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Abstract

The generation of hazardous wastewaters from industrial and domestic
processes, poses a serious environmental threat ifuefteated and allowed to
enter water sources. Current techniques for removing toxic organic pollutants
from wastewaters include biological, thermal and chemical treatment, but they
are often coupled with an inability to degrade high concentrations of pefits,
long biological degradation lifetimes or the release of harmful emission gases. As
we steer towards more sustainable and environmentally friendly techniques,
advanced oxidation processes have become increasingly popular. Wet Air
Oxidation (WAOQO) andubsequently, Catalytic Wet Air Oxidation (CWAOQ), is
proving to be one of the most economical and environmentally friendly processes
for the removal of toxic organic compounds found in industrial wastewater
streams. Using oxygen as a clean source of oki€AWAO oxidises the pollutants,
over a catalyst, to G@nd HO. The addition of a catalyst offers increased reaction
rates and less severe operating conditions, which in turn leads to lower capital

costs. Phenol was selected as a model pollutant, for OWA

Building on previous research, alternate catalyst compositions are
investigated with particular attention paid to the wettability of catalyst support.
Noble metals supported on silicon carbides were investigated for the CWAO of
phenol and bisphenel (B?A) in a trickle bed reactor (TBR). Complete phenol
conversion was observed for Pt/SIC at 7§and 160°C, with 99.9 % selectivity
towards CQ@ The partial substitution of platinum with ruthenium was

investigated, as well as the effect of surface apéthe silicon carbide support.

An explanation is proposed for the increased reaction rates seen when
using comparatively hydrophobic catalyst supports; the presence of gas bubbles
within the catalyst pores oa hydrophobic support allows for a secondanass
transfer route of oxygen directly from the gas phase to the catalyst surface,

prohibited by the more typical hydrophilic catalysts.



The catalysts screened were characterised using a number of techniques
including, powder sxay diffraction (XRD),d¥dsorption BET specific surface area,
thermogravimetric analysis (TGA), temperatyseogrammed reduction (TPR),
scanning election microscopy (SEM), energy dispersivaysx (EDX), -ray
photoelectron spectroscopy (XPS) and helium pycnometry porosity

measurenents.
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Chapter I¢ Introduction to wastewater treatment

Chapter 1

Introduction to wastewater treatment

1.1 Environmental concerns of wastewater

The generation of wastewater, from both industrial and domestic
processes, leads to hazardous organittytants which, if left untreated, can cause
severe problems for our ecosystem$erefore, with the growing concern for the
environment, and everstricter government water quality regulations, it is
necessary to develop greener and more efficient processe treat such

pollutants.

A large majority of industrial processes use water as either a solwent
reaction transport mediurh the resultingcontaminatedwastewater can have far
reaching effects if discharged into streams and rivers. The chemicalntooite
these effluents may vary from inorganic pollutants fromedectroplating pocess
to toxic organic compandsfrom pesticide manufacturirg Organic pollutants in
particular can cause severe problems for aquatié liédéfecting themetabolism,

survival, growth and reproductive capabilities of certain spécies

Efficient and economic technologies for the removal of toxic organic
contaminants in wastewater streams are imperative to produce reusable process

water and environmentally feindly effluents.

1.2 Sources of wastewater

Wastewater can come from a variety of different sources; a substantial
proportion of industrial processes generate wastewater containing a broad range

of chemicals. The biochemical content of this wastewatelejgendent upon the
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Chapter I¢ Introduction to wastewater treatment

industry in which it was generated. Pulp and paper mills, coppefdeep mines,
paint shops, oil refineries, plastics and resin manufaturargjust a few industries
that give way to wastewater containing difficult to break down, nnho
biodegradable, toxic organic compouddEach of these industries, and countless
others produce wastewater that requires treatment if it is to be safely discharged

into the environment.

The majority of agriculture and industrial processes have wastewater
management procedures in place, however not all are designed to degrade toxic
organic pollutants, and in some cases these pollutants can pass through untreated

into rivers and streants

1.3 Common pollutantsand legislation

To control and preverngxcess discharge of harmful contaminants entering
the environment, the European Union set regulations regarding the limits of
pollutants allowed to safely enter UK watercourses. The level of pollution can be
measured using biochemical oxygen demand (B@B)caemical oxygen demand
(COD), which measure the concentration of oxygen required to fully oxidise the

biochemical and chemical content of water to &@d HOW.

2| Page



Chapter I¢ Introduction to wastewater treatment

Table 1.1 Average pollutant concentrations found in untreated wastewa&ERA 2015

Pollutant Unit Average total concentration
Total Kjeldahl Nitrogen (TKN) mg L 34.9
Ammonia as N mg L 13.1
Nitrate as N mg L 91.4
BOD mg L 8.2
COD mg [ 345
Total Suspended Solids (TSS mg L 14,500
Total Phosphorous (TP) mg L 4.02
Chloride mg L1 7,1820
Sulphate mg L 13,300
Total Dissolved Solids (TDS)  mg L 33,300
Selenium ug L2 3,130
Calcium mg L 3,290,000

Table 1.1shows an example of pollutant concentrations found in
wastewater associated with Flue Gas Desulfurization (FGD) processes by the
United States Environmental Protection Agency (EPA) int208&well as the COD
and BOD, ammonia, nitrate and phosphorousiaentrations are all regulated.
Ammonia is one of the more common pollutants discharged into water streams;
food processing industries, fertilizer production and textile manufacturing are all

industries which generate highly concentrated ammonia wastev&ter

Removal of phosphorous from wastewaters is also paramount, as it can
contribute to eutrophication, causing excess growth of photosynthesising
organism$®. Excess algae on the surface of lakes and rivers, restricts the sunlight
reaching plant life atower depths, which consequently restricts photosynthesis,
depleting the oxygen concentration in the body of water. As a result of the

reduced oxygen, fish and other marine animals can suffocate.

The nature of pollutants and their concentrations are asiegh as the

industries in which they are generated; the concentrations of specific effluents will
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Chapter I¢ Introduction to wastewater treatment

also vary over time from the same industrial pfarRegulations concerning water
guality are becoming ever stricter; in the UK, regulations are set basdtieon
particular industry, nature of pollutants and waterbody the effluent is being

discharged into.

As an example, the trade effluent discharge limits set by the Singapore
government under the Environmental Protection and Management Regulations

are presenédin Table 1.2

Tablel.2Regulations for the discharge of trade effluents set by the Singapore goverffiment

No. List of Substances Limit (mgL?Y)
1 Biological oxygen demand (BOD) 5 days &C2( 20
2 Chemical oxygen demand (COD) 60
3 Totalsuspended solids 30
4 Total dissolved solids 1,000
5 Chloride (chloride ion) 250
6 Sulphate (S 200
7 Sulphide (sulphur) 0.2
8 Cyanide (CN) 0.1
9 Detergents (linear alkylate sulphonate as 5

methylene blue active species)

10 Grease and o{hydrocarbon) 1
11 Grease and oil (nehydrocarbon) 1
12 Arsenic 0.01
13 Barium 1
14 Tin 5
15 Iron (Fe) 1
16 Beryllium 0.5
17 Boron 0.5
18 Manganese 0.5
19 Phenolic compounds (phenol) Nil
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Chapter I¢ Introduction to wastewater treatment

Organic pollutants are of particular concern duetheir persistence and
ability to bioaccumulate, some can remain in the environment in excess of 100
years®, One such compound is phenol and its derivatives; it is also the only
compound listed in Table 1.2 which has a limit of zero for discharge in dedtro

watercourses.

1.3.2 Phenol as a model pollutant

Phenol and phenolic compounds are among the most common organic
pollutants typically found in wasterwatél® An estimated 6 million tonnes of
phenol areproduced each yeéaf. Phenol compounds are important chemical
precursors for many industrial processes, they are widely used as raw materials
for the production of petrochemicals, pesticides, plastics and pharmaceufi¢éls
As a result, these compoundare commonly encountered in the industrial
effluents and surface wateaassociated with such processéairthermore, phenol
is a frequent intermediate product in the reaction pathway of higher molecular
weight aromatic compounds also encountered in wasteavgf. The molecular

structure of phenol can be seen in Figure 1.1.

OH

Figurel.1Molecular structure of phenol

Unfortunately, phenol is both toxic and corrosive, and, if allowed to enter
water streams, it can cause severe problems for aquati¢ Feenol affects the
metabolism, survival, growthral reproductive capabilities of aquatic life, as well
as causing skin irritation and damage to kidney, liver and lung function in
humang?®; ingestion of doses larger than 1 g can be fatal to adlilts

Concentrations of <1 mgtlcan cause significant tastnd odour problems and
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Chapter I¢ Introduction to wastewater treatment

the European Economic Community (EEC) directive mandate phenol

concentration should not exceed 0.5 pgih drinking watef>24

The high toxicity and frequency of which phenol is used make it a model
organic pollutant for wastewatr treatment method$®. This project will focus on
the removal of phenol, which has been investigated numerous times in the

literature®®30, setting a good catalyst benchmark.

1.3.2.10xidation pathway andpossiblereaction intermediates

Thecomplete oxidation of phenol to G@nd RO can proceedia several
different pathways, and under neoptimal conditions partial oxidation can result
in numerous intermediates. The potential pathways and reaction intermediates

for phenol oxidation proposety Devliret al*!is presented irFigure 1.2
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Figurel.2Possible reaction pathways for the oxidation of ph&nol
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Chapter I¢ Introduction to wastewater treatment

The initial step of oxidation can occur in either treho or paraposition,
resulting in catechol or hydroquinone, followed kybenzoquinone and’ -
benzoquinone respectively. Further oxidation can then procesdnumerous
pathways, with a possible 15 different organic intermediates before complete
oxidation to C@and HO. Devlinet al.3! proposed this reaction schematic after
isolating the majority of the compounds in the reaction media, however a few
compounds were considered too short lived to isolate, but were consistent with

the sequential devolvement of the reagti scheme.

Duprezet al.*?and Santogt al.>3also proposed similar reaction schematics

(shown inFigures1.3 and 1.4espectively) reinforcing the validity of the pathway.

8| Page



Chapter I¢ Introduction to wastewater treatment
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Figurel.3Phenol oxidation pathway proposed by Dupres &t al
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Figurel.4Phenol oxidation pathway proposed by Santos £t al
Acetic acid is a common end produat oxidation reactionsof various
organic compounds, and the oxidation of tltgrboxylic acid is thought to be a
rate limiting factor for the complete oxidation of pher®lOxalic and maleiacid

were also observed as stable side products.

The potential for polymerizatioreactions duringphenoloxidation, leading
to the formation of complex moleculesvas reported by Leveet al3%. The

proposed polymer reaction pathway is displayed in Figure 1.5.
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OH OH 0
OH i i
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T Y
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Figurel.5Reaction schematic for phenol oxidation with potential polymeris&tion

Polymerization can occwia the reaction between phenol and partial
oxidation product glyoxal, or by polymerisation of glyoxal with itself. Alejaptire

al.*® also observed polymesation in this manner during the oxidation of phenol.

Cyclic intermediates hydroquinone apebenzoquinone are considerably
more toxic than phenol, and if they remain as stable intermediate products there
is a risk of increased toxicity of the wastewatkring treatment®. Coupled with
the possibility of numerous other reaction intermediates, the reaction success
cannot be described in terms of purely phenol conversion. The complete oxidation

and selectivity towards G@nd HO must also be considered.

1.4 Wastewater treatment methods

A diverse range of treatment methods are available to treat industrial
wastewaters. The chosen treatment method for a particular effluent steam is
governed by a number of factors, such as the chemical content (organic or

inorganic), the concentration of flatants and the volumef waterto be treated-.
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Frequently more than one treatment process, run in sequence or parallel, is

required for total degradation of pollutants

For phenolic wastewaters, the treatment methods can be separated

into various catgories, including biological, thermal and oxidation processes.

1.4.1 Adsorption processes

Historically, adsorption has been used for the treatment of aqueous
organic and inorganic pollutants. High surface area materials such as activated
carbon, clayand zeolites adsorb certain contaminants onto their surface, thus

removing them from the wastewatét3°,

Adsorption processes gained popularity as they could be used continuously
and require minimal plant modification. Once saturated, the adsorbent must
undergo a costly regeneration process or be disposed of by incineration or placed
in landfilf°. Neither disposal method is desirable, as the pollutants either still exist
in the environment, or contribute to hazardous emissions; diminishing both the

minimal cost and low environmental impact of the process.

1.4.2 Biological treatment

The most common depolluting method is biological treatnféntypically
applied to residual wastewaters; microorganisms are used to degrade pollutants
The processhoweve, often suffers from long residence times and is not edito

treatment of toxic contaminants due to biomass poisorifng

Typically, biological methods use raw materials which are environmentally
abundant, such as algae and sea weed, or wastes from atbestrial processes,
such as activated sludéfe The use of such materials is responsible for the low
costs often associated with biosorption, as well as making it one of the eco

friendlier processes for wastewater treatment.
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The use of activated sludgfor the anaerobic digestion of organic
pollutants in wastewater can be considered an optimisation of wastewater
treatment plants, as it reduces the amount of sludge being disposed of, as well as
producing biogas during the degradation of organic mattédrich can be recycled

as an energy source for other industrial procedses

Despite such optimisations existing for conventional biological wastewater
treatments, they are applied to wastewaters with low effluent concentrations and
suffer from long residnce time4®. Biodegradation of toxic compounds such as
phenol can be very slow and require move advanced treatment methods for

complete removal.

1.4.3 Thermal treatment

Thermal treatment includes methods such as incineration, which, unlike
biological é&gradation, is more suited to wastewaters with a high concentration
of pollutants. Temperatures between 10@01700°C are required to combust
aqueous contaminantd, however, the process is extremely energy extensive,
requiring high operating temperatures and pressures to not only combust the

pollutants, but to also vaporize the water.

Thermal treatment is typically chosen for wastewaters with concentrations
of low value hydrocarbongyreater than 100 g1, and can offer complete
destruction of pollutant$’>. However, hcineration als@omes with a high carbon
footprint and releases considerable emissions of other hazardous compounds,
such as dioxins, N@nd furars*®, whichmerely shifts the environmental problem

rather than presenting a solution.

Due to the substantial energy requirements associated with incineration,
the process is also accompanied by significant operating costs. To help cover these
high costs, hermal treatment is often utilised in industrial plants that require an
additional energy supply. The heat or stemrecovered and redirected elsewhere

within the plant, helping reduce net coéts
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Incineration is not suited to wastewaters with low cemtrations oftoxic
organic compounds (TOCHE)concentrations are too lowdditional fuel needs to
be added leading to furtheoperationalexpensé®. Thermal treatment methods
suffer from high economic and environmental consequences, and therefore other

wastewater treatment methods must to be considered.

1.4.4 Advanced oxidation processes (AOP)

Adsorption, biological and thermal treatment processes all have their
advantages, however neither are suited to wastewaters which contain toxic
organic pollutats inintermediate concentrations. Such wastewaters are too toxic
for biological treatment, yet too dilute to incinerate Coupled with the desire for
more environmentally friendly methods, interest has moved toward advanced

oxidation processes (AOPS).

AOPs rely on the production of radicals, such as hydroxyl radiCeéds, (to
oxidise contaminants to G@nd HO. The oxidant responsible for generation of
radicals commonly include hydrogen peroxide, oxygen and ozone. AOPs have
shown success in thexidation of large majority of organic compounds typically

present in industrial wastewatets

The first and most common AOP is the Fenton method, in which pollutants
are degraded by a mixture of a soluble iron salt and hydrogen peroxig®)(H
known asii KS C Sy (i 25 @G debidipoIeS yatalytically in the presence
of Fe(ll) salt, producing hydroxyl radica8H) with a high oxidation capadity

"0Q 00 ©0Q 0§ O Equation 1.1

The Fenton method can be improved by the addition fawiolet (UV)
light (U\Fenton); which can accelerate the reduction ot*F&he Fenton method
is attractive as it shows very high activity towards the oxidation of organic
compounds in wastewaters, and the components are widely avaffatiie

However, large quantities of concentrated B, are expensive and potentially
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explosivé®. Another drawback is the significant cost increase when coupled with

the addition of UV ligh#.

