C & Pd/C) were reduced ex situ before reactions. The
reduction was carried out in the same setup as described above. Pt/C was reduced at 400 °C
(ramp rate = 10 °C min) in 50mL flow of 20% H-N for 4 h. Pd/C was reduced at 300 °C
(ramp rate = 10 °C min?) in 50mL flow of 20% H2-N for 3 h.
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2.2.3 Characterisation

2.2.3.1 H> Temperature programmed reduction (TPR) / CO, Temperature

programmed desorption (TPD)

All the temperature programmed experiments were carried out in an in-house built system
(Figure 8). In a quartz tube (OD=1/4inch) a piece of quartz wool was placed in the centre. On
the piece of wool, pre-determined mass of sample was dropped and after that another piece of
quartz wool was used to pack the sample. A K-type thermocouple was attached using high
temperature wire on the outside of the tube positioned in centre of the catalyst bed. The
thermocouple was attached to an omega CN-7500 temperature controller, which took feedback
from the thermocouple and controlled the temperature of furnace. The quartz tube was placed
inside the furnace and positioned as such that the catalyst bed is in the middle of furnace. Gases
were supplied to the tube using MKS G series mass flow controllers. The gases were passed
through filters of activated carbon and zeolite sieves to prevent hydrocarbon impurities and/or
water prior from entering the MFCs. The quartz tubes were attached to the gas supply via Ultra-
Torr vacuum fittings (Swagelok). The outlet of the quartz tube was connected to a calcium
chloride column (via Ultra-Torr vacuum fittings (Swagelok)) to remove water before the gases

were analysed with a homebuilt thermal conductivity detector (TCD).
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Figure 8: Schematic representation of set-up used in TPR/TPD (MFC: mass flow controller)

H> Temperature programmed reduction: Calcined hydrotalcite samples were subjected to TPR
experiments to determine the reducibility of the samples. TPR experiments were conducted in

50 mL mint of 5% H2/N2. 70mg of sample was used in each run. First the temperature was
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raised from room temperature to 120 °C (ramp rate = 10 °C min™) and held at 120 °C for 2 h
to degas the sample. After that the temperature was increased from 120 °C to 900 °C at ramp

rate of 7.5 °C min and the gases were analysed via TCD.

CO. Temperature programmed desorption (TPD): Calcined hydrotalcite samples were
subjected to TPD experiments to determine the basicity of the samples. Ideally the reduced
sample should have been subjected to TPD experiments. However, it is believed that basicity
of support wouldn’t change much upon reduction. Hence due to time constraint and save time
by not reducing, the calicned samples were used to determine bascitiy by TPD. First, 100mg
of sample was degassed under helium environment (flowrate = 30mL min™) at 500 °C for 2 h
and cooled to room temperature under helium. Once the sample was degassed the calcium
chloride column was removed to prevent absorption of CO2 on the column. After room
temperature was reached, 30 mL min™ of 50% CO./He mixture was flowed for 1 h. After that
pure helium at a flowrate of 30 mL min* was flowed for 15 min to desorb any weakly absorbed
CO,. The helium flow rate was lowered to 10 mL min™ and temperature was ramped from
room temperature to 600 °C at ramp rate of 10 mL min’. The gases were analysed during the
ramp using homebuilt TCD system. The amount of CO; represented by TPD peaks was
calibrated by decomposition of known masses of Calcium carbonate diluted in SiC (CaCO3 —
> CaO + COg; 3 different masses, each run-in duplicate) in helium environment (flow rate =
10 mL mint).

The total basicity was calculated by means of the integration of the overall desorption profile.
The overall profile was de-convoluted into three gaussian peaks. The peak fit was performed
by putting “bounds” on the centre of the peak. The gaussian peaks were fitted with bounds on
centre as 50 °C to 160 °C (for weak basic sites), 160 °C to 260 °C (for medium basic sites) and
280 °C to 400 °C (for strong basic sites).® The main aim of this experiment was not to explicitly
calculate the basicity of support but rather identify the trends on increase / decrease in basicity
with addition of MgO.

2.2.3.2 Powder X-ray Diffraction (pXRD)

Precursors, calcined, reduced and spent catalysts were characterized by means of powder X-
ray diffraction. All the pXRD diffractograms were acquired using a Bruker AXS D8 Advance
diffractometer, fitted with a Lynxeye Soller PSD detector and controlled by Diffrac and XRD
commander software. Samples were placed on a low background silicon sample holder (silicon

wafer (100)-cut off orientation 9° towards (001), Sil’tronix Silicon Technologies, mounted in
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a plastic puck) using Vaseline as adhesive. Copper Koa (A =1.5406 A) and Koz (A = 1.5444 A)
radiation was used. Diffractograms were recorded in open air environment with a 26 range of

10 —90° and a typical scan lasted ~110 min.

The average crystallite size was estimated using the Scherrer equation given in the
methodology section. Origin software was used to fit a Gaussian function at different
reflections for a given set of samples. This gave the full width at half maximum (FWHM) of
the reflection, permitting crude estimation of the crystallite size using the Scherrer equation
(Equation 9)

2.2.3.3 ICP-OES

Elemental analysis of calcined samples and spent catalysts was carried out to determine the
amount of Ni, Mg, and Al in the samples. Digestion was carried out by boiling a pre-calculated
and weighed amount of sample in around 3 mL of aqua regia (3:1 v/v conc. HCI: conc. HNO3)
at 80 °C for 1 h. After digestion was complete and the solutions were cooled to room
temperature, they were diluted with deionised water using volumetric flasks to achieve a
solution with the appropriate metal concentration (Ni: 8 mg L™*; Mg: 16 mg L, Al: 16 mg L
1. Controls were prepared from the water-soluble salt precursor Ni(NOs)2.6H.O for Ni,
Mg(NO3)2.6H20 for Mg and AI(NO3)3.9H.0 for Al. These standards were used to confirm the
absence of any significant deviations on a given run. The required amount of the salt was
dissolved and diluted in aqua regia and deionised water, ensuring both the metal and acid

concentrations matched that of the digested samples. All samples were prepared in duplicate.

A Thermo iCAP 6000 series instrument was used. The instruments has a cyclonic spray
chamber, a concentric nebuliser, and a vertical torch. The nickel content was determined from
the emission line at 361.9 nm, the magnesium content was determined from the emission line
at 279.0 nm and the aluminium content was determined from the emission line at 236.7 nm.
The instrument was calibrated before the samples were measured using commercial Ni, Mg

and Al calibration standards of known metal content.