Peroxidation is another common AOP, in which ozong &0d HO; are

used for the production of highly reactive H&hd Q- species.
06 OO0 o0 OO0 U Equation 1.2

Ozone can be used by itself for the production of radicals, however the
addition of hydrogen peroxide can enhance the decomposition rate gf O
producing larger quantities o©OH radical®; making peroxidation more efficient
than ozonation alone. Unfortunately, as with the Fenton method, there is a

considerable cost for large quantities of the chosen oxidant, in this case ozone.

To help combathe high cost of AOPs, focus has moved towards wet air
oxidation (WAOQO), which uses oxygen as a clean source of oxidant for the
production of hydroxyl radicals and subsequent oxidation of organic pollutants in

wastewaters.

1.5Wet air oxidation (WAO)

Wet air oxidation (WAO) can oxidise complex organic pollutants into
carbon dioxide, water and simpler biodegradable forms. The use of oxygen as a
clean source of oxidant, makes it one of the more environmentalyndly AOP
technologies. The oxidizing power of the system relies orstiebility of oxygen
in water at elevated temperatures and pressures, and the increased reaction rates
and production of free radicals that accompany these high temperatr&#$A0
can cope wih water streams that are too dilute for incineration, but too
concentrated for biological treatment, without the release of any hazardous

emissions such as NCGBQ and HC?S,

High temperatures and pressures are required to promote the solubility of

atmospheric oxygen in the wastewater. The oxygen subsequently interacts with
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the water, resulting in the formation of hydroxide iddswhich in turn promote

the oxidation of organic pollutants.
0 ¢O0 T1TQ °910™0 Equation 1.3

WAO can be applied to the ajority of organic compounds typically
encountered in wastewaters. It can be preferential over other treatment methods
due to the lower operational costs, howevehe operational costs can increase
depending on the reaction conditions, wastewater compositand extent of

oxidation required®®’.

Due to the positive affect high temperatures have on inttégction rates
and oxygen solubilifj, WAO is carried out at elevated temperaturégpically
reaching >R0°C, If the reaction were to remaiat amospheric pressureunder
such temperaturesthe aqueous phase would be converted to steam. For the
oxidation of phenol, it has been suggested that the reactions occur predominately
in the liquid phas#, thus high pressures arenecessaryto maintain the
wastewater in this statefFigure 1.6 demonstrates the temperature and pressure

range at which water will remain in the liquid phase.
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Figurel.6 Diagram of water phases at varying temperatures and pres&tre

A major drawback of WAO is the low solubility of oxygen in the reaction
media® and the necessanhigh pressures have the added bonus of increasing the
concentration of dissolved oxygen, théoee aiding the oxidation ratePressures

upwards of 200 bar are not uncommon in WAO proceSses

When considering reactor design, the use of oxygen as an oxidant has
significant safety implications. Oxygen behaves differently to air or compressed
air, ard under high pressures, such as those in a cylinder, oxygen can react
violently with common materials such as grease or oil; other materials may also
catch fire spontaneously. A faulty valve or homsulting in a small increase in
oxygen concentration,aupled with a poor ventilabn can significantly increase
the risk of a fire. The subsequent fire will also be more vigorous in the oxygen
enriched atmosphere and the destructive capabilities increased due to the higher

temperature of the flamé.,
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Conseqgently, compressed air is commonly used as a safer source of
oxygen. Air is readily available and as such also comes at much lower costs,

compared with pure oxygeén

1.6 Catalytic wet air oxidation (CWAO)

The efficiency of WAO can be largetproved by the addition of a catalyst;
catalytic wet air oxidation (CWAOQ) introduces a catalyst into the reaction, lowering
the oxidation energy barrier, allowing the reaction to be carried out at significantly
lower temperatures and pressures. TypicalWAO operates at high temperatures
(180¢ 315°C) and pressures (20200 bary®, however, with the use of a catalyst,

operation costs can be halvéd

Furthermore,a higher degree obxidation can be achieved with CWAO,
with most organic contaminantable to be fullyoxidised to carbon dioxide and
water, without any simple, biodegradable intermediates remaifdinGomplete
mineralization of pollutants removes the need for a secondary biological

treatment step, which is common for WAO proces$ses

The useof CWAO, together with compressed air as a low cost, abundant
oxidant and the use of a catalyst to significantly reduce operating conditions,

represents an energy efficierlgw-costsolution to wastewater treatment.

1.7 Conclusion

This chapter summises the various methods available for the treatment
of toxic organic wastewaters, including typical pollutants encountered in
wastewater and the legislation which governs the limits of their safe release into
the environment. Among them, phenol and iterivatives were shown to be an

appropriate model pollutant due to its increased toxicity and frequency of use.
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Of the treatment methods discussed, wet air oxidation (WAO) and

subsequentially catalytic wet air oxidation (CWAQ) were chosen as promising

technologies. The environmentally friendly choice of oxidant and application over

a wide range of pollutants allows for an efficient alternative to biological and

thermal wastewater treatment methods.
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Chapter 2

Catalysts for CWAO

2.1Introduction to catalysis

Catalysissused extensively throughout industrial processes to help reduce
the severity of reaction conditions, production of emissions and operational costs.
It is estimated that a catalyst is involved at some stage in the commercial
production of approximately 9% of all chemical productsConcerning WAO, the
addition of a catalyst caalsoresult in a higher degree of oxidation for organic

pollutants’.

A catalyst is able to reduce the activation energy (@ a reaction by
providing an alternative pathway wita lower energy barrier, without itself being
consumed. If the energy necessary for a reaction to proceed is lowered, the
percentage of species with sufficient energy to react is increased, and therefore

the rate of reaction increases.

E, (no catalyst)

Energy

E, (with catalyst)

Reaction Progress
Figure 2.1llustration of the activation energy of a catalysed and uncatalyzed redction
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It is possible to calculate the activation energy of a reaction by use of the

Arrehnius equation:

Q 0Q

Equation2.1, Arrhenius equationwherek =the rate constant,A = pre-exponential factor,
B = activation energyR=universal gas constant =temperature

Typically, a catalyst activates one or more reactants, which then react,
before being released back into the reaction media, during which the clamic
structure of the catalyst is restored, allowing it to continue activating new

reactants.

Generally speaking, the majority of catalytic processes can be divided into
two groups, heterogeneous and homogeneous. Homogeneous catalysts are those
which are pesent in the same phase as the reactants, whilst heterogeneous

catalysts are present in a different phase.

2.1.1 Homogeneous catalysis

Homogeneous catalysts are those that exist in the same phase as the
reactants, typically the liquid phase. One of theimadvantages of homogenous
processes is the increased catalytic activity due to the optimal contact between
the catalyst and reactants, as both exist in the same solution. The catalytic active
sites, which can be a rate limiting factor for catalysed riemst can also be

increased by simply increasing the concentration of catalyst.

Copper salts have shown high activities for homogeneous CWAO
however, the recovery of the catalyst after treatment is necessary to prevent
further contamination of the wadr by the toxic copper ion. The Ciigy
process, used commercially for pharmaceutical wastewaters, uses cupric salts
which are recovered as cupric sulphide and then recycled back into the rééctor
The copper salts have shown high selectivity tow&@sbut homogeneous metal
complexes such as these often suffer from reduced thermal stability at

temperatures above 250C.
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The main disadvantage encountered with homogeneous catalysis is the
catalyst recovery step. The separation of greducts from the catalyst (and vice
versa) can be complex, resulting in additional costs and often a portion of the

catalyst can be lost

2.1.2 Heterogenous catalysis

Heterogeneous catalysts are present in a separate phase to reactants,
typically, butnot always, the catalyst is a solid material used in conjunction with
liquid or gas phase reactants. For CWAOQ, a solid catalyst is either mixed with the
wastewater in the case of batch processes, or contained within a reactor bed, over

which thewastewaterflowsin the case of continuous processes.

Solid catalysts exist in a wide variety of forms such as metal oxides or mixed
metal oxides, supported metal catalysts and zeolites. The choice of appropriate
catalyst is dependent upon many factors, including not limited to, the reaction
and reactants to be catalysed, selectivity towards desired product(s), stability of

the catalyst under the reaction conditions and cost.

Concerning CWAQO, the majority of the focus has been on heterogeneous
catalysis, withthe catalyst in the solid phase, the polluted wastewater in the liquid
phase and the oxidant @Ppresent in the gas phase. Solid catalysts are preferred
as they can be easily separated from the reaction medium in batch or continuous
processes, making thebetter suited over homogeneous catalysts, which require
an additional recovery step. Solid catalysts also exhibit higher thermal stability
compared to homogeneous liquid catalysts, allowing for the oxidation reaction to

be conducted at elevated temperates, increasing the reaction rate.
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2.2 Reactors for heterogenous CWAO

CWAOQO processes require a reactor capable of handling thehase
catalytic reaction. The reactor needs to accommodate efficient mixing of a solid
catalyst, agueougollutants and gas phase oxidant, and, in the case of batch

processes, the separation of the catalyst after water treatment.

2.2.1 Batch reactors

Much of the CWAO examples in the literature are conducted in batch
processes, and often these batch processean compete with the catalytic
activities seen for similar continuous processes. Increased agitation, or stirring,
can increase the mass transfer of oxygen to the catalyst surface which allows the
catalyst to achieve higher activity. The method at whileh reactor facilitates

efficient mass transfer is dependent upon the choice of reactor.

2.2.1.1 Continuous stirred tank reactor (CTSR)

A continuous stirred tank reactor (CSTR) can accommodate both
homogeneous and heterogeneous catalysts for CWAO. Tiadysband a fixed
volume of the reagents are stirred for a sufficient time at a specified temperature
and pressure, during which oxidation can occur. Once complete, the products and
any remaining reactants are separated from the catalyst, for solid csatlyis is

typically achieved using filters. Figure 2.2 illustrates a typical CSTR.set
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Figure2.2lllustration of a CSTR batch reaétor

Yanget al'? observed complete phenol conversion overCeQ-TiQ
catalystafter 150 minutes in datch CSTR, however catalyst activity decreased
after multiple cycles, declining to 65 % phenol conversion after the third chote.
high ratio oforganiccompounds to solid catalyst enhanced the formation of heavy
polymers which neversibly adsorbed to the catalyst surfagesulting in
deactivation. When the same catalyst was utilised in a continuous flow packed bed
reactor, nodeactivationwas observed over the 100 hour testing peribdvecet
al.’* and Stuberet al'# also repoted similar findings, with phenol more likely to
form poly-aromatic species when treated in batch reactors, which can result in

poisoning of the catalyst surface.

Pintaret al.l® stated that the formation of polymers during the oxidation
of phenol can arise from two different reactions taking place within the liquid
phase- initial polymer formation fronthe reaction between glyoxal and phenol,
followed bythe stepwise addition of phenlhand secondly, the polymerisation of
glyoxal with other glyoxal molecules. fdedre et al.® also reached a similar
conclusion, noting that the homogeneous polymerisation reaction markedly

reduced the extent of total oxidation, resulting in catalyst dization by
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irreversibly bound polymer specieShe presence of glyoxal, a partial oxidation
product of phenol, can be considered an initiator for these polymerisation

reactions.

When switching from a batcprocess(the majority were carried out in
batch Slurry reactos) to a continuous flow packed bed reactor (typically a trickle
bed reactor)however, the polymerisation reactions were suppres$€d. The
characteristic high solid catalyst to liquid pollutant ratio of such reactors was

considered responble for the lack of polymerisation.

Pintaret al.'® concluded that when using a reactor with high solid to liquid
ratio, the propagation and termination reaction steps are limited to a very thin
liquid film near the catalyst surface, thus reactions betw#enadsorbed species

are favoured over those in the liquid phase, such as polymerisation.

The initial sedzL) Oz2aida F2NJ /{¢wQa INBE GeLAOIffe
flow reactors, however the longer residence times associated with batch
processing and th reactor down time between batches can increase the
operational costs. Coupled with the increase in probability of polymerisation of
organic pollutants, resulting in catalyst deactivation by fouling, the CWAO of

phenol is better suited to continuous proeses.

2.2.2 Continuous reactors

The advantages of continuous processes are numerous, along with
reduced labour requirements, reduced time and energy expenditure; a continuous
CWAO process also allows higher quantities of effluent to be treated over the

same time period®.

Multi-phase reactors, capable of handling solid, liquid and gas phase
components in continuous operation can typically be divided into three

categories, bubble column reactors, fluidized bed reactors and fixed bed reactors.
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2.2.2.1 Bubble column reactor

A bubble column reactor, as the name suggests, uses bubbles of gas flowed
vertically upwards through a column containing a mixture of the catalyst and
reactants. The gas bubbles are introduced by a sparger at the bottom of the
reactor, causing constant agitation facilitating mass transfer. Bubble column

reactors can be characterised by their efficient mass and heat transfer.

Figure 2.3llustrates the standard saip of a bubble column reactor. In
continuous operation, the gas and liquid suspension flow concurrently upward
through the column and the suspension that leaves the column is recycled to a

feed tank®.
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Figure2.3lllustration of a bubble column reactdr

Bubble column reactorsequire lower quantities of catalyst compared to
fixed bed reactors, due to higher catalytic efficiency as a result of better mixing

between the catalyst particles and reactafits
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Much like batch reactors however, the high liquid to catalyst ratio and |
residence time of phenol pollutants makes them more susceptible to

polymerisation, therefore increasing the potential for catalyst poisoning.

2.2.2.2 Slurry reactor

Inslurry reactors, isnilar to a bubble column reactor, the catalyst particles
are mixed with the liquid pollutants, with the gas phase introduced at the bottom
of the reactor. Slurry reactors can be treated as a-pmase system, by regarding

the catalyst¢ f A lj dZA R LIKI &S & dza LISy a Aldnfogenedus] Wa f dzZNNE ¢
phasé?.
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Figure2.4lllustration of (a) slurry reactor and (b) bubble column re&étor

Figure 2.4llustrates the setup and corresponding catalyst dispersion for
a slurry and bubble column reactor. In both types of reactor, the slurry is agitated
by turbulence induced bihe rising gas bubbles but with a different flow regime.
In a bubble column reactor, the agitation of the catalyst particles is dominated by
gravity, resulting in the higher concentration of catalyst particles nearer the
bottom of the reactor. For a slwyrreactor however, the agitation is such that the
particles are uniformly distributed throughout, creating a psetomogeneous
slurry of catalyst and liquid pollutari&s Similar to batch and bubble column
reactors, the high liquid to catalyst ratio inases the potential for phenol

polymerization, as observed by Lewatal.'’ in a slurry reactor.
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The balance between the draft force acting on the catalyst by the gas and
liquid flow and the net weight of the particles, resulting in uniform suspension,
requires smaller catalyst particles than those typically used in bubble column
reactorg3. Smaller catalyst particles can lead to difficulty during separation from

the effluent.

Slurry reactors have been used in the CWAO of wastewaters from Kraft

bleacting plants, olive oil mills, textile and alcohol distillery industfies

2.2.2.3 Trickle bed reactor (TBR)

A trickle bed reactor (TBR) differs from the other continuous flow reactors
previously discussed, in that the catalyst is confined to a bed whiehdactants
are passed over. The catalyst particles are packed into a cylindrical bed, typically
within a column style reactor; the size of the catalyst particles is important to
prevent backpressure buHdp. The higher catalyst loading to volume of
wastewater ratio, lower operational costs and effectiveness at high temperatures
and pressures make TBRs preferable to slurry of bubble column reactors for
CWA®.

A TBR can be operated-carrently, where both the wastewater and gas
flow downwards through the catalyst bed, or couniarrrently, where the gas
phase is introduced and pumped upwards from the bottom of the reactor, against

the downward flow of the wasteater, as illustrated in Figure 2.5.
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Figure 2.5 lllustration of eourrent and counter current flow in a trickle bed reator

There are advantages andisadvantages in operating a TBR either counter
currently or cecurrently, with the appropriate choice dependent upon a number
of factors. A TBR under counter current flow, sometimes referred to as a Packed
Bubble Column (PBC), can give increased exteatalyst wetting and may aid the
dislodging of any sludge builgh on the catalyst. The removal of buildip on the
catalyst, will expose active sites that may have become inhibited, regenerating the
catalyst surface and therefore increasing its lifetifie agitation caused by the
opposing gas flow, increases the mixing and contact time between the catalyst and
wastewater, which in turn can increase the potential for higher catalytic activity.
Longer reactant residence tinse however,may be undesirablef there is a
possibility of side reactions occurring the liquid phase, such as polymeri€ation
Under counter current flow, the residence time of the liquid phase is higher and

the residence time of the gas phase is lower, compared tourcent operatin?’.
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Therefore, since the polymerisation of phenol products is undesirable and the gas
mass transfer rate impaired by a larger portion of liquid phase, couruerent

flow may not be beneficial for the CWAO of phenol.

Comparatively, caurrent flowensures mixing of the liquid and gas phases
before they reach the catalyst. It can also be more suitable for laboratory scale
reactions, as often counter current reactors do not have the necessary pressure
to ensure sufficient liquid; gas mixing on a sniadcalé®. Coecurrent downward
flow is often preferred due to the better mechanical stability of the bed, reduced
flooding and lower operational costs of the liquid phase pumps compared with
countercurrent operations®. Cocurrent TBRs have shown succiesthe removal
of organic pollutants, such as phenol, and a large portion of CWAO research in
TBRs has been dedicated to-aarrent flow?>33, Mauganset al3* observed
deactivation of Pt/Ti@for the oxidation of phenol in a batch reactor, whilst no

deactivation was seen when in a-carrent TBR.

Under a cecurrent trickle flow regime there is the possibility of liquid
maldistribution, which may leave portions of the catalyst bed poorlyatad (not
all of the catalyst pellets may come into contact with the wastewaterJhe
external wetting efficiency of the catalyst, that is, the fraction of the external area
of catalyst wetted by the liquid flow, can give an indication of the extenatalgst
utilization®. For those operations in which the chemical reaction can only occur
on the wetted surface of the catalyst, low external wetting efficiency decreases
the potential reaction rate. Incomplete external wetting of the catalyst can arise
from low liquid flowrates not providing a sufficient volume of wastewater to cover
the catalyst particles in a continuous liquid film at all times. This is of concern, as

liguid maldistribution may result in hot spots and reactor runaway

Reactor runawaylescribes a process in which an increase in temperature
within the reactor due to an exothermic reaction, causes a further increase in
temperature due to an increase in reaction rate. The consequences of the resulting
exponential heat growth can be disastis, such as reactor rupture or explosién
When the catalyst is poorly irrigated by the liquid phase, the spots where there is
little contact with the liquid phase, heat transfer is hampered, which can lead to
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unwanted highly exothermic side reactionsielincrease in temperature can then

cause vaporization of the liquid phase, further hampering heat transfer due to the

f26SNJ KSFG OFLIOAGe 2F GKS @I LI2dzN¥» { dzOK & LJ
initiate reactor runway. Development of hot spots typigdkkes time and can be

prevented by periodic flooding of the reactor with the liquid phase or quenching

with water?’.

McManuset al.2 reported the presence of hot spots within the catalyst
bed when investigatind -methylstyrene hydrogenation. The hot dsowere
brought about by reaction heat generated in the pores of liquid filled catalyst
pellets, with the lack of sufficient wetting of the surrounding pellets preventing
efficient heat withdrawal. Increasing gas and liquid fleates at high pressures
can increase the contact efficiency between catalyst and reactants, but at the

expense of contact time.

The probability of reactor runaway is reduced for CWAO due to the higher
specific heat capacity of water compared with other common -“agneous
solvents.The higher specific heat capacity of water necessitates a greater amount
of energy required to vaporize the reaction feed so hot spots are less likely to
occur. The low concentration of reactants in the feed also reduces the possibility
of runaway as its unlikely that the resulting exotherm will be large for such low
concentrations of reactant. When compared to processes such as hydrogenation,
polymerization or petrochemical refining, where the highest possible
concentration of hydrocarbons or organeactants are used, the large amount of
moles in the feed means there is a potential for a very large exothermic release.
The higher concentration of organics associated with these processes increases
the potential for highly exothermic reactions, fuellimgactor runaway®. The
relatively low concentrations of phenol commonly found in wastewater streams
(<5 g B)* make reactor runaway significantly less of a concern for CWAO of

phenol.

Eftaxiaset al.®® investigated the CWAO of phenol over activated carbon in
a TBR at both courrent and counter current flow, with higher phenol conversions
observed for cecurrent downwards flow over a range of temperatures. They
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proposed that under caurrent regime, a large section of the external catalyst
surface was either covered by an extremely thin liquid layer, or directly exposed
to the gas phase. The higher gadid masdransfer rate compared to the gas

transfer rate at the liquieh 2 €t AR AY G SNFI OS> adz33SaiGdSR GK
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always saturated with oxygen. Given the limiting reactant was oxygen in this case,
it was concluded that the reduced wetting of the dgtt bed positively affected
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reaction is limited by galkquid mass transfer.

Another example of CWAOQO of phenolic compounds ircument TBR
conducted by Suare@jedaet al.*° showed that the extent of oxidation is highly
influenced by the liquid flowate, essentially the catalystastewater contact
time. Thus, lower liquid flowates can promote catalyst activity by increasing
catalyst¢ pollutant contact time and by redkcing wettability of the catalyst bed.
However, a balance must be found concerning partial wettability; if a large portion
of the catalyst is not in contact with the wastewater, the efficiency and overall
performance of the catalyst is reduced and the patal for hot spots within the

catalyst bed increases.

The benefits of caeurrent flow in TBRs are further expressed by Dudukovic
et al*%. Under a cecurrent regime, the liquid flowate can be reduced more than
in a counter current setip, which allowdor a higher flexibility regarding reactor

operating conditions, and therefore more control over catalytic performance.

To summarise, the high catalyst to wastewater ratio in a TBR, can
overcome the drawbacks of other reactors and batch processitigoddh slurry
and bubble column reactors provide enhanced mass transfer, the reduced
potential for polymerisation of phenol products allows for longer catalyst
lifetimes, making a TBR the appropriate choice for CWAO. Since caumtent
flow is impractial on a smaller scale and has shown lower activity for phenol
oxidation compared with caurrent flow, a cecurrent regime is preferable for the

CWAO of phenol.
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2.2.3 Catalyst packing

The shape and size of catalyst particles are important parametershwhic
must be considered, especially in packed bed reactors, as they can directly affect
the flow of the wastewater. The larger the catalyst particles, the more inefficiently
they fill a particular space, creating larger gaps between the particles. Larger gaps
allow the liquid phase to flow through the catalyst with little hindrance. In
contrast, smaller particles result in more efficient packing, offering more
resistance to the liquid phase, increasing the catapatutant contact timé?.
Smaller particles also have less mass transfer limitations since a larger portion of

the active sites will be more accessible to the pollutants.

If particle size is decreased further into powders, the liquid flow can
become restricted enough to causeactant holdup, resulting in a pressure drop
along the catalyst bed. Issues regarding arg@ssure dropcan cause increased
energy expenditure, as higher pressures are needed to overcome the resttction
Powdered catalysts are also more likely to besliied through the reactor and

require more complex bed supports.

Figure 2.6 demonstrates the packing of samples with the same
composition an weight, but with a change in packing efficiency due to difference

in particle size

Figure 2.6 The packing efficiency in a catalyst bed by small particulates (left) and larg
particulates (right}
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A balance between particles size and packing efficiency must be reached.
Catalyst particles should be small enough to allow sufficient contact time and mass
transfer ofreactants, but large enough for ease of flow of the liquid phase to avoid

pressure drop related problems.

2.3 Catalysts for catalytic wet air oxidation (CWAO)

Numerous factors need to be considered when selecting an appropriate
catalyst for a particulareaction; the right catalyst can diminish the severity of the
reaction conditions as well as promoting complete oxidation of pollutants,® H
and CQ. Regarding CWAO, the choice of catalyst is predominately determined by
its activity and stability underhie acidic and oxidising environment in the
reactor*®, Other factors that can influence the decision are whether the active
metal is prone to leaching or the surface area and thermal stability of the

catalyst.

2.3.1Current catalyst benchmark

Table 2.1 outlines a selection of catalysts explored in the literature for
CWAO of phenol, including the concentration of pollutant, reactor type, operating

temperature and pressure and percentage conversion achieved.
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Table2.1 Performance and operating conditions of catalysts investigated in the literafirie] =
concentration of phenol, pG partial pressure of Xn = percentage phenol conversion
achieved, TBR = trickle bed reac®R = slurry reactor, FBR = fixed bed reactor, SBR = spinning
basket reactor)

Catalyst [Ph] (gLY) Reactor TEC) pOz2(bar) Xon(%) Ref.
Ce0p-TiO 1 batch 150 6.2 100 L
1 TBR 140 7.3 91
Pt/AlO3 5 batch 175 25 95 45
MnOx-CeOx 5 SR 130 25 100
RU/TiOz 1 TBR 210 10 98 =
Ru/CeO»- 5 TBR 140 7 30 31
Al203
Pd/C 1 TBR 240 10 91 e
Act. carbon 5 TBR 160 2 >99 33
CuO/alumina 5 TBR 140 9 40 46
NiO/alumina 5 TBR 140 9 10
CuO/alumina 5 TBR 140 9 80 16
CuO 1 FBR 160 16 60 a1
Mnx-Ce-Ox 1 batch 110 5 85 48
CuO/C 2.2 SBR 160 36 >99 i
PUTIO, 1 batch 160 10 85 50
Pt/TiO-CeQ 1 batch 160 10 96
PUTIO, 1 batch 175 10 90 2L
Pt/CeQ 5 batch 170 8.4 100 52
Ru/TIOG 1 batch 200 6.9 >99 53
RU/TiOs- 2 batch 160 20 100 54
€:10)) 2 batch 160 20 100
Pt/TiO-CeOs
Ru/CBC 1 FBR 160 16.7 100 55
Pt/SIC 1 TBR 160 2.9 >99 26
Pt/CeQ 2 batch 160 20 57 2e
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A large variety of soliccatalyst compositions have been explored for
phenol oxidation, typically they can be separated into two categories: (i) metal
oxide catalysts and (ii) supported metal catalystdetal oxides catalysts are
frequently less expensive, but often show dewaation caused by leaching of metal
ions. Comparatively, supported metal catalysts, especially those containing
precious metals, are considerably more expensive and suffer from poisoning of

the catalysts surface by the deposition of carbonaceous species.

Regarding CWAOQO, an effective catalyst needs to show high stability when
exposed to the acidic and oxidising conditions, caused by the presence of short
chain carboxylic acids as reaction intermediates in the incomplete oxidation of
phenoP?. Other factorsatalysts must face during WAO includ@ leaching of the
active component, (ii) loss of surface area, (iii) poisoning of active sites by CO
evolution, and (iv) deposition of organic or inorganic species on the catalyst

surfacé®.

Catalysts investigatkin the literature and their effectiveness for CWAO

are discussed in further detail throughout the remainder of this chapter.

2.3.2 Metal oxide catalysts

The mixing of metal oxides can enhance the activity of the individual
oxide®’. Yanget al.*? obsened a higher activity for CeriQ than for either
singular oxide, whilst Kochetkoeaal.?° observed greater activity and stability for
CuOCoQTIO/AlI0z compared with CuO/ADs, for phenol oxidation below 200
°C. The catalytic activitpf metal oxides during phenol oxidation have been
observed in the following ordék CuO > CoO >4k > NiO > Mn@> FeQs; > CdO;s

> ZnO > Tie> ByOs under similar conditions.

Among metallic oxide catalysts, higher activities have been observed for
those based on copper oxides for CWA®®. Despite initial high activity, many
studies observed leaching of the copper into the wastewit&r5%67. Leaching of

the copper from the solid catalyst resulted in the presence of copper cations in the
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reaction media, which then contributed homogenously to the oxidation of phenol.
Concentrations of <0.1 g'lcopper were recorded in solutiéf increasing the
toxicity of the wastewateé®® and therefore requiring the wastewater to undergo

further treatment, not incommon in homogenous processes.

Copper leaching was observed to be a function of the pH of the
wastewater, with lower, more acidic wastewater notably increasing the
concentration of copper ions in solutigh Phenol oxidation proceedgia the
formation of short chain acids, and so low pH values are typical in the aqueous
phase for CWAO of phertél The formation of oxalic acid as a reaction
intermediate was shown to be of particular significance. Oxalic acid was able to
precipitate the copper in solutioand the resulting copper oxalate complex then
deposited on the catalyst surface, which prevented further leaching. Although
copper leaching was reduced, the catalytic activity also rapidly decreased,
attributed to the removal of the homogenous contributiand the obscuring of

active sites on the solid catalyst from the deposited complexes.

Overall, the leaching of the copper under the acidic conditions associated
with the process, and the increase in water toxicity due to the presence of copper

cations, prove CuO to be an ineffective and unstable catalyst for CWAO of phenol.

Another metal oxide studied for phenol oxidation is nickel oxide supported
on alumina, however only 10 % conversion was achieved in a TBR &€'40
Similar to the copper catalysts, leaching of the active metal occurred with NiO

detected in the offstream.

Chenet al.®® investigated MRCeO composite catalysts for the CWAO of
phenol in a batch slurry reactor, with varying ratios of Mn and Ce.i8 06460:40
Mn:Ce was found to be the most active, achieving 85 % phenol conversion.
Characterisation of the catalyst revealed two different active sites, one related to
manganese oxide which was primarily responsible for oxidation, and the other
ascribedto electronrich ceria which efficiently activated adsorbed oxygen. The
catalysts with higher Mn content also showed higher resistance to deactivation

caused by carbonaceous deposits.
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The majority of metal oxides studied in the literature were not robust
enough to withstand the severe conditions of CWAO. Under a constant flow of hot
air and stream of acidic wastewater, metal oxides are often subjected to leaching

and thus further deteriorate the quality of the treated water.

2.3.3 Supported metal catalyst

Supported metal catalysts are composed of an active metal component,
required to promote the catalytic reaction, and a support on which the active
metal is dispersed. Both the support and active component contribute to the
catalyticperformance, including the catalyst lifetime, selectivity, activity towards
phenol conversion and resistance to the high temperature acidic conditions of
CWAO.

Qupported metal catalystsparticularly those containing precious metals,
have proved their e#ictivenessfor CWAOover a wide range of organic
pollutants®®. They typically show higher activity andtability compared to metal
oxide catalysts, andre less prone tdeactivation caused bigachingof the active

component3#4

2.3.31 Active metal canponents

Typically for CWAO, the choice of active metal component has generally
been focused on platinum group metals (PGMs). PGMs have gained popularity due
to a combination of high activity and stability; unlike metal oxide catalysts, noble
metals haveshown a higher resistance to leaching under the acidic condfttons
PGMs do however come with a higher price tag when compared with metal oxides
and as a result their performance must superior in multiple aspects (catalyst

lifetime, activity,selectivity etc.) to justify thadditional expenditure

43| Page



Chapter2 ¢ Catalysts for CWAO

t Dad NBS 2F4GSy RA&aOdzaasSR la | WEAYAGSR
designing catalysts which incorporate more highly abundant metals; however,
their high value encourages development of recycliaghnologies to recover
these precious metals from scrap material. Ryand hydrometallurgical methods
are frequently used to recover PGMs from catalytic converters, although if the
recycling is to be cost effective over 90 % of the metal must be recdifefe As
recycling technologies continue to improve in terms of efficiency and cost, there
is no reason to exclude such weltablished metals from continued catalyst
development. Palladium, platinum, ruthenium, iridium and rhodium have all
proven their effectiveness for the CWAO of pollutants, including phé&nol
carboxylic acid$ and nitrogen containing compouns Thus, despite their high
cost, PGMs are still frequently used due to their higher catalytic activity and higher

resistance to metal leadhg for CWA@#5469

Trawczgskiet al.”® investigated noble metals Pd, Pt and Ru supported on
carbon black material (CBC) for the CWAO of phenol in a trickle bed reactor.
Catalytic activity was observed in the following order: Pt > Rii. The trend in
activity was attributed to differences in the adsorption capacity for organic

molecules and the adsorption energy of oxygen on the different metals.