2.2.34 BET

The BET surface area of reduced Ni/Mg/Al hydrotalcite derived catalysts was measured by
nitrogen adsorption and desorption at 77 K using a Micromeritics ASAP 2020 volumetric
adsorption analyser. Samples were degassed at 240 °C (ramp rate: 10 °C min™) for 2.5 h under
dynamic vacuum before analysis. P/Po values between 0.05-0.25 were used in the BET

calculation for evaluation of the surface area.
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2.2.3.5 Fourier Transform infrared spectroscopy (FTIR)
The spectra of hydrotalcite precursors was recorded using a Perkin Elmer Frontier IR
spectrometer in the wavenumber range of 4000-400 cm'™,

2.2.3.6 TGA

TGA of aNib-P samples was carried to determine the change of structure with thermal
treatment and therefore fix a calcination temperature. A Perkin ElImer TGA 8000 was used for
the TGA experiment. A small quantity (~10 mg) of each sample was heated from room

temperature to 900 °C at a rate of 10 °C min in flowing air.

2.2.4 Agueous phase reforming

Aqgueous phase reforming was carried out in a batch autoclave reactor 300 mL EZE-Seal
Reactor manufactured by Parker Autoclave engineers. The autoclave was a second-hand
instrument and was re-commissioned after repairs. A good amount of time during this project
was invested in fixing the reactor (leaks, stirring system, power supply to furnace) and
attaching it to the auxiliaries (gas lines, cooling water). The autoclave vessel is a 300 mL steel
cylindrical vessel (dead volume= 210 mL, due to the space occupied by stirrer and thermowell
when mounted), which is attached to the main body by 6 bolts and metal-metal sealing is
obtained using PTFE BS 220 O-rings. The main body has a thermowell which goes into the
vessel when the vessel is mounted. In this thermowell, a K-type thermocouple is inserted. This
thermocouple is attached to an Omega CN7500 temperature controller to control the
temperature of the furnace. The furnace is jacketed around the vessel for heating. A paddle type
stirrer is also mounted on a central rod and goes inside the vessel when the vessel is mounted.
The stirrer is powered using a DC bench power system (TENMA, single output 0-3A/0-60V)
and speed of rotation is observed on a tachometer. The voltage on the DC bench power system
can be adjusted to increase/decrease the speed of rotation. An internal cooling coil is also
provided with the autoclave to cool the content of the vessel but it was only used as a baffle in
this work and no active cooling was employed. Nitrogen was filled into the reactor using a
manifold system, which is connected to the gas cylinder via a ball valve and the manifold is
connected to the reactor using another ball valve. Hence, to fill the reactor, first the ball valve
between manifold and cylinder is opened to fill the manifold with nitrogen, and thereafter the
valve is closed. Once the manifold is filled up, the valve between the manifold and reactor is
opened to fill the autoclave up to the desired pressure. Argon was filled directly from the gas

cylinder using a needle valve. Both Nitrogen and Argon are used as received from the vendor
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without any purification. Two pressure gauges are mounted on the reactor, first a small one (0-
40 bars) to accurately fill the gases in the reactor and a second one (0-300 bars) to increase the
monitoring range of the pressure. The small gauge is closed using a needle valve once the gases
are filled to avoid damage to the gauge when the pressure is above 40 bars. All the valves,

connections and pressure fittings were procured from Swagelok or Ham-let.

In a typical APR experiment, catalyst and feed are charged into the autoclave vessel and the
vessel is mounted on the body of the autoclave. Firstly, the reactor is vented 3 times with
nitrogen to eliminate any oxygen or hydrogen in the system. Then 2 bars of argon are filled in
the reactor by opening the needle valve. This argon is used as internal calibrant for analysis for
hydrogen. After that the reactor is pressurized using nitrogen gas. Then the small gauge is
cordoned off and the reactor is isolated from the gas supply using a ball valve. The furnace is
jacketed around the vessel, before turning on heating and stirring. The autoclave was ramped
from room temperature to reaction temperature at 5 °C min? and on reaching the set
temperature the time of the reaction was started. Once the time of reaction is completed, the
furnace is removed using heat-resistant gloves and the vessel is left to cool down. Once the
vessel is cooled to room temperature, the gases were taken in a steel sampling vessel via a
needle valve available on the reactor body. The sampling vessel has a pressure gauge mounted
on it and was filled up to 5 bars of gas. The sampling vessel is taken for gas analysis. The rest
of the gas is vented out and the autoclave vessel is unbolted. The liquid products (with catalyst
inside) are taken in a centrifuge tube and centrifuged for 30 min at 8000 rpm. Once the solid-
liquid is separated, the liquid is filtered using a syringe filter. The filtrate is used for liquid
product analysis. The solid obtained from centrifugation, is dried overnight at 80 °C before
vacuum drying at 120 °C. Once the catalyst is dried it is taken for further analysis or used again

in the reaction.

2.2.4.1 Aqueous phase reforming of ethylene glycol (EG)

50 g of 6 wt.% ethylene glycol was used as a feed for aqueous phase reforming. In a typical
experiment 750 mg (catalytic loading: 0.25 g of catalyst/g of substrate) was used, although it
was varied (0.141 & 0.075) in a few cases where specified to study the effect of catalytic
loading. Most of the reactions were carried out at 260 °C, however a few reactions were also
carried out at 240 °C and 250 °C where specified to study the effect of temperature. The reactor
was pressurized just above the bubble point of feed: 40 bar at 240 °C, 45 bar at 250 °C and 50
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bar at 260 °C. Mostly the time of reaction was fixed as 2 h, some reactions where specified
were carried out for 1 h to determine the effect of reaction time.

Analysis of gas products: For the analysis of the gas products, two GC’s were connected in
sequence to avoid any error due to pressure difference. Both GCs are equipped with 6-way
sampling valves connected in series. The first GC is a Bruker 456-GC equipped with both a
flame ionization (FID) and a thermal conductivity (TCD) detector. A Restek micropacked
column (ShinCarbon ST 100/120, 2 m, 1 mm L.D., 1/16’” O.D., Silco) was used and hydrogen
was used as carrier gas. The TCD was used to detected argon and nitrogen, while FID was used
to detect CO, COg, and hydrocarbons (via a methaniser put after TCD. The methaniser using
hydrogen and CO/CO: as reactants converted the CO/CO. into methanol/methane which could
be then deteched by FID). The column oven temperature was 35 °C for 9 min and thereafter
ramped to 60 °C (ramp rate 20 °C min.) and held at 60 °C for 30 min. The injector was kept
at 260 °C and the detectors were kept at 250 °C. The second GC was a Shimadzu GC-2014 gas
chromatograph, equipped with a thermal conductivity (TCD) detector and was used for
hydrogen analysis. The gas chromatograph was equipped with a micropacked column (Restek
ShinCarbon ST 80/100, 2m, 2mm L.D., 1/8”” O.D. Silco) and nitrogen was used as carrier gas.
The column oven temperature was kept at 60 °C, the temperature of injector was 210 °C, and
the temperature of detector was 200 °C. A calibration plot of area of hydrogen/area of argon
vs. molar ratio of Ho/Ar was made beforehand and was used to evaluate the concentration of

hydrogen (see appendix 1).