Platinum has repeatedly been shown to be the most active PGM in the
abatement of organic wastewater polants®’. Qinet al.”® observed the trend Pt
> Pd > Ru for catalytic activity, independent of whether the metals were supported
on AbGs or activated carbon. Pt also displayed the highest selectivity towards CO
and total organic carbon (TOC) removal. Whepperted on TiQ, Okitsuet al.”’
reported the trend Pt >> Pd > Ru > Rh for the decompositiorchlorophenol.

Platinum can exist in either metallic or oxide form during the reaction;
when in the oxide form, Pt can act as a catalyst loxidising the pollutant,
before reverting back to its metallic forfh This reaction cycle is signified by the

following reaction equations, where the pollutant is represented as A:
00 O 000 Equation 2.2
DOV OO0 60 Equation 2.3
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When investigating the effects of ceria loading on a P#Tédalyst, Rocha
et al>0 found that increasing the ceria conteted to an increase in Ptspecies,
brought about by the presence of oxygen provided by £e@using the metallic
Pt to be oxidised to Pt. Once the ceria content was increased to such an extent
(10 wt. % ceria) that the surface platinum was exclusively in the oxide form, a
significant decrease in phenol conversion was observed. For small additions of
ceria (3 wt. %)however, a 10 % increase in phenol conversion was observed when
compared with Pt/Ti@catalyst consisting of exclusively’ Pthe addition of ceria
also yielded an increase in the catalyst surface area, which was thought to be
responsible for the increasedktivity observed and not necessarily the presence

of P£* species.

Monteroset al.>* also reported similar findings with a decrease in catalytic
activity observed when Hiased catalysts were doped with ceria, independent of
specific surface area. Higthenol conversions were observed for Ru/J&hd
PU/TIO catalysts with varied amounts of Ce@oping. In the case of platinum,
PUTIQ- wt%CeQ catalysts achieved higher phenol conversion with lower
weight percentages of ceria 10 %), with completeohenol conversion also
obtained in the absence of ceria. Whereas for ruthenium, RufTivt%-CeQ
catalysts achieved similar phenol conversion regardless of the amount of ceria (0
¢ 100 %). In both studies, Monteros and Rocha also saw an increase in the
formation of polymers and accumulation of adsorbed species with increased ceria
loading on the platinum catalysts. &lava et al8® proposed that the ceria
increases the oxygen storage capacity (OSC) of the precious metal catalysts, and
ceria doping improves the mass transfer of oxygen from the gaseous phase to the
metallic active sites. Catalytic activity for CWAO, however, has foegrd to be
independent of catalyst 0SB | yR Al KIFa o06SSy &adza3sSade
capacity to affect the number of Lewis acid sites on the catalyst surface, which
phenol molecules can bind to, that is responsible for any variation in activity
obseved. Monteroset al.>*saw a decrease ithe total number of Lewis acid sites
with ceria loading for the Pbased catalysts, whilst the number of acid sites was

independent of ceria loading for Fhased catalysts, which is in accordance with
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the catalytic activities observed. Figur®.7 shows the proposed reaction

( | OH | 0 “
0 O o \QH OH o
m ) ‘metal
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mechanism:

support support

@?#)

O OH

A Total number of Lewis acid sites
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Polymerlzatlon

) Q
support support

Figure2.7Proposed mechanism of phenol oxidation over ceria doped Ru and:Ri#Tafysts*

The reaction mechanism for phenol oxidation over a supported precious
metal catalyst sggests that an increase in OSC favours oxidation of phenol in the
para position. Oxidation in this orientation results in the formation dra-
benzoquinone, which can promote polymerisation, and thus lead to catalyst
poisoningvia carbon depositiok’. When the number of acid sites on the surface
is increased, however, phenol oxidationtire ortho position becomes the most
sterically preferred orientation, due the interaction between the phenol hydroxyl
group and the acid site. Oxidatiomia the ortho position results in orthe
benzoquinone which inhibits polymerisation, lowering the potential for
deactivation. Although small loadings of ceci§ ¢0) may slightly increase phenol
conversion for platinum catalysts, the reduction of Lewis acid sites andtirgsu
growth polymerisation reactions make ceria addition less desirable -lma&td
catalysts. An increase in catalytic activity is not always beneficial if catalyst lifetime
is diminished This mechanism is supported by Laédyad.”8, who reported that

an increase in OSC of Pt/GEDC lead to the formation of polymers which
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poisoned the catalyst surface, whereascreased Lewis acidity had a positive

effect in orientating the reaction directly to GO

Masendeet al®2 demonstrated that the activity o& Pt/graphite catalyst
and the selectivity of the oxidation products are influenced by the extent of
oxygen coverage on the platinum surface. A fully oxidised iace resulted in
a change in the selectivity of the reaction and favoured the formatén -
benzoquinone.” -benzoquinone was responsible for the polymer formation
observed and also deactivation of the cataly&t obstruction of the active sites,

further supporting the reaction mechanism in Figure 2.7.

Platinum has been established as intrinsically more active for phenol
oxidation compared with ruthenium and more successful at promoting total
oxidation, however, due to its lower cost, Ru is common among catalysts
investigated for CWAOQO. On certain supportthenium has achieved higher or

equal phenol conversions compared with platintfrf.

Cybulskiet al.>® reported total phenol conversion at 16 in a fixed bed
reactor using a Ru/C catalyst. When compared with a Pt/C catalyst, the initial
reaction mate of the ruthenium catalyst was equal to that of the platinum; only
when the temperature was reduced to 12C dd Pt/C show a superior initial

reaction rate.

For the CWAO of acetic acid,&Bavaet al.° reported the initial activity of
ruthenium to beindependent of the support material, when comparing ¢eO
doped with multiple ratios of Zr and Pr oxide. Of note was the observation that
the increased Ru patrticle sizes led to an increase in catalytic activity. Typically,
smaller metal particles give rige higher activity due to an increase in surface
area, and therefore a larger portion of exposed metallic active SGedlovaet al.
proposed that the larger particles were composed of large® Rarticles
surrounded by RU species, which facilitated the production of superoxide

radicals:

Y6 0 Oo9%Yo6 0 O Equation 2.4
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R and Rd* are known for catalysing the production of superoxide
radical$?, which can result in increased activity as the formation of saclicals
increases the oxidising potential of the cataf)sDue to the partial oxidation of
the larger Ru patrticles, oxygen transfer from the support to the metal active sites

was no longer the rate limiting factor for CWAO of acetic acid.

In addition,when compared with equivalent platinum catalysts, ruthenium
demonstrated a higher resistance to deposition of carbonaceous species under
CWAO conditior?s.

To summarise, noble metal catalysts such as platinum and ruthenium, have
shown to be very effectey for CWAO of organic pollutants. They are better able
to withstand the acidic and oxidising conditions associated with the process, which

Is why, despite their high cost, they are still predominately being investigated.

2.3.32 Catalysts supports

The primary role of a heterogeneous catalyst support is to disperse the
active metal particles, allowing for a high metallic surface area. Regarding CWAO,
an efficient catalyst support requires high thermal stability aesistanceto low
pH valuesas due to the formation of intermediates the reaction media may

become increasingly acidic.

Catalyst supports are typically characterised by high surface areas. The
catalyst surface is an important factor in adsorption and desorption of reactants
andproducts; therefore, the appropriate catalyst support can have a pronounced
effect on catalytic performanéé A support may also aid catalysis by improving

mass transfer of oxidants across the surface to the activeS&ites

The most commonly reported spprts for catalysts for CWAO areALOs,
TiQ, CeQ, ZrQ and carbonmaterial$*°C. The application of ceria as a support
and its ability to facilitate oxygen transfer has previously bebscusseé’.

Alumina (AdOs) has also demonstrated proficiencyasatalyst support for phenol
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abatement with a variety of activenetal$®%éd ¢ & LIAADD; fisfused, as

2 LILJ2 & S-RLOs{iddie tb its superior surfacereg® a higher surface area is
advantageous as it can lead to higher dispersion of the activeé hedduminaalso

has ahigherdegree of surface functionalityeferring to surface hydroxyl groups
which carbeneficiallyinfluence the interaction of reactants with theatalys°-9%

For the CWAO of phenol, alumina showed a higher stability over®idayTBR at
140°C compared with a silica support, which proved very sensitive to the acidic

reaction medi&

Another frequently investigated support is BjOwhich has been
successfully utilized for CWAO with numerous active m&t#lsPintaret al.3%also
observed over 40 % TOC removal in the presence of bassUpPort at 240C in
a TBR.

Activated carbon (AC) and carbon based materials have gained increasing
popularity for CWAOQO due to their exceptional stability and resistance to leaching
in addic conditiong®. The adsorptive properties of AC have also been extensively
investigated, including its use in adsorption treatment methods for phenol
removaf®9’, Both phenol and oxygen adsorb strongly té#@hich can affect its
catalytic performane if the surface becomes saturated with phenol without

oxidation occurring.

AC has been successful in the CWAO of phenol oxidation without the
presence of any active metaf°., When tested in a trickle bed reactor, leaching
of the active phase and depitisn of carbonaceous species on the catalyst surface

have been substantially reduced with an AC catétyst

When compared to commercial a copper catalyst, AC achieved a higher
phenol conversion at 140C and 9 bar ©in a TBR. However, at higér
temperaures (>500°C), AC and carbon materials have shown a tendency to
undergo combustiot?, resulting in mass loss of the catalyst. Combustion, and
therefore catalyst loss, can be reduced by lowering the oxygen partial pressure
and the reactiortemperature, however, small percentages (<2 %) of loss of AC are

still apparent under conditions as mild as 2 bar pres¥uamd 120°C>. The
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oxidation of phenol and carbon are competitive reactions, making AC a less

suitable catalyst for CWAES.

A lesexplored catalyst support for CWAQ isilicon carbidei(-SiC); SiC is
an incredibly inert material with exceptional mechanical and thermal
propertiesi®. Therefore, SiC would be able to tolerate the acidic and oxidising
conditions associated with the pcess, making it an excellent candidate. SiC has
been successfully used in variety of catalyst applications, confirming its ability as a

catalyst support materia?>10”,

Compared with other conventional supports such as; B -AbQ;, | -
SiC has a uoth lower surface area (approximately 307 rgt)i°® Whilst
investigating catalyst deactivation by adsorption of polymers and intermediary by
products of phenol oxidation, Nousat al.>¢ found that the adsorption of such
species is limited on low specifarface areaatalysts. Assuming the active metal
particle size remains the same, when the spedficfacearea decreases, the
relative metalg support interface increases. The better met¢adupportinterface
led to better oxygen transfer, which increa$ phenol mineralization and reduced
surface poisoning on Pt/G&n.xO, catalysts. The lack of hydroxyl groups on the
surface of SiC results in a relatively hydrophobic sutfdcevhich can also

influence the mechanism of oxygen activation by tagalyst

Davieetal®RSY2y a0 N} 6 SR GKS Fo0AfAGEBIC2F y206f S
as successful catalysts in the CWAO of phenol, achieving >99 % conversion at 160
°C and 13.1 bay pressure in a TBR. When compared to relatively hydrophilic
conventianal alumina catalysts, Pt/SiC showed superior phenol conversion. This
led to the observation that the hydrophobic nature, and thus the wettability, of
the support plays a fundamental role in the CWAO of phenol. This phenomenon
was further demonstrated whem Pt/AbOs catalyst was subjected to a silane
coating, reducing the hydroxyl functionality of the catalyst. When the
hydrophobicity of the catalyst was increased, a >25 % increase in phenol

conversion was observed at 120 and 13.1 bayy®.
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The effet of surface wettability was further investigated in this study by

comparison of SiC and alumina supports.

2.4 Hydrophobicity and CWAO

The effect of the hydrophobic nature of a catalyst on oxidation reactions
has previously been seen in the literatéf® Chuanget al''! observed the
destruction of volatile organic compounds (VOCs) using a platinum catalyst
supported on hydrophobic and hydrophilic material. The temperature ranges for
the destruction of VOCs, shown in Table 2.2, were lower for the hydrophobic

support in al cases.

Table2.2 Summary of VOC destruction temperatures over a Pt catalyst supported on a hydrophilic
and hydrophobic suppbcarried out by Chuanet al.*'*

VOCcompound VOCdestruction temperature rangg°C)
hydrophilic support  hydrophobic support
Methanol 150¢ 250 30-80
Formaldehyde 232¢ 621 60¢ 80
Benzene, toluene and xylene 250¢ 300 90¢ 130

Conventionally heterogenous catalysts are hydrophilic in nature, causing
the catalyst surface to be completely wetted during liquid phase reactions. When
gaseous reactants are also present, as is the case for CWAO, the mass transfer of
oxygen to the catabt surface is limited to only one pathwagadissolution in the
liquid phase. Hence, elevated pressures and temperatures are required to increase

the concentration of dissolved oxygen in the wastewater.

Tromanset al'*? examined the temperature and pssure dependence of
oxygen solubility in pure water. Figure ZBows the concentration of dissolved
oxygen as a function of temperature and oxygen partial pressure. Under
atmospheric conditions, oxygen has a low solubility in water and the rate of

transfer of oxygen from the gas phase towards the catalyst surface is commonly
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cited as the rate limiting step for CWA®? Many reactions carried out in TBRs

are mass transfer limited, and oxidation reactions in particular are controlled by

O, transport’.
0.2
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Figure2.8 The dfect of temperature on thenolalsolubility ofOz (Gg) as a function of the
oxygen partial pressure €140 atms)*?

Over the typical temperatures associated with CWAO (between;AlD
K), the concentration of dissolved oxygdnes not increase significantly with
temperature at low oxygen partial pressur@nly when p@approaches & 10
atms (which equates to approximately 237.5 bar pressure of air) does a change
in temperature (within the active range for CWAO) have a pumted effect on

the concentration of dissolved oxygen.

Due to the importance of oxygen solubility for CWAO, it is necessary to
RSTAYS (KS NBflIUA2YyaKALl 60SG6SSy 3l aS2dza
that at a constant temperature, the amount odlissolved gas is directly
proportional to its partial pressure in the gas phase, which is expressed in Equation
2.5'13 An increase in pressure increases the solubility and conversely a decrease

in pressure decreases solubility.
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nature of the gas and solvent at a speci@mperature. Small values ofi indicate

KAIK az2fdoAfAdGes gKSNBlIA KAIK Gt dzSa Ay
applicable for most dilute agueous systems at moderate temperatures and

pressure, but does not hold true when gases are under extremely pgrigssures

(>100 atmj4115

Tromanset al!*?presented Equation 2.6 to calculate the concentration of
RA&aa2t SR 2Ee3Sy Ay 61 GSNE SEGNI LRGSR
analysis of oxygen solubility in water. The equation describes the aeitip
between temperature, pressure and oxygen solubility over a broad range of
conditions, including those typically encountered in CWAO operatio8%0°C,
<60 bar), without the requirement of multipleskvalues for a given temperature
range

- T8Ity CT[ZQFUY(‘J% C WY MBI WY Y ¢ Wl ¢ B wypT
6 0 Qo1 Cwy :
& p 1ty

Equation 26 used to calculate the concentration of dissolved oxygen at a specific T and P, where

Gag = concentration of dissolvet, B2 = partial pressure of oxygen=Ttemperature

Whilst investigating the mass transfer of oxygen during the oxidation of
formaldehyde, Lavellet al.*¢found use of a hydrophobic catalyst support to have
a significant effect on the mass transfer and chemical kinetics of the oxidation
NEBFOUA2yd ¢KS LINBASYyOS 2F | Wadz2NFI OS 3l

Pt/polydivinylbenzene catalyst when sulenged in the liquid reaction media,

ax

which lead to the identification dfvo possible reaction pathways.
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Figure2.9 Kinetic steps proposed by Lavelle et'éfor the oxidation of aqueous organic
compounds over a hydrophobic solid catalyst

Figure 2.9illustrates the reaction steps for the oxidation of aqueous
organic compounds during CWAO over a hydrophobic catalyst. The reaction can
proceedvia two routes, one of which involves the disolution of oxygen (AO2b)
followed by liquid phase transfer to theatalyst surface (AO2c) and the other
through which gaseous oxygen is directly transferred to catalyst susfece
WEdzNF I OS 3ALa Syg@gSt21LI5SQ 6! hul 0@

When comparing the contribution of the possible oxygen transfer
pathways in a Carberitype batch reactor, the gas phase route was found to be
more pronounced at high stirrer speeds. The percentage contribution of each

oxygen transfer routes as a functiofistirrer speed is displayed in Figure 2.10.
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Figure2.10Contribution of oxygen mass transfer routes to the oxidation of formaldehy:
carried out by Lavelle et.&1®

At low stirrer speeds (< 1000 rpm), dissolved oxyparticipated in he
majority of the formaldehyde oxidation; this was linked to a positivatrenship
between stirrer rates and the gas liquid interfacial area. When comparable
reactions carried out by Chuarg al.t'* under similar conditions, a considerable
decrease in the activation energy for formaldehyde oxidation was observed, 14 kJ

mol! compared to 37.3 kJ maél

Support wettability was also shown to play a key role in the CWAO of
phenol by Daviest al.''”when investigating a comparatively hydrophilic Rul
catalyst and a relatively hydrophobic Pt/SIC catalydtmina is regardeds
hydrophilic due to its high degree of hydroxyl functiondfity When a water
droplet comes into contact with such a surfatevill form dipole interactions with
the hydroxyl groups, increasing the adhesion between the catalyst surface and
water, often denoted by smaller contact angl€s SiC exhibits low surface

hydroxyl functionality®®, and thus is comparatively hydrophabi

The increased interaction between the aqueous phase and the alumina
support resulsin increased wetting of the catalyst surface, which in turn limits the
transfer of gaseous oxygen to the catalyst active sites, since oxygen must first be

dissolved inlie liquid phase in order to access the wetted catalyst sutf4ca
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hydrophobic material however, will only become patrtially wetted as the energy
required to create a solid gas interface is less than that required for a salid

liquid interface, for sue materiald?°.

When supported on both alumina and SiC, an enhanced phenol conversion
was observed for the Pt/SIC catalyst compared to POAI97 % and 58 %
conversion respectively, in a TBR at 2@0and 13.1 bayt?. When Ru@was the
active componenthowever,a higher catalytic activity was observed for RulAl
compared to Ru/SiC, achieving >40 % and >20 % phenol conversions respectively
This led to the suggestion than a metaupportsynergy exists; when the active
component is composed of metallic Pt a hydrophobic support is preferential, but

for ionic Ru@, a hydrophilic support is more effective.

Figure2.11Proposed reaction pathways for the activation of phenol apdrCthe active sites
located inside the catalyst pore structures for (a) Pt dispersedoartially wetter surface
(hydrophobic suppojtand (b) Ru@dispersed om fully wetted surfacehydrophilic suppot?*

During the CWAO of phenol, Ru@dsorbs both phenol and ©from the
aqueousphase (Figre 2.11b),whereas Pt adsorbs@irectly from the gas phase
(Figure 2.11a¥?% The study showed the intrinsic activity of Pt/SiC to be greater
than that of Ru/AlOs, suggesting a hydrophobic catalyst popt is beneficial to
CWAQO reactions.

High pressures are often utilized in CWAO processes to increase the

concentration of dissolved oxygen and therefore promote oxidation. If an
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alternative oxygen transfer route is available for hydrophobic catalysksch

does not require dissolved oxygen, such high pressures may not be necessary.
Being able to conduct CWAO under ambient conditions and reduced operating
pressures would offer economical, safety and environmental advantages on an
industrial scale. It sbuld also be considered that a hydrophobic catalyst may help
prevent poisoning by reducing irreversibly bound liquid phase species during

reaction.

2.5 Project aims

The primary aim of this projeatas to optimize the process of CWAO of
phenol; by building on previous research an alternative range of catalyst
compositions were investigated. The optimization of a platinum supported on
silicon carbide catalyst was reviewed in terms of improved surface area and
addition of a second active metal comparie The nature and effect of a
hydrophobic catalyst was explored, with the ultimate goal of achieving CWAO
under ambient conditions. The effectiveness of Pt/SiC for the wet air oxidation of

other common organic pollutants was also investigated.
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3.1 Introduction

Chapter3 - Experimental

Chapter 3

Experimental

This chapter outlines the experimental methods usked this study

including catalyst preparation, characterization and activity testingrder to be

able to correlate catalytic activity with structure the catalysts weharacterised

using arange of bothbulk and surface sensitive techniquéhe principles behind

these characterizatiomethodsare describedas well as experimental procedure.

3.2 List of materials and suppliers

Table 3.1 provides a list of the chemgalsed throughout this study,

including the purity of the material and supplier.

Table3.1List ofmaterialsused throughout this work

SQubstance Purity Supplier
Pt(acag> minimum 48 % Pt Alfa Aesar
Ru(acags X97 % Sigma Aldrich
CeN30g.6H0 %99.5 % Alfa Aesar
Slicon carbide Johnson Matthey
bl x yn | SICAT
Alumina Johnson Matthey
Phenol %99.9 % Sigma Aldrich
BisphenolA %99.9 % Sigma Aldrich
Toluene %99.8 % Sigma Aldrich
UHPLQvater X ndnnno 22 Fischer Scientific
Methanol %99.9 % Fischer Scientific
H:POy %99.9 % Sigma Aldrich
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A range of metal precursors exist for platinum and ruthenium, the choice
of which can affect the catalytic actiyiand properties of the resulting supported
metal catalyst. For the low temperature water gas shift reaction over a Bt/TiO
catalyst, lidaet al.! found the catalytic activity decreased in the following order for
the precursors used:4RtC.6HOF Pt@cadz > [Pt(NH)4]Ch > [Pt(NH)4(NGs). Of
the two precursors which lead to the highest catalytic activityRtdé.HO was
less desirable due to the presence of chlorine. Although chlorine is frequently used
as a disinfectant in the water treatmermdustry, it is toxic to aquatic life and
chlorinated water must be treated before release into the environme@hlorine
in water courses can have negative impacts on the global environment and
health®4, and to minimise the possibility of chlorine iretlend stream of CWAOQO

processesPt(acac)was selected as the platinum precursor.

3.3 Catalyst preparation method

An extensive number of preparation methods are availablefor the
synthesis ofheterogeneous catalystsgach with their own advantages and
disadvantages. Gnsuch preparation method is incipient wetness impregnation,
which was used for the preparation of all the catalysts used in this study.
Impregnation methods typically give rise to larger active metal particles on
supported metal catalystscompared with depositionprecipitation or sol
immobilisation method3 Although smaller metal particles are desirable for
catalysis (as they allow for a higher percentage of exposed metal atoms, and thus
potential active sites), the efficiency and mininpaeparation steps required for
impregnation make it a valuable tool for catalyst synthesis. Impregnation also does
not require any complex or energy intensive steps (other than calcin&tion)
making it a more economical and environmentally friendly metHeagdthermore,
impregnation allows for consistent replication of catalysts, which was important

when relatively large quantities of the catalyst were required.

All catalysts were prepared by incipient wetness impregnation, followed

by drying andinally, calcination.Impregnation was initiated by dissolving a metal
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precursor in a minimum amount of solvent required to fill the pores, followed by
addition of the spport material. The solution is then left for a sufficient amount
2T GAYS (2 Syadz2NE AYLINBIAYIlI A2y Ayi?2
rotary evaporation and calcined in static air. For the bimetallic catalysts, with the
exception of the campregnated catalysts (where both active metal components
were impregnated during the same step), the first metal would be impregnated,
rotary evaporated, dried and calcined, before repeating the process with the

second active metal component.

All of the precursors and catalyst supports were weighed separately on an
analytical balance (d.p) to ensure the correcibbading (veight percenage) of
metal on the support.The catalysts were prepared in 10 g batches and the
conditions kept as consistent as possikile order to maintain uniformity

throughout batches.

3.3.1 Preparation of platinum catalysts

The same incipient wetness impregnation method was used to prepare all

of the platinum catalystswith a variety of silicon carbide supports.

The metal precursgmplatinum acetylacetonate (Pt(acar)0.403 g), was
dissolved in a minimum amount of toluerepproximately 30 mior a 2 w % (by
mass)of platinum. The catalyst support (9 was then added to the dissolved
precursor in a 250 mL round bottom flask daeft for 24 hoursat room

temperatureto impregnate.

After theinitial impregnationstep, the solvent was removed using a rotary
evaporator equipped with a water batlof which the temperaturevas seto 80¢
90°C. The pressure was reduced gradually2@0 mbar untiall ofthe solvent had
been visually removed. The remaining solid was dried in an oven &tCL1idr a

further 24 hours, to ensurany residual solvent had evaporated
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The final stage of the catalyst preparation involved calcination tinba
furnace under static air at 508C for 2 hours, with a ramp rate of 18C min'.
During calciation the platinum precursor is reduced to platinum metal and
oxides; the calcination temperature was chosen based on previous stu@ase

cooled, the catlysts were then ready for CWAO.

A portion of the catalysts required the support material to be of varying
sizes,this was achieved by crushing the extrudates in a pestle and mortar, and
sieving the particles tmbtain the desired size range The support was then

subject to impregnation, as described above.

3.3.2 Preparation of ruthenium catalysts

The Ru/SIC caligsts were prepared in the same manner as the platinum

catalysts, with ruthenium acetylacetonate (Ru(aepay the metal precursor.

For the comparatively hydrophilic catalyst, 2 % Ru/5 % ceria/alumina, the
support material first had to be prepared by shing the3 mm alumina pelletsn
a pestle and mortaand sievedo achieve a patrticle size range betwe@d25¢

0.6 mm

The alumina support (9.3 g) was then added to a solutioreatim (lII)
nitrate hexahydratg1.262 g) dissolved in a minimum amowhHPLC purity wate
andleft for 24 hoursat room temperatureto impregnate The solution was dried
by rotary evaporation followed by 24 hours at 11%Cto evaporateany residual
water. The catalyst was theralcined undestatic air at 500Cfor 2 hours, with

an initial ramp rate of 10°C mint.

Once cooled, the method was repeated for ruthenium impregnatitime
metal precursor Ru(acacp n ®tyy 3I0 6l & RA&az2t OSR Ay G2f
ceria/alumina added and allowed to impregnate for 24 uafter which the
solvent was evaporated by rotary evaporation. After drying for 24 hours at@10

the catalyst was calcined againder the same conditions.
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3.3.3 Preparation of bimetallic catalysts

For the preparation of ruthenium and platinum-imetallic catalysts, the
first metal would be impregnated, rotary evaporated, dried and calcined following
the procedure described above and then the sequence repeated for the second

metal.

For ceimpregnation, both metal precursors were simultaneously digsol
in toluene, before impregnation onto the support, rotary evaporation, drying and

finally calcination.

3.4 Catalyst characterisation techniques

3.4.1 Powder xray diffraction (XRD)

As the properties of a material are governed by its structure,
powder x-ray diffraction is a key analytical technique used for phase identification

of crystalline materials and can provide information on crystallite size.

A beam of incident xays is directed onto a powdered crystallite sample
and the resulting diffration angle of the photons is measured. The diffraction
angle of the xay beam is dependent upon lattice spacing of the material and can
0S OFfOdz I 6SR: dzaAy3a . NIF3I3IAQa I ¢4

€ _ ¢Qi Q¢ —
Equation 3.1where<=wavelength of incidentxays(m), d =lattice spacing (m} =angle of
diffraction, n =integer

Diffraction only occurs if the angle between the incident beam and
diffracted beam is a function of 2. When the xays interact with the surface,
they are partially diffracted; the-rays that ae not initially diffracted pass through
to the next layer of atoms in the lattice and are partially diffracted again, as

illustratedin Figure 3.1°.
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Figure3.1 X-ray diffraction through a solid

The XRD diffraction pattern plots the intensity of the diffracted radiation
against the angle of the detector. The peaks in the XRD pattern are directly related
to the atomic lattice spacing (d), which along with the diffraction angle can be used
to identify the crystal structure of the sample by comparison with a reference

database.

The average crystallite size of the powder can also be determined using the
Scherrer equation. Smaller crystallites produce broader peaks in the XRD
diffraction pattern due tdfewer repeating lattice planes. Essentially the smaller a
crystallite is, the broader the angle of diffractedlays'™. It is therefore possible to
calculate the average size from the peak width at half maximum (FWHM) using
the Scherrer equatiols:

0

0O —
T wei —

Equation3.2, whereD =average crystallite siz@m), K=Scherrer constant
<= wavelength of xays (nm), =angle of diffractioni =peak width at FWHM

The average crystallite size can help give an insight into the distribution of
active nanoparticles, however the Scherrer equation does come with a large
degree of error. For analysis to be meaningful, the peak width must be purely the

result of the material itself and free from effects that cause peak broadening, such
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as dislocations, stking faults, micrestrain within the sample and instrumental
broadening®. Typically, the average crystallite size calculated from Scherrer

equation is overestimated by 15 % for crystallite sizes up to 108.nm

Despite the error in crystallite size measment, XRD isaseful tool in the
characterisationof heterogeneous catalysis and allows for the determination of

structural composition.

Experimental

It ! blyFrft@3dAOFt - QLISNI b radidtion RourEeF NI OlG 2 Y
working at 40 KeV and 40 mA was used to characterise the catalysts. The samples
were ground into a powder using a pestle and mortar and packed into a sample
K2f RSN - Qt SNI 5FdF /2fftSOG2N) a2Fidét NB
patterns, and phase identification was carried out using the International Centre
Diffraction Data (ICDD) database. The crystallite sizes were determined by the
- Qt SNI a2F0 61 NB dzaAy3d GKS { OKSNNBNJ Sljdz i,

3.4.2 Nitrogen physisorption using Brunauer Emmet Te(BET)

method

The surface area of a catalyst is closely linked to catalytic performance; the
higher the surface area, the higher the potential of exposed active sites and the
higher potential activity. Brunauer Emmett Teller (BET) surface area analysis
provides specific surface area evaluation of materials using the principle of
physisorption of nitrogen gas on the surface of the catalysif6°C, measured
as a function of relative pressure. Essentially, the higher the surface area of a
material, the maee gas adsorbed and vice versa. A flow of nitrogen gas is passed
over the sample at varying pressures and the adsorption capability calculated

using the BET adsorption isothefn
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Equation3.3, where P = @ssure, P= saturation pressure,a¥ volume of gas @ladsorbed,
Vm= volume of monolayer, C = muléiyer adsorption parameter

Which in turn allows for the calculation of surface area:

w,0

(88 —
G o

Equation3.4, where® = molecular area of N0.162 nnd), Ni[ | @2 TnbinfbdkR Q &
m = mass of sample, v = molar volume of gas

Firstly, before the BET surface areas can be measured, the samples must
FANBG 0S WRS3AIFaaSRQ G2 NBY29S Fydy I aSa 2N
adsorbed onto the surface. If any adsorbed gases are present on the surface and
the material is not degassed, this would have a negative effect on the final specific
surface area value. Once the surface is free of any adsorbed species the sample is
coded to cryogenic temperatures using liquid nitrogen and then exposed to an
inert gas at a chosen number of pressure points, in the case dfttidy a 5point
method with nitrogen gas was used. Typically, for a Type Il isotherorélAg),
as the pressure is increased the number ofrblecules physiosorbed to the
surface also increases, until the saturation pressugés Reached. The saturation
pressure is the pressure at which the catalyst surface has become fully saturated
with N2 and no further adsorption occurs. The volume of &dsorbed by the
material is measured at each pressure point and plotted againsttB/give the

BET isotherm, from which the surface area can be calculated.
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FHgure3.2Typical BET adsorption isothertfis

The majority of physisorption isotherms can be grouped into Six categories,
as shown irFigure 3.26, Type | isotherms are typical of microporous solids with
relatively low external surface area and indicative wofonolayer only
adsorptiort”18 Type Il represents mulkayer adsorption, further adsorption after
the monolayer; such isotherms are characteristic of samples with a large pore size
distribution!’. The shaded area underneath the curve represents when the
monolayer saturation point is reached and mdétyer adsorption begirié. Type
[l isotherms are not commonly observed for &tlsorption on catalysts; they are
typical of materials with an indistinct monolayer, shown by the convex curve and
lack of saturéion point on the isotherm&'°. Type IV isotherms are typical of
mesoporous materials and follow an initial path similar to Type Il Aayer
adsorption, but with finite multiayers, indicating complete filling of pofésType
V is similar to Typdllisotherms and are also uncommon, they indicate weak
adsorbent ¢ adsorbate interactionS. Finally, Type VI isotherms represents
stepwise multilayer adsorption characteristic of uniform nguorous materials.
The sharpness of the distinct layers for Tyjpés dependent upon the temperature

of analysi¥’.
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Experimental

The BET surface area of the catalysts was determiraaal5-point nitrogen
adsorption method using a Quantochrome NOVA 2200e Surface Area and Pore
Size Analyser instrument. Approximatef/rag of catalyst was initially piteeated
by degassing under vacuum at 1%Dfor a minimum of 3 hours. The samples were
kept at cryogenic temperatures under liquid nitrogen for the duration of the

analysis.