Analysis of Liquid products: Before and after reaction samples were analysed using a GC
equipped with FID. 1 mL of sample was diluted in 5 mL acetonitrile and 100 mg of 1,2
butadiene was added to be used as internal calibrant before injecting the samples in the GC. A
HP 5890 GC equipped with 30m x 0.25mm x 0.25mm film thickness J&W CP52CB Carbowax
column was used and hydrogen was used as carrier gas. The temperature of injector was 220 °C,
detector was 300 °C, and initial oven temperature was 35 °C, held for 5 min and then ramped
to 240 °C at 5 °C min‘?, and held at 240 °C for 10 min. The GC was injected manually using a
Hamilton micro syringe (0-10 pL, 701) with 0.5 pL solution. A calibration plot of
concentration of ethylene glycol vs. area of ethylene glycol/area of 1,2 Butadiene was made

beforehand and used to evaluate concentration of ethylene glycol (see appendix 1).

Conversion and selectivity for hydrogen were calculated using Equations 11 and 12

respectively:
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Conversion (%)

_ Moles of EG before reaction — Moles of EG after reaction

= x 100
Moles of EG before reaction
Equation 11: conversion of EG in APR
Selectivity (%)
_ Moles of hydrogen
~ (Moles of EG before reaction — Moles of EG after reaction) X5
%X 100

Equation 12: Selectivity for hydrogen in APR of EG

2.2.4.2 Aqueous phase reforming of Phenol
The aqueous phase reforming of phenol was carried out using 50 mL of 0.2 M phenol at 240 °C,
250 °C and 260 °C with pressure just above bubble point. 750 mg of catalyst was used. The

reaction time was 2 h.

Analysis of gas products: The gases were analysed using the same setup as described in analysis

of ethylene glycol products.

Analysis of liquid products: The samples before and after reaction were analysed using HPLC
equipped with UV/Vis detector. First the samples were diluted 10 times and thereafter 0.5 mL
of diluted sample was mixed with 0.5 mL of 0.01 M benzoic acid as internal calibrant. A Waters
XBridge C18 column (100 x 4.6 mm, 3.5um) was used. For mobile phase, a gradient elution
of 90% (0.1% formic acid in water), 10% Acetonitrile to 5% (0.1% formic acid in water), 95%
Acetonitrile over 10 min was used. The chromatogram was extracted at 260 nm. A calibration
plot of area of phenol/area of benzoic acid vs. concentration of phenol was made beforehand

and used to evaluate concentration of phenol (see appendix 1).

The activity and selectivity of hydrogen were calculated using equations Equation 13 and

Equation 14 respectively:

Conversion (%)

_ Moles of phenol before reaction — Moles of phenol after reaction < 100
B Moles of phenol before reaction

Equation 13: Conversion for APR of phenol
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Selectivity (%) =

Moles of hydrogen

(Moles of phenol before reaction—Moles of phenol after reaction) x14

Equation 14: Selectivity for hydrogen in APR of phenol

x 100
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Chapter 3: Results and Discussion

3.1 Characterization of catalyst precursors and catalysts

This section describes the results of characterization techniques (namely: pXrd,, ICP-OES,
BET, TGA, FTIR, TPR, TPD) for catalyst precursors and catalysts used in this project.

3.1.1 pXrd

The pXrd patterns (Figure 9) of precursor hydrotalcite with Ni loading: 5 wt.%, 10 wt.%, 15
wt.% and 20 wt.% and M2+/M3+ ratio: 2,3,6,8 showed reflections at 20 = 11.5°, 23.5°, 35°,
60.3° and 61.5° corresponding to the diffraction of X-rays on (003), (006),(009), (110) and
(113) basal planes in the 3R rhombohedral lamellar structures, confirming the formation of
hydrotalcite structure.*!'® No additional phases were observed in any of the precursors,
meaning Ni cations incorporated in the hydrotalcite have isomorphously replaced Mg cations

in the hydrotalcite layers.
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Figure 9: pXrd pattern of various Ni hydrotalcite precursors (patters are offset for clarity).
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The pXrd pattern for the corresponding calcined hydrotalcite materials (Figure 10) have three
reflections at 206 = 36°, 43.5°, 63°, 74.9° and 78.9° which are assigned to periclase-like
structure of Ni-Mg-Al mixed oxides formed after calcination. The reflections are assigned to
NiO and MgO periclase structures, indicating the formation of a NiO-MgO solid solution after

calcination.®*
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Figure 10: pXrd patterns of various calcined hydrotalcite materials (patterns offset for clarity).

Figure 11 shows the reduced Ni based catalysts. In the catalyst Ni/y-Al.O3 the peaks at 26 =
44.5° and 51.8° are associated with metallic f.c.c. Ni phase.'?® No reflections for NiO were
observed after reduction at 800 °C. The other peaks observed were at 20 = 37.5° and 65.6° are
associated with NiAl,O4 spinel phase.’?* For the hydrotalcite derived catalysts, both f.c.c. Ni
(20 = 44.5°,51.8°, 76.39°) and NiO (260 = 37.2°, 43.2°, 62.8°) phases'?° appeared in the pXrd
pattern. The Al and Mg oxide periclase diffraction was overshadowed by the diffraction of
NiO at similar angles. The crystallite size of f.c.c. Ni was estimated for all the samples using
the Scherrer equation at 20 = 51.8° (Table 3). It was observed that crystallite size increased

with the decrease in the Mg. The sample 3Ni15 (in calcined state) was reduced at 4 different
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temperatures (650 °C, 700 °C, 750 °C, 800 °C). The pXrd patterns (Figure 12) showed peaks
for metallic Ni (20 = 44.5°, 51.8°) only at reduction temperatures of 750 °C and 800 °C. The
intensity of reflections associated with metallic Ni were greater at a reduction temperature of
800 °C than 750 °C. The presence of metallic Ni was not detected in pXrd patterns of the same
materials reduced at 650 °C or 700 °C, this might be because crystallite size of Ni at this

temperature were less than 4 nm or because reduction had not occurred.
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Figure 11: pXrd pattern of various reduced Ni based catalysts (patterns offset for clarity).
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Figure 12: Reduction of calcined Ni hydrotalcites at different temperatures (sample: 3Nil15) (‘R’ in the image
represents reduction temperatures). (Patterns offset for clarity).

Table 3: Estimated crystallite size of Ni based catalysts (reduced) based on using the Scherrer equation and the
width of the reflection at 26 = 51.8°. (The figures have an error bar of £1.2 nm based on the error in calculation

of FWMH)

Sample Crystallite size (nm)
2Ni15 13
3Ni15 11
6Nil5 8
8Nil15 7
3Ni5 7
3Ni10 10
3Ni20 14
Nily- 27
Al,O3
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3.1.2 ICP-OES, TGA, FTIR and BET of synthesized catalysts

ICP-OES of all in house synthesized catalysts was done to quatify the amount of each metal
present. The results are shown in Table 4. Appropriate amounts of Ni, Mg and Al were found
in all samples, just below the theoretical values, probably because a small amount of the metal
was leached out during washing. However, the M?*/M3* ratios remained very close to the
theoretical values. As seen from the table, with an increase in the M2*/M?*, the content of Mg
increased and Al decreased. Also, with the increase in the Ni wt.% the amount of Mg decreased

but amount of Al remained almost constant.

Table 4: ICP-OES results for Ni based catalysts (in calcined state). (As all the samples were done in duplicate,
an error bar (deviation in two data) of +0.4% was observed).

Sample Ni Ni Mg Mg Al Al Ni M2 M3
Theoretical | Obtained | Theoretical | Obtained | Theoretical | Obtained | wt.%
(%) (%) (%) (%) (%) (%)

3Ni5 5 4.89 39.11 38.76 15.24 15.03 4.89 3
3Ni10 10 9.2 35.79 34.23 14.78 14.32 9.2 3
3Nil5 15 14.21 32.48 32.30 14.32 13.43 14.21 3
3Ni20 20 18.52 29.17 28.77 13.86 12.44 18.52 3
2Nil5 15 13.98 27.48 27.29 18.70 18.3 13.98 2
6Nil5 15 14.16 39.21 37.89 8.40 8.10 14.16 6
8Nil5 15 14.55 41.28 4041 6.59 6.38 14.55 8
Ni/y- 15 14.32 14.32
Al>O3

Figure 13 shows a typical TGA curve for one of the hydrotalcite precursors. The curve consists
of a two-stage thermal decomposition, typical of hydrotalcite materials. The first step is
observed around 100 C — 150 C corresponding to a weight loss of around 15%, which is due
to the loss of water, of physisorbed carbon dioxide, and the release of interlayer water. No
structural changes are observed at this point. The second step is observed between 300 °C —
500 °C correponding around 40% weight loss and is due to the dehydroxylation of the
hydrotalcite-layered structure and to the decomposition of interlayer anions.?? The calcination
step should occur at a temperature over the second step to decompose the hydrotalcite structure

and obtain a periclase like structre of incorporated metal oxides.
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Figure 13: TGA (differentiated) curve of hydrotalcite precursor (sample shown: 3Ni15).
FTIR spectra of the hydrotalcite precursors (Figure 14) shows a broad band around 3500 cm”
Lwhich is assigned to the O-H stretching vibration confirming the presence of hydroxy! groups
in the hydroxide layer. The shoulder around 2800 cm™ can be associated to the bridging
hydroxyl interacting with carbonate ions in between the layers of the hydrotalcites. Bands
around 1400 cm™ are due to the disordered nature of interlayers or lowering of carbonate

symmetry. Peaks below 1000cm™ are assigned to the metal-OH bond stretching.'?3
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Figure 14: FTIR spectra of Ni hydrotalcite precursors. (Patterns are offset for clarity).

The BET surface area was calculated using the methodology described in section 2.1.2.2. The
surface area was found to be between 110 m? g* to 130m? g* (Figure 15, Table 5), however,
no systematic variation between samples was discerned. All the materials exhibited type 1V
isotherms with hysteresis loop type H1, a characteristic of an ordered mesoporous structure
and having interparticle porosity in the material.1%

Table 5: BET surface area of Ni hydrotalcite derived catalysts (Sample 3Ni15 and 6Nil5 were repeated twice to
obtain an error bar of £6 m?g?).

Sample BET surface
area (m?gt)
3Ni5 112
3Ni10 124
3Ni15 120
3Ni20 109
2Ni15 134
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Figure 15: A) Adsorption/Desorption curves of reduced hydrotalcite derived catalysts. B) Plot of m ! VS.

(Po/p)-11
(P/P ) for BET surface area (sample shown: 2Nil5, for other sample curves please see Appendix 2).
o

3.1.3 TPR and TPD of calcined hydrotalcites
After calcination, the TPR profiles (Figure 16) indicated that the centre of peak shifted towards

higher reduction temperature with increase in M?*/M** (keeping the Ni wt.% constant) i.e.,
with increase in the Mg amounts. Similarly, when Ni wt.% was increased (keeping M?*/M?3
constant) i.e., decrease in the Mg amount, the reduction temperature also decreased. Other
authors have reported similar results.® > A few studies have indicated that in hydrotalcite
derived materials, a MgO-NiO solid solution is formed which leads to a stronger interaction
between Ni and Mg-Al oxide matrix. %> The reduction of nickel oxide is only feasible in Ni-O-
Ni species and not in Ni-O-Mg which means that Ni is first extracted from the solid solution
of Ni-O-Mg and then reduced to Ni'?*. Hence, with the decrease in the Mg content, the

interaction of Ni weakened with the other oxides and the reduction temperature decreases.
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Figure 16: TPR curve for various calcined hydrotalcite derived materials (A linear baseline was subtracted from
the curves due to a slightly sloping background during measurements).

The basicity of catalysts was determined using CO>TPD (Figure 17). Previous reports
identified three different types of basic sites associated with hydrotalcite derived materials:
weak Bronsted OH groups, medium strength metal-oxygen Lew pairs and strong Lewis basic
sites-oxygen anions.® The TPD profiles is overlapping of the desorption from three basic sites
at peaks around temperature 100-150 C (weak basic sites), 150-250 C (medium basic sites) and
280-500 C (strong basic sites).®
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Figure 17: CO2 TPD curves for calcined hydrotalcite material (the curve is de-convoluted into 3 curves as
described in the experimental section).

The total basicity was calculated by integrating the area under the TPD curve and the TPD

curve was deconvoluted into three Gaussian curves to determine each type of basicity. The

total basicity increased with the increase in the M?*/M3" ratio and decreased with the increase

in the Ni wt.%. Hence, the basicity was dependent upon Mg/Al ratio. Interestingly, it was also

observed that with the increase in basicity, the strong basic sites increased, and medium basic

sites decreased.

Table 6: Basicity of Ni hydrotalcite (in calcined state) determined by CO, TPD (The figures have an error bar of
+22 umol CO, gt based on the error in area of fitted curves).