BET was not able to establish the pore voluofie¢he samples, therefore
helium pycnometry was carried out using a Micrometrics AccuPyc Il 1340 Gas
Pycnometer to gain an insight into the porosity of the samples. Helium
pyconmetry relies on the same principals of adsorption as BET with helium gas
used & the adsorbate; helium can penetrate further into the catalyst pores due to
its smaller size. Oxidation reactions can rely heavily on mass transfer; thus, it is
important to establish any contributions porosity and surface area may have on

CWADO.

3.4.3 Tkermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is an analytical technique in which the
mass of a material is continuously monitored as a function of temperature and
time?>. A sample is subjected to elevated temperatures under a controlled
atmosphere, and the resulting thermogravimetric (TG) curve shows the

percentage mass change of the sample against temperéture
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High temperature oven
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A

Precision balance
Figure3.3lllustration of typical TGA instrument
Figure 3.3llustrates a typical set up of a TGA instrument, consisting of a
top-loading crucible supported on a precision mass balance, surrounded by a high
temperature furnace. The rate at which the temperature ircreased, the
maximum temperature, the gas flow rate and the duration between mass

measurements are all parameters that can be varied.

TGA can provide important information on both fresh and pestction
catalysts. TGA can help determine appropriatecication conditions by
monitoring the temperature at which metal precursors decompose, as well as
evaluating the thermal stability of a catalyst in an oxidative environment, similar
to the conditions experienced during CWAO. TGA of used catalysts can revea
possible changes that may have occurred during the reaction, such as adsorption
of certain species that may lead to catalyst deactivation. Carbon impurities would
be oxidised to C&during heating under an oxidising atmosphere, resulting in a

decrease iltmass which would be shown in the TG curve.

TGA was further used to establish the relative hydrophobicity of the
catalysts in this study, by monitoring the loss of adsorbed water as well as the

temperature and rate at which the water was evaporated.
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Experimental

TGA was carried out using a Perkin Elmer 400 thermogravimetric analyser,
with approximately 3@ 50 mg of sample. The sample was loaded into a ceramic
crucible and heated from 3§ 900°C at 10°C min* under 20 mL min of flowing
air. The sample mass, temperature and time were recorded uBngssoftware

linked to the instrument.

3.4.4 Temperature programmed reduction (TPR)

Temperature programmed reduction (TPR) is a widely used
characterisation technique for determining the reductipotential (reducibility)

of solids and catalysts?3

Samples are exposed to a flow of a reducing gas mixture, typically
hydrogen in an inert gas such as argon, at increasing temperatures. The
concentration of hydrogen consumed by the sample is meabura a thermal
conductivity detector (TCB)and can be used to calculate reduction potential of
a catalyst. By comparison with other reduction profiles characteristic to certain
compounds, redox properties and oxidation states can be determined. The
temperature at which a peak occurs, along witle $hape and size of the peak can
reveal information on the chemical nature, environment and quantity of the
reducible specie’s. Compounds present on the surface can reduce at different

temperatures than those in the catalyst bulk.

The redox properties dd catalyst can influence its activity,°’Pas been
shown to be the active metal component (compared tg*Pfor CWAG 2",
Therefore, TPR is a crucial technique for evaluation of the oxidation states of the

active metal component for comparison with eatst performance.
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Experimental

TPR was carried out using a Quantochrome ChemBBR/TPD
Chemisorption Analyser with approximately 50 mg of catalyst sample placed in a
U-tube between small amounts of quartz wool. The catalysts were subject to pre
treatment in flowing 5 % helium/argon (flovate 14 cni min') at 110°C for 45
minutes n order to remove any weakly adsorbed species which could interfere

with the analysis.

After pretreatment, the catalysts were subjected to a flow of 5 %
hydrogen/argon at a flowate of 14 cm min, between 40g 800°C using a ramp
rate of 15°C mint. The hydrogen consumption was measured with a TCD and the

data plotted as a function of temperature using TPRWin software.

3.4.5 Xray photoelectron spectroscopy (XPS)

Xray photoelectron spectroscopy (XPS) is a surface sensitive technique
used for quantitéive and qualitative analysis of the elemental composition on the
surface of a solid sample. The elemental composition, empirical formula, chemical
and electronic states of a catalyst can all be determiddthough XPS is primarily
a surface sensitive tbnique, depending on experimental parameters, the first 20

atomic layers may be probéd?®

A sample is subjected teray radiation, ionising the compound, exciting
the core electrons, which are then detected by the XPS instrument. The ejected
electrons energies can be determined using the following equation based on the

energy of the incident-xays®-°

Q a ‘O

alhe)

Equation35 whereK It f | y1 Qa O¥yikdid),ydincilendxay ¢ E wmn
frequency (8), m = mass of aelectron (9.109 x 18 kg), v = velocity (Mm%, | = ionisation
energy of an electron from orbital | fkg s?)
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The energy of the emitted electron is characteristic of the element it
originated from and the relative peak intensities in the XPS spectrum can be used
to quantify the elements as a percentage of the surface measured and provide

information on their oxid&on states.

Experimental

XPS analysis was performed using a Thermo Fischer Sciergtifibaé
spectrometer. The samples were adhered onto the sample holder by double sided
scotch tape and analysed using a 72 W mfocused monochromatic Al-ray
soure over a 40Qum area. CasaXPS software was used to analyse the spectra;

peaks were fitted to Gaussian Lorentzian curves with Shirley backgrounds.

3.4.6 Scanning electron microscopy (SEM) and energy dispersive x

ray (EDX) spectroscopy

Scanning electron mioscopy (SEM) is a surface analytical technique which
produces higkresolution images of surface topography of a solid material.
Coupled with energy dispersiverays spectroscopy (EDX), it is possible to
determine the elemental composition and averageesof metal particles present
of the surfacé. Theschematic of a typic&EM instrument is illustrated in Figure
3.4.
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Figure3.4 Schematic of a typical SEM instrum@&nt

A scanning electron beam, produceda application of voltage to a
tungsten filament, is focused through condenser lenses onto the sampéhen
the primary electron beam interacts with the sample, the resultant bsctered
or secondary electrons are detected to produce an image of théaser The
intensity of the secondary electrons is governed by the surface topography of the
sample and so an image can be constructed by measuring secondary electron
intensity as a function of position of the scanning primary electron beam. The
contrast inthe image represents the topography of the sample, as backscattered
electrons typically come from atoms further within the bulk of the sample. Heavier
elements (with larger atoms) are better at scattering the electron beam and thus
the intensity of the bakscattered electrons can be correlated to the atomic

number of the element. This also gives rise to heavy metals appearing brighter in
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SEM image8. SEM/EDX analysis is conducted under vacuum and typically

instruments have resolutions up to 5 nm.

Experinental

Three different SEM instruments were used throughout the study, a
Hitachi TM3030PIlus Tabletop Microscope, a Carl Zero Supra SEM microscope 35VP
and a Tescan MAIA3 Triglav FEEM. In each case the samples were mounted on
carbon adhesive discs, andhages captured at varying magnifications. The
chemical composition of the samples was measured using the equipped EDX

analysers.

A minimum of 10 images were captured per sample, at various positions
Ff2y3 GKS YFGSNRIf QA & dzbds to@dvidé a/bettet & RA FF SN

representation of the sample.

For samples which required analysis of a cremstion of the catalyst
pellet, the pellets were sliced widtvise using a scalpel and mounted face up on
the carbon adhesive discs. These catalysts wie ground to a powder using a

pestle and mortar and subject to EDX analysis.

3.5 Catalyst activity testindor CWAO of phenol

The catalysts were tested for the catalytic wet air oxidation of phenol in a
continuous flow trickle bed reactor with retime analysis of the end stream by
high performance liquid chromatography (HPLC). The complete oxidation of
phenol to CQand HO follows a complex reaction pathway, proceeding through
a variety of intermediates; HPLC analysis allows for the detection cfethe

intermediates and so partial oxidation of phenol can also be monitored.
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3.5.1 Trickle bed reactofTBR)

Figure 3 illustrates the trickle bed reactor sep, with the essential
components for CWAQO labelled; below is an accompanying description of how the
contaminated wastewater was processed through the reactor. The majority of the

reactor components were connected by 9 mm diameter staintes| tubing.

Manual injector

HFLC
pump

Knock HPLC Y
outpot

Figure3.5Trickle bed reactor (TBR) schematic for C\Woyahenol
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An aqueous phenol solution was prepared by dissolving phenol (2.5 g) in a
2.5 L Winchester bottle ¢iPLC purity water to give a concentration ofli*gach
time a new phenol solution was prepared jiieciseconcentration (+ 0.01 mg?)
was measuredisingHPL@nd used to calculateotal phenol conversioachieved
by the variouscatalysts. This coeatration was chosen as benchmark for toxic
organic wastewater in previous CWAO studies and is realistic of the concentrations

typically found in phenolic wastewatets

Theaqueous phenol solution waed into the additives pot (A) and HPLC
pump 1 (B) wasesponsible for delivering the liquid phasethe catalyst bed at a
chosen flow rate The gas phase (compressed air) was stored in a pressurised
cylinder (C) and delivered by a mass flow controller (MFC) connected to a control
box, which allowed for apecific flowrate to be set. Both the liquid and gas phases
were dispersed using a spray nozzlegbjallowed toflow co-currently together

through the catalyst bedq).

The cataltic reactor(E) wasa removable 10 cm length of stainlesteel
tubing © mminner diameter), which could bdetachedand filled with a desired
catalyst. A wire mesh and quartz wool were placed inside to keepdbked bed
of catalystsecurely in placelhe catalyic reactorwas surrounded by a furna¢g)
connected to the sae control boxas the MFCs from which the reaction
temperature could be setMultiple thermocouples were placed both inside the
stainlesssteel tubing and within the furnace to monittine catalyst temperature
and furnace temperature. Gass wool and insutang tapes were placed around

tubingto reduce heat loss

A pneumatic actuator @ controled the reaction pressure whilst also
maintaining a continuous proces$he actuator was linked to the control box
where thereactionpressure could be spa secondary supply of compressed air
was necessary to keep the sprilupded valveopen enough to maintain reaction

pressure whilst also maintainirtge continuous flow.

Oncethe liquid and gas phases had trickl#afough the catalyst bed B

and flowed past the pneumatic actuatd)the two phases were separated by a
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sealed measuring cylindeH). The measuring cylinder collected the liquid phase
and allowed for additionamonitoring of the liquid flow rate. The gas phase was

vented off through plastitubing intoa fume cupboard .

HPLC pump 2 (J) fed the collected liquid phase througkther line,fitted
with an inlet filter, to the HPLC instrument where analysistioé outlet stream

took place, before collecting in a knock out pk} {0 be safely disposed of.

3.5.1.1 Standard reactor conditions

To accurately compare the catalytic activities, reactor conditions were kept
as consistent as possible. The reactor conditions were modelled after those
described by Fortunyet al3* and optimized by Daviest al’ to allow for
comparison to results founph the literature. Table 32 lists the typical conditions

used in this study.

Table3.2Reactor conditions used for the CWAO of phenol

Variable

Temperature 80¢ 160°C
Pressure 0¢ 13.1 bagy)
Liquid flow rate 1.1 mL mirt
Gas phase flowate 144 mLmin®
Phenol concentration 1gtt
Catalyst mass 8¢

3.5.2 Liquid phase analysis by high performance liquid
chromatography (HPLC)

High performance liquid chromatography (HPLC) and UV visible detection
were used to analyse the off stream, and measure the concentration of phenol
oxidised during the reaction. HPLC is responsible for separating the compounds

present in the liquid phasewhilst U\tvis identifies and quantifies these
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compounds. The reactor effluent was continuously fed through a sample loop

within the HPLC instrument, where analysis injections were periodically taken.

A mobile phase carries the sample at high pressureugh a column
containing chromatographic packing material (the stationary phase). As samples
pass through the column, they interact with the stationary phase; this interaction
dictates the retention time of different compounds. For example, a polar sample
would have a strong affinity to a polar stationary phase, resulting in a longer
retention time than a norpolar sample passing through the same column. The
time taken to elute through the column (the retention time) allows for separation
of different speas in the analyte, which can then be identified by-W¥
detection. Depending on the analyte, the stationary and mobile phases can be

tailored for detection of specific compounds based on the degree of interaction.

A reverse phase (Cdghimpack XRODS: 3nm diameter, 50 mm length)
packed bed column was used to separate products, with a methanol based mobile
phase. The reverse phase column refers to a hydrophobic stationary phase as
opposed to a typical hydrophilic column. In contrast, the mobile phase was
hydrophilic, which allowed for faster elution of hydrophilic compounds. A gradient
flow method was used for the mobile phase, an initial concentration of 4.7 %
MeOH in HO, was linearly increased between¢48 minutes (17 minutes total
analysis time) to ® % MeOH in #. Gradient flow of the mobile phase allowed
for further flexibility regarding compound separation as well as optimization of the
analysis time. Small amounts of phosphoric acid (0.22 vaiP@QHwas also
included in the mobile phase to redeipeak tailing and ensure the stationary
phase remained protonated after organic acids passed through the column. A
constant temperature of 36C was maintained throughout the HPLC instrument

to ensure consistent separation.

Once separated, a dual welength UV detector identified the products in
order of elution. The detector used the varying UV absorptions to quantify the
products. Based on the phenol oxidation pathways discussed in Chapter 1, the
HPLC analysis was designed for the detection of winéhe most common
intermediates. Each of these intermediates, as well as phenol, were calibrated
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from standards at different known concentrationsthe resulting calibration
curves can be found in the Appendikigure 3.6 shows a typical HPLC
chromatogran from the CWAO experiments showing the observed products; the

concentration of phenol is represented by the peak at a retention time of 10.8

minutes.

2000
Tefector AChannel 1 264nm ™
2Detector A Channel 2 210nm
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Hydroquinone
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Figure3.6 A typical chromatogram of phenol and its partial oxidation products for CWAO

HPLC analysis of the wastewater took 17 minutes and the resulting
chromatogram after each measurement was used to calculate the phenol

conversion achieved by the catalysts.

3.6 Catalyst activity testing for CWAO of bisphenol A (BPA)

For the investigation into CWAO of BPA (Chapter 6), the activity testing was
carried out at the National Institute of Chemistry in Ljubljana, Slovenia, using a PID
Microactivity trickle bed reactor. halysis of the end stream was conducted by

HPLC and Total Organic Carbon measurements (TOC).

3.6.1Trickle bed reactor (TBR)

Catalyst activity testing was conducted in a PID Eng&Tech Mircoactivity

Reference unit, an automated, fixed bed, continudlasv trickle bed reactor.
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Liquid and gaseous flows were introduced into the hot box system concurrently,
where both phases were preheated separately before introduction into the
reactor unit containing the catalyst bed. The reactor schematic is illustrated in

Figure 3.7.

Figure3.7 TBRschematidor CWAO of BPA
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The TBR schematic illustrates the rig design, whereby the aqueous BPA

solution was fed into the reactaiaa Gilson 307 HPLC pump at a desired floe
(A). To replicate compressed air, a gas mi08 % oxygen and 79.2 % nitrogen

was introduced into the reactanaBronkhorst EAFLOW mas#ow controllers (B).

The gas and liquid phases were heated separately in the hot box (C & D), before

introduction to the reactor (E). The catalyst bed was heldlace by a removable
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2 um Hastelloy porous plate contained in a stainlsssel tube of dimensions 305

mm x 9 mm (inner diameter) (F). The gas and liquid phase were flowed co
currently over the catalyst and then separated (G). Liquid phase samples were
collected periodically throughout the experiments by an ADVANTEC CHF122SC

fraction collector and analysed using HPLC and UV detection (H).

Unless otherwise stated, the standard operating conditions for catalyst

activity studies are outlined in Table 3.3.

Table 3.3 Standard operating conditions used for CWAO of BPA

Variable

Reactor temperature C) 60
Hot box for liquid and gas praeating temperature fC) 40
Reactor pressurgbar(g) 7
Initial BPA concentratiorimg L) 60
Mass of catalys{g) 2
Liquid flow rate (mLmint) 2
Gas flow rate(mLmin?t) 120

3.6.2 High performance liquid chromatography (HPLC)

The reactor effluent was periodically collected and the BPA content
analysed by high performance liquid chromatography (HPLC) separation followed
by ultraviolet (UV) detection. A Thermoscientific SCM 1000 HPLC with a C18 (4.6
mm diameter and 100 mm lengtheversed phase column was responsible for
separating the eluted products along with a mobile phase consisting of 70 %
methanol in water, pumped at a rate of 0.5 mL rhifDnce separated, any BPA
present in the sample was detected and quantified by UV deda, Figure 3.8

shows a typical chromatogramwith the retention time of BPA at 6 minutes.
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Figure3.8 A typical HPLC chromatogram of bisphenol A
Under the reactor set up for CWAO of BPAzit F2 Nlidzy 6 St & g1 ay Qi
to measure the concentrations of common oxidation intermediates by HPLC, and
so the total organic carbon (TOC) content of the off stream was used as a measure

of complete oxidatio.

3.6.3 Total organic carbon (TOC) measunts

The extent of mineralization of BPA was determined by measure of the
total organic carbon (TOC) content of the effluent. The TOC content is a measure
of the concentration of organic molecules present in wastewater and is commonly

used as a nospecift indicator of water qualitsp.

TOC analysis was carried out using a Teledyne Tekmer Torch TOC analyser,
equipped with a high pressure NDIR detector. Before any TOC evaluations took
place, the instrument was calibrated with 18.2WHPLC purity water, likase

used in the synthesis of the aqueous BPA solution.
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Chapter4 - Addition of ruthenium to platinum catalysts for CWAO of phenol

Chapter 4

Addition of ruthenium to platinum catalysts for
CWAO of phenol

4.1 Introduction

From previous studies within the grouplatinum supported onsilicon
carbide hagroven to be a promising catalyst for CWAO of phén@8IC is a very
inert support material with a high hardness of 2800 kgn? 2, whichmakes SiC
more able tatolerate the harshacidic and oxidisingonditions within the reactcy
when compared toconventionalheterogenoussupports, such aglumina (AbQOs)

or titania (TiQ).

The underlying causes for the increased activity seen for SiC catalysts is
thought to be the reduced wettability of the support material. The hydrophobic
support leads to the adsorption of oxygen directly from the gas phase onto the
catalyst surface throudy air bubbles located within pores. A degree of
hydrophilicity is also required to allow the contaminated aqueous phase to come
into contact with the catalyst, and thus the active sites. It is thought that the
platinum particles provide access and are dalpaof adsorbing phenol from the

aqueous phask

Being of limited resource, platinum group metals (PGMs) often come with
a high price tag Due to a variety of industrial and jewellery applications, platinum
IS in higher demand than other PGMs, such asheaotum, and as such is
considerably more expensive. The estimated cost for platinunid 8mes that
of rutheniunf. Studies have shown supported ruthenium catalysts to also be

active for CWA®, it would therefore be beneficial if the higher activities
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associated with platinum could also be combined with the relatively lower cost of

ruthenium.

Bimetallic platinum and ruthenium catalysts were prepangd incipient

wetness impregnation with a fixed metal loading of 2 % by mass. With the

exception of he ceimpregnated catalyst, where both metals were impregnated

simultaneously, the bmetallic catalysts were impregnated and calcined with the

initial metal and then impregnated and calcinated again with the second metal.

¢ K SSid support material wasamd using a pestle and mortar and sieved to

achieve a size range between 456600 um granules. The catalysts tested in this

study are outlined in Table 4.1.

Table4.1Description of the Ru and Piono andbimetallic SiC catalysts used in this study

Catalyst

Description

2% R/SIC

1% Ri/1% R/SIC

1% R/1% RU/SIC

1% R + 1% R/SIC

2% RI/SIC

Pt impregnated on SiC (45000 pm)

Calcined at 500C

Prepared by posimpregnation of ruthenium on 1%
Pt/SiC(450¢ 600 pum)

Calcined at 500C

Prepared by posimpregnation ofplatinum on 1%
Ru/SiG450¢ 600 pum)

Calcined at 500C

Prepared by simultaneous impregnation of platinum ar
ruthenium on Si@450¢ 600 um)

Calcined at 500C

Ru impregnated on SiC (45®00 um)

Calcined at 500C
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4.2 Prereaction catalyst characterisation

To gain further understanding of the catalyst structure and allow
correlation with activity, a variety of characterisation techniques were used to

build a full picture of eachatalyst.

4.2.1 Powder xray diffraction (XRD)

Powder xray diffraction (XRD) was used to characterise the crystallinity of
the catalysts and in particular provide information on the phase of the active metal
component. Figure 4.1 shows the diffractionofie of the silicon carbide

supported catalysts.
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\ 1 \ 1 \ 1 \ 1
2% Ru/SiC
1% Pt + 1% Ru/SiC
1% Pt/1% Ru/SiC
1% Ru/1% Pt/SiC

2% Pt/SiC IA\ JL’\‘ -

] S~ M“J)LJL\_-_
—

0 10 20 30 40 50 60 70 80

Metallic platinum (Pt) ----------
Ruthenium oxide (Rup----------

Figured4.1Powder XRD patterns for the Pt and Rmbitallic SiC catalysts

The most noticeablgpeakswere observed at 355 41.%, 6, 72 and

75.2F2N) Lttt GKS OF G f esdichricarbidf’RThe réddindery RA O

of the peaks concur with the active metals, ruthenium and platinum. Due to the
lower loadings for the bimetallic catalysts and overlapping with the larger SiC

peakssome ofthese peaks are harder to distinguish

Metallic platinum has been shown to Imeore active than platinum oxide
for CWAO of phendt'®> and the peaks occurring at 8048 and 67.5 for all but
2% Ru/SiCGatalyst are characteristic of metallic glatm'®. Indicated by the
dotted red lines, lhese peaks are most noticeable for the 2% Pt/SiC catalyst. No
peaks associated with ionic platinum were observed in the diffraction patterns,

suggesting all the platinumetected by XRD analysgists as metalli Pt
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Ruthenium oxide peaksndicated by the dotted blue lineare observed
at 29, 5# and 67 for all the ruthenium containing catalysts, with no peaks

observed for metallicutheniumt’.18

When pure SiC was analysed using XRD, no platinum or ruthenium oxide
peaks were present, confirming the successful impregnation of the metals on the

support.

4.2.2 Surface area studies

The Brunauer Emmett Teller (BET) method was used to determine the
surface area of the catalysts. Since they are all supported on the same silicon
carbide support, similar surface area values are expected, the results cantbe see

in Table 4.2.

Table4.2 Surface area values determined usingabsorption and BET theory of the
Pt and Ru bimetallic catalysts supported on SiC

Catalyst Qrface area(m? g?)
2% R/SIC 254
1% RI/1% R/SIC 24.1
1% R /1% RU/SIC 26.5
1% Ri+ 1% B'SIC 27.7
2% RI/SIC 24.5
SCsupport 26.3

i -Sids notorious for having a low specific surface a?@md commercially
availablg -SiC typically has surface areas of approximately Zbn? g12°2% The
range of surface areas exhibited by the catalysts are in agreement with this typical

value.

The surface area values are within +3.6gh of each other. Given the @

5 % error associated with the BET method, it can be assumed that the addition of
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ruthenium via primary or secondary step impregnation had little effect on the

catalyst surface area.

When compared with the support material, typically a decrease in specific
surface area is observed for some supported metal catalysts, due tadtinee
metal blocking the micropores of the porous supparSiC has an ordered, highly
crystalline structure, as observed in the XRD pattern as large, sharp peaks, which
is known to have low porosity. The low porosity of SiC means that impregnated

partides are less likely to have a significant effect on the surface area.

The BET results in Table 4.2 show small deviations in the surface area of
the catalysts compared with the SiC support material, however these differences
may not be considered significhdue to the inherent error of the method. It is
worth noting that these values are an average taken from measuremenigd 2
samples. When also factoring in any potential instrumental or human error, this
could explain the minor differences observedtie surface area between the

catalysts and the support material.

4.2.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) measures the mass of a sample as a
function of temperature and can give an indication as to whether ¢htalysts
mayundergo any mass related changes during the reaction. TGA can evaluate the
thermal stability of catalysts under an oxidative environment at elevated
temperatures similar to the environment in CWAO. The TGA profiles for the bi

metallic and mon-metallic catalysts are shown in Figure 4.2.
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Figure4.2 TGA profiles for the dmhetallicand monemetallicSiC catalysts

Once calcined at 508C, the majority of the catalysts, with the exception

of 1% Ru/1% Pt/SiC, showed less than a 0.75 % masgechprto temperatures

of 800°C. When the temperature increases beyond 800a mass gain is observed

for all the catalysts, this is caused by buoyancy effects within the TGA instrument.

As the temperature increases, the density of the gas surroundingctheible

RSONBF&8a FyR (Kda SELISNASYOSa | t8aa

gain in the TGA profile.

1% Ru/1% Pt/SiC exhibited?2 %mass change betweeh00¢ 270 °C the

TGA profile, along with the first derivative, which represehts tate

mass change has occurred, is present in Figure 4.3.

at which the
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Figure4.3TGA profiland ' mass derivative (dT&)r 1% Ru/1% Pt/SiC

The mass loss observed for the ruthenium piogpregnated on Pt/SiC
catalyst occurs in two steps, and the respective peaks on the dTG profile are
centred at 130°C and 263C. Any mass loss attributed to the removal of any
residual solvent would be expected to occur below 2T, therefore the mass
loss observed for 1%Ru/1% Pt/SiC is likely caused by remaining metal precursor
not fully decomposing during calcination. Since the platinum precursor underwent
two calcination steps during catalyst preparation, the mass loss is more likely
caused by decomposition of the rutheim precursor, Ru(acac)The degradation
of Ru(acag)has been reported to occur between 2Q®20°C, under oxidative
atmosphere$*. When part of a supported metal catalyst however, the thermolysis
of Ru(acae)can proceedviaa more complex pathway compared to that of pure
Ru(acac) When supported on AD: and SiQ, the decomposition of Ru(acac)
occurred in two steps, resulting in two peaks on the dTG profile, much like what is
observed for 1% Ru/1% Pt/3iC

Ruthenium is otahedrally coordinated in Ru(acachy six oxygen atoms,
and as such the acetylacetonate (acac) ligands are not necessarily all equivalent

with respect to their orientation to the support surface. The ligands which are
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oriented towards the support, andhus, involved in hydrogen bonding with
surface hydroxyl groups, can undergo a premsisted mechanism of thermolysis
below 200°C®%. The acetylacetonate ligands, which do not interact with the
surface hydroxyls, undergo thermal destruction at a highengerature, centred
around 27C°C. Plyuteet al.>> observed an increase in proteassisted thermolysis,
when reducing the loading of ruthenium, due to the increased proportion of

Ru(acag)which can interact with the support.

4.2.4 Scanninglectron microscopy (SEM)

Scanning electron microscopy (SEM) was used to visually analyse the
surface of the catalysts and provide approximate information on active metal

particle shape and size.

4.2.4.1 Microscopy studies of 2% Pt/SiC

As discussed in Chapter 3, the bright spots on SEM images indicate the

presence of heavier elements, in this case platinkigure 44 shows SEM images
of 2% PY/SiC.

N 30um

Figure4.4SEM images of 2% Pt/SiC at 2k and 5k magnification

The SEM images show the presenceanfié platinum particles ranging

from 5 um¢ 800 nm. The particle size range achieved here is on the largenfend
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the scalefor what is typically sought after for supported metal catalysts; smaller
platinum particles(>100 nm) are desirable due to the irase in exposed metal
atoms and thus, the number of potential active sit€atalysts prepared by
impregnation methods typically give rise to larger metal particles than other
catalyst preparation method$, and the platinum particle size range of $iC is
within those seen in the literature. When supported on FJi@latinum particles
have been observed in an array of sizes, ranging from 45@ Q85 nni+2830,
Although smaller metal particles are preferable, the size does not necessarily

dictate how active the catalyst will be for CWAO.

By use of EDX mapping it is possible to ascertain the elemental

composition. The EDX mapping of 2% Pt/SiC is displayed in Figure 4.5.

By AR ¥

Figure4.5EDX mapping of 2% Pt/SiC

The elemental composition consisted ofygen, platinum, silicon and
carbon. The platinum appears well distributed across the surface, which is in

agreement with the SEM images. The oxygen appears absent in the spots where
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the platinum is more concentrated, suggesting the platinum exists in tegliic

form, as confirmed by the XRD pattern. The oxygen present on the surface is likely
chemisorbed oxygen or frorBiQ amongst the SiC support. In the presence of
oxygen, the outer layer of SiC can undergo passive or active oxidation 4o SiO
althoughthis reaction is negligible unless operating at temperatures exceeding
600°C for extended periods of tini€*2 SiQ has an amorphous structure and will
therefore notdisplay any sharp reflections the XRDtypically Si@gives a very
broad signal around 25%. For diffraction to take place long range order is
necessary, some surface layers of Si@y not have long range order, and will

thereforebe invisible by diffraction.

4.2.4.2 Microscopy studies of 1% Ru/1% RES

Since ruthenium is postnpregnated on Pt/Sir this catalyst, the bright

spots in the SEM images could indicate either ruthenium or platinum.

N D97 x20k 30pm N D95 x50k 20pm

Figure4.6 SEM images of 1% Ru/1% Pt/&iCk and 5k magnification

The SEM images of 1% Ru/1% Pt/SiC (Figure 4.6) are not dissimilar to those
of 2%Pt/SiC, however the metallic particles appear smaller with the largelse of t
particles being approximately 1 um in size. As with platinum, when supported on
TiQ, ruthenium has also been observed in an array of particle sizes, ranging
between 3 nmg 40 pnv+36,
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Figure4.7 EDX mapping of 1% Ru/1% Pt/SiC

The EDX mapping ofdlcatalyst (Figure 4.7) shows a high distribution of
ruthenium; an increase in oxygen content is also observed compared with 2%
Pt/SIC. The active ruthenium component was shown by XRD to bg Ru®it is
likely to be a contributing factor for the high@ercentage of oxygen observed.
Comparison of the Ru and Pt mapping show overlapping between the two metals,

which could potentially indicate the formation of sorhemetallic particles.