Sample Weak basic Medium basic Strong basic Total basicity

sites sites sites (umol CO2g?)
(umol CO2g™) | (umol CO2g™) | (umol CO2g™)

2Nil5 52 96 64 212

3Nil5 72 95 89 256

6Nil5 143 39 99 281

8Nil5 149 37 107 293

3Ni10 123 44 93 260
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3Ni20 99 67 76 242

3.2 Aqueous phase reforming of ethylene glycol

APR of ethylene glycol was carried out in a batch autoclave reactor with 6 wt.% ethylene glycol
at 260 °C (ramp rate = 5 °C mint) at 50 bar pressure for 2 h. Figure 18 shows conversion and
selectivity of hydrogen obtained by all the fresh catalysts tested during this project. Samples
3Ni15, 2Nil5, 6Nil5, 3Ni20 were repeated thrice and the conversion and selectivity for
hydrogen could be re-produced within a range of £3%. This range was used as error bar in rest
of the report. Hydrogen was counted as the main product, while the side products produced
were CO, CO and CHgs in the gaseous stream and ethanol and methanol in the liquid stream.
No quantification was done for the side products. A commercial Pt/C catalyst demonstrated
the best conversion and selectivity toward hydrogen in all catalysts. For nickel-based catalyst
there was a trade-off between conversion and selectivity. Ni/y-Al.Os showed comparable
conversion to Pt/C however, suffered from poor selectivity towards hydrogen. Hydrogen
selectivity for hydrotalcite derived catalyst 8Nil5 was comparable to Pt/C but the conversion
was significantly lower. Samples 2Nil5 and 3Ni20 exhibited a balance of conversion and
selectivity to hydrogen. These samples represent a balance in amount of Mg and Al to be added
in a Ni based catalyst to obtain appropriate conversion as well as hydrogen production. Also,
as will be seen in a later section, sample 3Ni20 demonstrated least leaching of nickel (section
4.3.2).
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Figure 18: Conversion and selectivity for hydrogen in APR of ethylene glycol of all the fresh catalysts used in
the project. (Reaction conditions: pressure 50 bar at 260 °C temperature, 750 mg catalyst and 2 h reaction time).
(Error bar of +3% for both conversion and selectivity based on repetition of 4 different samples thrice during
this project).

3.2.1 Effect of Ni loading

Ni wt.% was varied from 5 to 20 wt.% keeping the M?*/M3" constant at 3 to evaluate the
conversion and selectivity of hydrogen in APR of ethylene glycol as a function of changing Ni
loading (Figure 19). With increase in the Ni loading, as might be expected, the conversion
increased: 3Ni5 < 3Nil0 < 3Nil5 < 3Ni20. Higher nickel loading and decrease in the
temperature of reduction with increase in loading (section 4.1.3, Figure 16), indicated the
presence of more metallic Ni with increase in loading, hence higher conversion was obtained.
However, the selectivity of hydrogen decreased with increase in the loading. This might be due
to the larger Ni° crystallite size (section 4.1.1) and decrease in the basicity of the catalyst
(section 4.1.3, Table 6) due to decrease in the Mg content as in the starting material the Ni

replaces the Mg in the layers.
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Figure 19: Effect of Ni loading (M?*/M3* ratio constant = 3) in hydrotalcite derived catalysts on conversion and

selectivity for hydrogen. (Reaction conditions: pressure 50 bar at 260 °C temperature, 750 mg catalyst and 2 h

reaction time). (Error bar of £3% for both conversion and selectivity based on repetition of 4 different samples
thrice during this project).

3.2.2 Effect of M?*/M3* ratio

The M?*/M3* ratio was varied as 2, 3, 6, 8 keeping the Ni loading as 15% in all cases, to evaluate
the effect of bivalent to trivalent metal ratio in LHD based catalysts for APR of ethylene glycol
(Figure 20). The trend observed for conversion was 2Nil15 > 3Nil5 > 6Nil5 > 8Nil5, while
opposite trend was observed for selectivity (2Nil5 < 3Nil5 < 6Nil5 < 8Nil5). The reduction
temperature increased with increase in the M*/M?®* ratio (Figure 16), meaning it is likely less
metallic nickel was available for reaction due to sintering (and larger, lower Ni surface area
catalysts) or incomplete reduction, hence the conversion decreased. The increase in basicity
(Table 6) and decrease in Ni° crystallite size (section 4.1.1) increased the selectivity for

hydrogen with increase in the M?*/M*" ratio.
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Figure 20: Effect of M2*/M3* (Ni loading constant = 15 wt.%) in hydrotalcite derived catalysts on conversion
and selectivity for hydrogen ( Reaction conditions: pressure 50 bar at 260 °C temperature, 750 mg catalyst and
2 h reaction time). (Error bar of £3% for both conversion and selectivity based on repetition of 4 different
samples thrice during this project).

3.2.3 Effect of reduction temperature

The sample 3Ni15 was reduced at 4 different temperatures: 650 °C, 700 °C, 750 °C, and 800 °C
and tested in APR of ethylene glycol (Figure 21). The conversion increased with the increase
in the reduction temperature due to the increase of metallic Ni at higher reduction temperature.
Although no reflections for Ni® were seen in the pXRD pattern (Figure 12) in the case of 650 °C
and 700 °C reduction temperature, these samples still have an conversion of 9% and 13%
respectively. It is therefore likely that some metallic Ni was present in the sample, however the
size of Ni crystals was smaller than 4 nm and were not detected by pXrd. The selectivity of
hydrogen decreased with the increase in the reduction temperature. This is because of increase
in the total pressure of the system as at higher conversion more hydrogen (+ CO2) was produced

and so may be more likely to be consumed in the side reactions.
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Figure 21: Effect of reduction temperature in hydrotalcite derived catalysts on conversion and selectivity of
hydrogen. (Sample: 3Nil5R, reaction conditions: pressure 50 bar at 260 °C temperature, 750 mg catalyst and 2
h reaction time). (Error bar of £3% for both conversion and selectivity based on repetition of 4 different samples
thrice during this project).

3.2.4 Effect of time of reaction

The time of reaction was varied from 1 h to 2.5 h to determine the effect of reaction time (Figure
22). The conversion increased with the time but the conversion for the 0-60 min was more (20%
vs 13% conversion) than the conversion for 60-120 min. This is because the catalyst was
getting deactivated with the time. Due to the conversions being below 35%, it seems unlikely
this substantial rate decrease is due to a decrease in the conversion of ethylene glycol by a

factor of 0.8.
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Figure 22: Effect of time of reaction in hydrotalcite derived catalysts on conversion and selectivity for hydrogen
(Sample: 3Ni15R, reaction conditions: pressure 50 bar at 260 °C temperature, 750 mg catalyst) (Error bar of
+3% for both conversion and selectivity based on repetition of 4 different samples thrice during this project).

3.2.5 Effect of reaction temperature

The reaction temperature was increased, keeping the pressure just above the bubble point to
stop the feed from evaporating. With the increase in the reaction temperature the conversion of
ethylene glycol increased (Figure 23). It followed an expected rule of thumb in chemistry based
on the exponential dependence of the Arrhenius equations, where for every 10 °C increment in
the reaction temperature, the conversion almost doubled. The selectivity for hydrogen
decreased with the increase in temperature. As before the decrease could be because at higher
conversions there is more hydrogen (and a higher hydrogen pressure) to be converted in side

reactions
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Figure 23: Effect of reaction temperature in hydrotalcite derived catalysts on conversion and selectivity of
hydrogen. (Sample: 3Nil5R, reaction conditions: pressure 40 bars at 240 °C, 45 bars at 250 °C, 50 bar at 260
°C, 750 mg catalyst and 2 h reaction time). (Error bar of +3% for both conversion and selectivity based on
repetition of 4 different samples thrice during this project).

3.2.6 Effect of catalytic loading

The catalytic loading was varied from 0.075 to 0.25 g of catalyst per g of substrate to study the
effect of catalyst amount on the aqueous phase reforming of ethylene glycol and look for
possible mass transport issues. At 0.075 g/g of loading, no conversion was observed. Increasing
the loading from 0.075 to 0.141 around 15% conversion was observed which reached 33%
when loading was increased to 0.25 (Figure 24). Hence, for an increase of 43% in the loading,
the conversion increased by 57%. This behaviour was not expected as usually, with conversion
increase in same ratio as of loading. No concrete reasons could be attributed to no conversion
at loading 0.075 g/g, but it is possible too much material is physically lost in dead zones of the

reactor (or another external mass transport limit).
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A hypothesis is the nickel is getting reduced in-situ. Since reduction was carried out ex-situ
and metallic Ni was exposed to air before reaction, some surface oxidation must have taken
place. The surface oxidation is reversible at relatively low temperature. Hence at 260 °C the
initial hydrogen produced is used to reduce the nickel and with a greater number of metallic Ni
sites available initially (at higher loading) more in situ reduction can take place. This gives
higher conversion at higher loading. However, the transport of hydrogen from active site to the
reduce site will be a diffusional challenge. Also, at 225 mg catalyst (0.075 g/g loading) of noble
metals (Pt, Pd) which are resistant to surface oxidation, showed no conversion, indicating, in-

situ reduction might not be responsible for the phenomenon observed.

Another hypothesis is some catalyst is getting stuck to the lower end corner of reactor vessel
due to fast stirring (dead zone). The stuck catalyst will not be able to participate in the reaction,
hence at lower loading (0.075 g/g) almost all catalyst went to the side of the reactor and gave

no conversion.

However, in future more experimentations are required to understand the effect of catalytic
loading and is currently, not being completely understood at the time of writing this thesis. The
results reported in the rest of the report use the larger value of 0.25 g/g to be well away from

this limit.

Another hydrotalcite dervied catalyst 6Nil5 (Figure 25) was also used to study the effect of
catalytic loading, to verify the trend seen as a function of loading. Similar results were obtained,
where at 0.075 g/g loading, no conversion was observed and for 0.141 to 0.25 (43% increase

in loading) the conversion increased by 52%.
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Figure 24: Effect of catalyst loading (g of catalyst per g of substrate) in hydrotalcite derived catalysts on activity
and selectivity of hydrogen (Sample: 3Nil5, reaction conditions: pressure 50 bar at 260 °C temperature, catalyst
amount: , 225 for 0.075 loading, 425 mg for 0.141 loading, 750 mg for 0.25 loading, and 2 h reaction time)
(Error bar of 3% for both conversion and selectivity based on repetition of 4 different samples thrice during
this project).
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Figure 25: Effect of catalyst loading (g of catalyst per g of substrate) in hydrotalcite derived catalysts on activity
and selectivity of hydrogen (Sample: 6Nil5, reaction conditions: pressure 50 bar at 260 °C temperature, catalyst
amount: , 225 for 0.075 loading, 425 mg for 0.141 loading, 750 mg for 0.25 loading, and 2 h reaction time).
(Error bar of 3% for both conversion and selectivity based on repetition of 4 different samples thrice during
this project).

3.3 Spent catalyst characterization

To try and rationalise some of the above trends, and in particular the deactivation seen as a
function of time, and the suitability of nickel-based catalysts of this type for APR,

characterisation of the post reaction samples was carried out.

3.3.1 pXrd

All the spent Ni catalyst were subjected to pxrd to identify any structural changes (Figure 26).
The spent Ni/y-Al.Oz pXrd pattern showed reflections at: 14.5°, 28.2°, 38.4°, 49.3°, 55.3°,
60.6°, 64.1°, 65.0°, 67.7°, 72.0° which can be assigned to the presence of a boehmite
structure.>? Hence, the gamma alumina structure has been changed to boehmite structure under
hydrothermal conditions. Boehmite typically has less surface area than gamma phase alumina,

and higher surface acidity.>? It is also important to note that no peaks were observed for metallic
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Ni or NiO, hence if they are present they will have crystallite sizes less than 4 nm and so cannot

be detected in the pXrd pattern.

For hydrotalcite derived catalysts, the pXrd pattern had reflections at 26: 11.5°, 23°, 34.5°,
39.2°, 44.5°, 46.4°, 51.8°, 60.7°, 62°, 65.6°, 75°, 76.4° (except for the sample 3Ni5, where
reflections at 44.5°, 51.8° and 76.4° were missing). The reflection at 20 is 65.6° (plane (440))
is a characteristic peak for the formation of NiAl,O4 spinel.*?! No peak for NiO was not
detected, probably, because of the smaller than detection limit (<4mn) size of any crystallites.
In all samples other than 3Ni5, peaks at 44.5°, 51.8° and 76.4° were observed for metallic Ni.
Hence the Ni in the hydrotalcite derived catalysts was not completely oxidized and the catalyst
should still be active in the reaction. The spinel structure might affect conversion and selectivity
for hydrogen in the APR reactions. The spinel cannot be turned back to hydrotalcites easily,
however, they can be calcined and reduced (at higher temperature than hydrotalcites) to obtain
more metallic nickel.!?® It is important to note here that reducing spinel at higher temperature

will yield larger crystallite size, which can affect the selectivity of hydrogen in the APR.

82



12000

10000

| 3Ni20
g 8000—- /'&WWLWA Wh‘ww» W 15
8 eoof 3Ni10
2 H‘ 3Ni5
é 4000 J\\*MJL,,_JA e NS
) 2000 - /%’”"WW _N'M - 6N.i15
—\ U BNiLS

°7 w/ WWWWMW%W Ni/y-Al,Oy

o 2 4 e s 10

20 (degrees)

Figure 26: pXRd pattern for Ni based catalysts of different compositions after APR reaction of ethylene glycol
(Reduction temperature: 800 °C, reaction conditions: pressure 50 bar at 260 °C temperature, 750 mg catalyst
and 2 h reaction time)

3.3.2 ICP-OES

ICP-OES of the spent catalyst and spent reaction solution was done to calculate Ni leaching
for the Ni based catalysts (Figure 27). The amount of Ni lost from the catalysts was confirmed
by observing its presence in the product solution. Expect for the sample 8Nil5, leaching in
hydrotalcite derived catalysts was observed to be significantly less than for Ni/y-Al2Os,
although no clear trends between samples of differing M?*/M3* ratio or Ni content were
otherwise observed. For the sample with the highest M?* content (8Ni15) the leaching was
observed even more than Ni/y-Al2Os, implying that magnesium/aluminium ratio over a certain
value will affect the stability of the hydrotalcite derived catalysts. Hence the aluminium is
needed in the catalytic system over a certain amount to provide stability to the catalyst.
Therefore, from the reaction data and leaching studies, it can be concluded that there is a
synergistic effect of both Mg and Al in Ni based catalysts for aqueous phase reforming, and
there will be a trade of between conversion, selectivity and stability of catalysts depending

upon the catalyst composition.
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Figure 27: Leaching from Ni based catalysts (from ICP-OES of post-APR reaction catalyst materials). (As the
samples were prepared in duplicate, an error bar (standard deviation in duplicates) of £1.2% was obtained).

3.4 Agueous phase reforming of ethylene glycol over spent catalysts

Three spent catalysts (one commercial and two in house synthesized hydrotalcite derived
catalysts) were tested to in APR of ethylene glycol. It is important to note here that, since the
catalysts recovery from spent solution was not 100% (due to catalyst sticking on syringe filter
and a small portion of the catalyst having been used for characterization) two batches of spent
catalysts were combined to give catalyst amount equal to 750mg/0.25 catalytic loading (equal
to the loading of fresh catalyst testing). For the sample 3Ni20, the conversion dropped by 30%
and selectivity dropped around 35% for spent catalyst as compared to fresh catalyst. For the
sample 2Nil5, where leaching was much more than the sample 3Ni20 (around 30% more
leaching) the conversion dropped significantly more (= 55%), however the drop in selectivity
remained almost same (35%). Hence, the major reason for deactivation of catalyst is leaching.
Some other factors responsible for deactivation are oxidation of Ni and change of structure

from hydrotalcite to spinel. Comparing spent Ni hydrotalcite dervied catalyst to commercial
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catalysts, the commercial catalyst Pd/C was much more stable and the drop in the conversion

was only 14% and selectivity remained almost same.
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Figure 28:Comparison of APR of ethylene glycol over spent catalysts and original catalysts (Reaction
conditions: pressure 50 bar at 260 °C temperature, 750 mg catalyst and 2 h reaction time). (Error bar of +3% for
both conversion and selectivity based on repetition of 4 different samples thrice during this project).

3.5 Aqueous phase reforming of phenol

Aqueous phase reforming of phenol was conducted in the same setup as ethylene glycol at
same conditions due to literature reports of this process®* %. However, no hydrogen production
(confirmed by gas chromatography of gaseous products) or conversion of phenol (confirmed
by HPLC of pre and post reaction solution) was observed. Commercial catalysts (Pt/C & Pd/C)
and in house synthesized catalysts (Ni/y-Al.Oz, Pt/y-Al20s, hydrotalcite derived Ni/Mg/Al)
both were tested at different temperatures (240 °C, 250 °C and 260 °C) with pressure just above
bubble point, however, the initial and final concentration of phenol remained same and no peak
for hydrogen was observed in the chromatograph. Evidently, concluding phenol does not

reform at APR conditions and catalysts, as contrary to some recently published studies.%* %
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Chapter 4: Conclusions and future work

During this project, different hydrotalcite derived catalysts with varying Ni loading and
M2*/M3* were synthesized using co-precipitation method and tested in a batch autoclave for
aqueous phase reforming of ethylene glycol and phenol. The pXrd pattern of precursor showed
no extra phase other than hydrotalcite, indicating the Ni has isomorphously replaced Mg in the
layers. ICP-OES indicated that appropriate Ni, Mg, & Al metal concentrations were present in
all the catalysts. With an increase in M?*/M3* ratio keeping the Ni loading constant, in other
words, increasing the MgO content, both the temperature of reduction (by TPR curve) and
basicity (by TPD curve) increased, and the Ni° crystallite size (estimated by Scherrer’s equation)
decreased. When the Ni loading was increased keeping the M2?*/M3®" constant, both the
temperature of reduction and basicity decreased, but the Ni° crystallize size (estimated by
Scherrer’s equation) increased. These changes in the catalyst properties clearly effected the
conversion and hydrogen selectivity in aqueous phase reforming of ethylene glycol. With the
increase in basicity, the selectivity for hydrogen increased but since the amount of reduced
nickel was comparatively less due to higher reduction temperature, conversion of ethylene
glycol decreased. With the increase of reduction temperature, the conversion increased but the
selectivity decreased. The selectivity for hydrogen of all hydrotalcite derived catalysts was
more than selectivity for hydrogen observed in Ni/y-Al2O3, which correlated with increased

basicity and smaller crystallite size.

With the increase in reaction temperature at a pressure just above bubble point, higher
conversions for ethylene glycol was achieved as expected. However, the selectivity was
decreased, due to increase in total pressure enhancing side reactions, decreasing hydrogen

selectivity.

An interesting phenomenon was observed when the catalytic loading was decreased from 0.25
to 0.141, the activity was expected to drop in the same ratio (43.6%). However, the activity
dropped by 57%. This could be explained either by an induction type of behaviour in the
kinetics or due to a dead zone in the reactor. However, there will be a need of future work in
this area. The conversion obtained from time in the first hour of reaction was more than in the
second hour, while the selectivity remained almost same. This meant the catalysts were getting

deactivated with time.
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Upon the characterization of spent catalyst, it was observed that the hydrotalcites are
transformed to a spinel structure with some reduced Ni as compared to boehmite phase in Ni/y-
Al,03 (which lead to decrease in basicity and surface area®?). On the other hand, Ni based spinel
catalysts are shown to be active and selective to hydrogen during APR in the literature?!, but
the results are difficult to compare due to being in flow and reforming glycerol rather than

ethylene glycol — this could be an area for future study.

Leaching was observed in LDH based catalysts but was to a lower extent than Ni/y-Al,Oz in
most cases. However, in 8Nil5 (the catalyst with highest MgO content) leaching was even
more than Ni/y-Al>Os. Upon re-testing the spent catalyst, conversion decreased by 60%, while
selectivity remained the same. The decrease in activity is primarily due to leaching and possibly
re-oxidation of Ni. The activity could be possibly further improved if that spent catalyst was
calcined and reduced before reaction, however the spinel reduces at temperature high than
hydrotalcites and will be expensive to reduce. The obtained Ni crystallite size from such higher

temperature reductions might also increase and affect the selectivity after reduction.

In the APR of phenol, no catalytic activity, hydrogen production or side products were
observed on any catalyst (including the commercial catalyst used in this project). As activity
was observed for ethylene glycol in the same system, it is concluded that it is significantly
harder to reform phenol directly into hydrogen by aqueous phase reforming, hence a pre-
treatment such as catalytic oxidation of phenolic wastewater is needed before producing

hydrogen via aqueous phase reforming.

Possible ideas for future work:

1) Study the kinetics of APR of ethylene glycol in a batch and fixed bed reactor to answer
the questions about the induction period. Thus, answering the question why the
decrease in activity is not in the same ratio as decrease on catalytic loading.

2) Study what factors effect the regeneration of the Ni/Mg/Al spinel and the impact on
activity and selectivity of the catalyst.

3) Moving from a phenol type of structure to something more like a reduced sugar or a
oxidation product of phenol and track how selectivity to hydrogen and conversion
depends on substrate. This will help to develop an effective pre-treatment process for

valorisation of phenolic wastewater to hydrogen.
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Appendix 1

This appendix shows graphs and equations of various calibration plots made and used during

this project, and also explains the procedure used for calculating moles of different products.

Calibration plot for calculation of concentration of ethylene glycol

A calibration curve was made using 3 standard samples. Area ratio of ethylene glycol to internal
calibrant was plotted against standard concentration (Figure 29). After a sample with ethylene
glycol and internal standard (1,2 butadiene) was analysed by GC the area of the two peaks were
integrated. Ratio of area of ethylene glycol to area of internal standard was calculated and using
the equation in Figure 29 ethylene glycol wt.% was calculated. From ethylene glycol wt.%,
mass of ethylene glycol is calculated using the weight of the total solution (50g). The obtained
mass was divided with the molecular weight of ethylene glycol to calculate the moles of
ethylene glycol. The procedure was repeated for both pre- and post-reaction samples. Finally,

using Equation 11, conversion of ethylene glycol was calculated.

m Calibration points
—— Polynomial fit of calibration points
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Figure 29: Calibration curve to determine the concentration of ethylene glycol. (The calibration points are an
average of 3 different runs).
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Calibration plot for determining the concentration of phenol

A calibration curve was made using 6 standard samples. Area ratio of phenol to internal
calibrant was plotted against standard concentration (Figure 30). The peaks for phenol and
internal calibrant (benzoic acid) in the chromatogram were integrated to obtain the area of the
two peaks. The ratio of area of phenol to area of internal calibrant was calculated and using the
equation in Figure 30 the concentration of phenol was calculated. This concentration was
multiplied by 10 to obtain the real concentration (as the sample was diluted 10 times before
running in HPLC). Moles of phenol was calculated using the molarity (moles = molarity x
volume). The procedure was done for both pre- and post-reaction samples. Finally using

Equation 13, conversion of phenol in aqueous phase reforming was calculated.
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Figure 30: Calibration plot to determine the concentration of phenol. (Calibration points are an average of 3
runs).

Calibration plot for calculation of moles of hydrogen produced

A calibration curve was made using 5 standard samples. Area ratio of H> to Ar was plotted

against Ho/Ar molar ratio (Figure 31). From the two different chromatograms, peaks for Ar and
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H2 were integrated separately to obtain their areas. Ratio of H area to Ar area was calculated.
Using the equation in Figure 31, Ho/Ar molar ratio was calculated. The moles of Ar was
calculated using the ideal gas equation: P\V=nRT, where P = 2 bar, V = 160 mL (dead volume
of reactor (210 mL) — volume occupied by feed (50 mL)), n = moles of Ar, R is universal gas
constant and T = room temperature (20 °C). Once the moles of Ar was obtained, the moles of
hydrogen were calculated using the Hao/Ar molar ratio. Finally, Equation 12 and Equation 14
was used to calculate the selectivity towards hydrogen in aqueous phase reforming of ethylene

glycol and phenol respectively.

m  Calibration points
—— Linear fit of calibration points
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Figure 31: Calibration curve to determine the amount of hydrogen produced. (The calibration points were
repeated twice, and an average was taken).
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Appendix 2

This appendix shows BET curves and TPD curves of all the Ni hydrotalcite derived catalysts

used in this project.
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Figure 32: A) Adsorption/Desorption curves of reduced hydrotalcite derived catalysts. B) Plot of W VS,
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Figure 33: A) Adsorption/Desorption curves of reduced hydrotalcite derived catalysts. B) Plot of m VS.
o)~

(P/Po) for BET surface area. Sample: 3Ni10.
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Figure 34: A) Adsorption/Desorption curves of reduced hydrotalcite derived catalysts. B) Plot of

(P/P ) for BET surface area. Sample: 3Nil5.
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Figure 35: A) Adsorption/Desorption curves of reduced hydrotalcite derived catalysts. B) Plot of

(P/Po) for BET surface area. Sample: 3Ni20.
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Figure 36: A) Adsorption/Desorption curves of reduced hydrotalcite derived catalysts. B) Plot of

Quantity adsorbed (mmol

Figure 37: A) Adsorption/Desorption curves of reduced hydrotalcite derived catalysts. B) Plot of
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TPD Curves
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Figure 38: CO, TPD curves for 2Nil15 calcined hydrotalcite material (the curve is de-convoluted into 3 curves as
described in the experimental section).
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Figure 39: CO, TPD curves for 6Nil5 calcined hydrotalcite material (the curve is de-convoluted into 3 curves as
described in the experimental section).
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Figure 40: CO, TPD curves for 8Nil5calcined hydrotalcite material (the curve is de-convoluted into 3 curves as
described in the experimental section).
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Figure 41: CO, TPD curves for 3Ni10 calcined hydrotalcite material (the curve is de-convoluted into 3 curves as
described in the experimental section).
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Figure 42: CO, TPD curves for 3Ni20 calcined hydrotalcite material (the curve is de-convoluted into 3 curves as
described in the experimental section).
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