Bimetallic particles can exist in a variety of differanthitectures, such as
alloys, core; shell and monometallic mixtures. These different configurations can
give rise to different properties and-netallic particles of the same size, shape

and composition can exhibit significant differences in catalystiac®’. Figure 4.8
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displays a graphical representation of alloy, careshell and monometallic

architectures for a P¢ Ru bimetallic catalyt

Figure4.8 Graphical representation of different bimetallic architectuneberePt is black
and Ru is red (a) PtRu alloy (b) Ru edteshell (c) linked monometallic nanopieles®

When developing catalysts for the CO PrOX reaction, Alayeighl3®
found Ru core; Pt shell nanoparticles to be both moreteve and more selective
than their alloy or monometallic counterpartgywards CO oxidation. The coce
shell architecture allowed for enhanced catalytic activity through a combination
of increased availability of Gitee Pt surface sites and a hydrogessasted Q

dissociation mechanism which led to an accelerated reaction rate.

Bimetallic alloy particles can also improve catalysed oxidation reactions, in
which the more oxophilic metal can act as an oxygen activator, which then
facilitates oxidation of an adsorbed reactant on the neighbouring, less oxophilic

metal centre®40

The composition and architecture of bimetallic particles are important
parameters which can markedly affect the catalytic performance ahdtallic
catalystd!“?and although it is not possible to ascertain the architecture of these
bi-metallic particles though SEM, techniques such as higholution transmission
electron microscopy (HRTEM) and Fourier transform infrared spectroscopy (FTIR)

of probe molecules can help provide further insight.

Although HRTEM images of differing bimetallic architecturesaggorear
almost identical, with the use of EOine scans it is possible to differentiate
between them. In the case of cogeshell particles, the EXline scans will show a
higher distribution of metal towards the centre for the core metal, and higher
distribution towards the edge of the particle for the outer shell metal. For

bimetallic alloy particles, the BDine scans will show a Gaussian distribution of
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both metals for a random (alloy) arrangement, whereas monometallic particles

will be easily distingghed from the presence of only one metal.

FTIR CO probe experiments can also aid in the identification of bimetallic
architectures. For alloy and monometallic mixtures, two peaks corresponding to
the presence of CO adsorbed on both metals would be grpewhereas for core
¢ shell structures only a single peak would be observed, due to the presence of

only one metal on the outer surface of the bimetallic particle.

Characterisation techniques such as temperature programmed reduction
(TPR) and-ray phobelectron spectroscopy (XPS) can also provide further insight.
Upon alloying, the reduction temperature of a metal can be shifted from that of a
single metal, which could be made apparent through TPR. XPS analysis may also
reveal changes in binding energi®f certain metals when part of Jmetallic
particles. Unfortunately, these techniques were unavailable during the course of
this research and consequently, it is not possible to definitively confirm the
existence of bmetallic particles in these catakgs Although the EDX mapping may
show overlapping of the two metals, this could be the result of one metal sat upon
the other, not necessarily as part of a mixed metal particle, which would require

further analysis to verify.

4.2.4.3 Microscopy studies of 1% Pt/1% Ru/SiC

X0k 30pm D95 x5.0k 20 pm

Figure4.9SEM images df% Pt/1% Ru/SiC at 2k and 5k magnification
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The SEM images of 1% Pt/1% Ru/SiC (Figuraré.8)milar to those seen
for the previous catalysts. The particles are marginally larger than those for 1%

Ru/1% Pt/SiC, but still well distributed over the surface.

:\PM

A.\ toh

,‘é
.!‘
i |

Figure4.10EDX mapping of 1% Pt/1% Ru/SiC

The EDX mapping of the catalyst (Figure 4.10) shows some larger
ruthenium particles ovdapping with platinum, suggesting the potential presence
of bi-metallic particles. The mapping of ruthenium is much less distinctive than
that of the 1% Ru/1% Pt/SIiC, this could be the result of a platinum surface layer or
Ru coreg Pt shell particles. Ieither case, this would require further analytical

techniques to confirm, some of which were discussed in the previous section.
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4.2.4.4 Microscopy studies of 1% Pt + 1% Ru/SiC

N D96 x20k 30pm N D95 x50k 20pm
Figure4.11SEM images of 1% Pt + 1% Ru/SiC at 2k and 5k magnification

The SEM images for the simultaneous impregnation of Ru and Pt (1% Pt +

1% Ru/SIC) (Figure 4.11) catalyst shows fewer bright spots than the previous two

bi-metallic catalysts. The eémpregnation could potentially allow for an increase
in bimetallic partices and thus produce a catalyst with less exclusively platinum

or ruthenium particles.
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Figure4.12EDX mapping of 1% Pt + 1% Ru/SiC

The EDX mapping (Figure 4.12) shows independent ruthenium patrticles,
larger than those observed for platinum. Companedh Pt, larger ruthenium
particles are observed for all the-bietallic catalysts, suggesting their presence is
not influenced by the order of impregnation during catalyst preparation. Both

metals show high distribution over the surface.
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4.2.4.5 Microscopy studies of 2% Ru/SiC

Ok 30um - D9.6 x50k  20pum
Figure4.13SEM images of 2% Ru/SiC at 2k and 5k magnification

SEM images of 2% Ru/SiC (Figure 448 well dispersed metal particles
of sizes less than 1 um, smaller than those seen for the exclusively platinum

catalyst.

Figure4.14EDX mapping of 2% Ru/SiC

The EDX mapping of the Ru catalyst (Figure 4.14) confirms the high Ru
dispersion, coupled with a high oxygen dispersion, whichatisibuted to

ruthenium being in the oxidised form, confirmed by the XRD analysis.
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4.2.5 Energy dispersivenay spectroscopy (EDX)

Energy dispersive-pay (EDX) spectroscopy also allowed for quantification
of the weight percentage of each element presewithin the sample. The SEM
images could not distinguish between the different metals and so EDX was used
to quantify the weight percentages of Ru and Pt. The weight percentages were
measured at a minimum of 5 points throughout the samples and the average

values are shown in Table 4.3.

Table4.3Average EDX atomic weight percentageRofand PSiC catalysts

Catalyst Pt Ru S C 0]

2% R/SIC 9.98 54.86 29.74 5.38
1% RI/1% R/SIC 2.77 1.14 48.98 37.71 9.31
1% R /1% Ru/SiC 7.39 0.79 63.84 23.26 451
1%Ru + 1% B'SIC 0.46 0.61 56.97 35.29 6.53
2% RI/SIC 3.36 54.63 35.07 6.74

Since the catalysts are primarily comprised of silicon carbide support, it is

not unsurprising that the EDX shows the highest weight percentage for Si and C.

The platinum weight percentage for the Pt/SiC catalyst is inflated when
compared with the 2 % nomal metal loading, suggesting that the majority of the
platinum exists on the external surface of the SiC suppetfiet, andis not as
distributed throughout the bulk of the support. The high weight percentage of
metal on the external surface of the sumpwas to be expected given the chosen
impregnation method used for catalyst preparation, whereby the metal is added
onto the SIiC support as opposed to methods such apreoipitation. Metallic
active sites are more accessible to passing phenol molewatdiea on the surface
of a catalyst, rather than embedded within the pores. Therefore, platinum is more
effective on the surface of the support, as this can reduce mass transfer limitations

and promote oxidation.
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For the Ru posimpregnated on Pt/SiC cataly there is a higher weight
percentage of platinum compared with ruthenium. The same trend is observed
when the sequence of impregnation steps is reversed, with Pt-pastegnated
on Ru/SiC, but with a larger difference between the metal weight percestag
Differences between the nominal and measured metal loadings could be a result
of nonrepresentative sampling, where the sampling occurred at points which were
not representative ofthe overall catalyst in which case additionadampling is
necessary t@chieve a more accurate depiction of the catalyst. Disparities in the
absolute metal content of the catalysts compared with the nominal loading can
also result in lower measured weight percentages, techniques such as inductively
coupled plasma mass spectnetry (ICAMS) can help determine the absolute

metal loading.

Further on in Chapter 5, a more detailed analysis of the metal loading on
the external and internal surfaces of the SiC pellet has been carried out, confirming
the measured metal loading to bénslar to the nominal loading when the whole

catalystpellet is considered.

Small weight percentages (<0.08 %) of sodium were also observed in the
EDX analysis. Commercial supports often contain trace impudfjtieewever
analysis of the pure SIiC support revealed negligible amounts of sodium. More
likely, sodiumcame aboutwithin the impregnation process and addition of the
metal precursors, through factors such impurities in other chemicals or unclean or

contamimted glass wear

4.3 Catalyst activity studies

In previous studies, 2% Pt/SiC achieved nearly 100 % phenol conversion in
the same trickle bed reactor at 16C and 13.1 ba*. When conversions reach
100 % it is not possible to gain a true comparisoraghlytic activity, as only a
portion of the active sites may be contributing to oxidation at any given time.

Furthermore, any deactivation of the active sites may not show in terms of
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decreased activity if only a fraction are required to achieve completeversion.
C2NJ 0KAa NBFaz2ys FyR 3IAQPSYy G(GKS KeLRGOKSaA:
as reliant on high operating pressures due to the ability to adsorb oxygen directly

from the gas phase, the operating pressure was reduced to @g.bar

The phenol conversion as a function of time at 260and 7 bag) for the

Pt and Ru catalysts is showrFigure 4.5.
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Figure4.15Phenol conversions as a function of time for Ru and Pt supported on SiC catal
bargyand 160°C

Even at the reduced pressure, with the exception of 2% RuU/SIiC, the
catalysts achieved greater than 98 % conversion during the 180 minute testing
period. The vast majority of the heterogeneous catalystdewed in Chapter 2
required oxygen partial pressures greater than 5{awhereas the platinum
containing SIC based catalysts are able to achieve almost complete phenol
conversion with an oxygen partial pressure of less than 1.gb@he 2% Pt/SIC
catalyst took between 10@ 120 minutes before stabilising at full conversion.

When Pt/SiC was posinpregnated with ruthenium (1% Ru/1% Pt/Si@)e
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catalyst exhibited an induction profile resembling 2% Pt/SiC, but with a slightly
longer stabilization peod of 150 minutes. When the sequence of impregnation
steps was reversed, with platinum pastpregnated on Ru/SiC (1% Pt/1% Ru/SiC),
the induction period increased to 170 minutes. When ruthenium and platinum
were ceimpregnatedon SiC (1% Pt + 1% Ru/S@)induction period of 10Q 120
minutes was observed, similar to 2% Pt/SiC, however, the phenol conversion

exceeded the exclusively platinum catalyst during this induction period.

The rate of phenol conversion during the first half of the inductionqxeri
is increased when emnpregnated with platinum and ruthenium, although this
does not reduce the total precious metal loading, an initial rate increase can be
beneficial to the starup of a CWAO reactor. In practice, during reactor stigt
the exit feed would be fed back into the reactor until conditions allowed for 100
% conversion and the wastewater could be safely released; if the time taken for
the catalyst to reach complete conversion is reduced it can help optimise reactor

start-up and improve prcess economics.

Pollutant conversiong time profiles such as these, consisting of slow
conversion rates during the initial induction period before transition to a steady
state or total degradation of contaminants, are not uncommon in CWAO processes
and other free radical based catalytic oxidation mechaniSi<6. Langmuirg
Hinshelwood type rate equations have been used to describe induction periods,
which account for the adsorption of both phenol and dissociation of oxygen, as
well as the surfacegactions which govern the reaction réf¢’48 The presence
of certain reaction intermediates has also been thought to be responsible and the
induction period is often attributed to the necessary time required to achieve a

critical concentration of orgda radicalé®.

Hydroquinone, a reaction intermediate for phenol oxidation, can be
utilized as a free radical initiator. Since WAO proceeds through a free radical
mechanism, any such compounds able to act as free radical initiators will affect
the reaction rate. Vaidyat al.>° observed enhanced initial reaction rates upon the

addition of trace amounts of hydroquinone and proposed that the presence of
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hydroquinone during liquid phenol oxidation, results in the formation of hydroxyl

and perhydroxyl radicals which in turn influenthe rate of oxidation. Under
SEOS4a 2Ee3Sy O2yRAGAZy&as 2y0S8 FT2NXYSREZ
benzoquinone and hydrogen peroxide, before further oxidation to carbon dioxide

and other low molecular weight produdfs The oxidation reaction of

hydroquinone is outlined ifrigure 4.16

OH O

+ O2 —_— + H202

OH O
Figure 4.16 Oxidation of hydroquinone
Catechol, another reaction intermediate of phenol oxidation, will also
dzy RSNH2 NI} LIAR 2EARFGAZ2Y Ay -ehzéqHidoe NA OK
and hydrogen peroxidé. The resulting production of hydrogen peroxide, from
either intermediate, leads to the formation of hydroxyl and perhydroxyl radigals

as shown by Equations 4.1 and 4.2 respectively.

00 ©¢0 O Equationd.1
00 0 ° Q) Equatiord.2

By observing reaction rates under oxygen rich and inert nitrogen
atmospheres, Kolaczkowsial.>? established the production of hydroxyl radicals
(Equation 4.1) to be the principal path for hydrogen peroxide decomposition
under CWAO conditits and primarily responsible for radical formation. These
hydroxyl radicals then participate in the oxidation reaction, oxidising other phenol
molecules, creating further radicals, thus increasing the reaction rate. This
autocatalytic behaviour is respoide for the induction period and the reaction
approaches a steady state as the production and destruction of these radicals

reaches equilibrium.
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The difference in the induction periods for the platinum containing
catalysts could therefore be a result ca@h catalysts ability to quickly oxidise
phenol, allowing for the increased production of radicals. The similar convegsion
time profiles for 2%Pt/SiC and 1% Ru/1%Pt/SiC (Ruippsegnated on Pt/SiC)
suggest similar catalytic behaviour, with the preserof ruthenium causing a
slight elongation in the induction time. The catalyst with the longest induction
period, Pt posimpregnated on Ru/SiC (1%Pt/1%Ru/SiC), was shown by SEM to
have larger metal particles on average in comparison to the other casalybis
increase in metallic particle size results in a reduced metallic surface area, thus a
reduced number of potential active sites on the surface. Fewer active sites on the
surface, where they are more accessible to the reactants, could result mgarlo
induction period (as seen in lbige 4.13) as the generation of the critical number

of radicals would be more gradual.

For the 2% Ru/SiC a stable phenol conversion between73% was
observed with no apparent induction period. The low activity ackdefor this
catalyst further indicates platinum to be the primary active metal for the CWAO
of phenol, but partial substitution with ruthenium can maintain, and in the case of
co-impregnation (1% Pt + 1% Ru/SiC), marginally exceed the activity of Pt/SiC

under these conditions.

4.3.1 Catalyst selectivity

Catalyst selectivity is also an important parameter, even if 100 %
conversion is achieved, the ability to direct a reaction towards a particular product
can greatly affect the overall catalyperformance. In terms of CWAO, the ability
to direct a reaction to complete oxidation to €&hd HO is the target. Incomplete
oxidation of contaminants in wastewater requires that wastewater to undergo
further treatment before it can be safely releasedbithe environment, increasing

the complexity of the purification process.
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The selectivity of the catalysts was assessed by monitoring the
concentration of partial oxidation products produced during the reaction. The
concentrations of formic acid, aceticid, oxalic acid, fumaric acid, hydroquinone,
maleic acid, benzoquinone, catechol antlytiroxylbenzoic acid present in the off
stream were all measured by HPLC. For the Ru and Pt/SiC catalysts only the
presence of formic, acetic, oxalic, maleic acids &l as benzoquinone were
detected in the treated wastewatefigire 4.17 contains graphslisplayingthe
concentration of these intermediates as a function of time for the CWAO of phenol

(for which the phenol conversion rates are showrrigure 4.15).
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Given the numerous reaction intermediates associated with phenol

oxidation and to help better relate this data to the overall reaction mechanism,

the reaction schematic proposed by Devéih al>® (discussed in Chapter 1) is

presented in Figure 4.18. The partial oxidation products detected in the end

stream have been highlighted in red.
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Neither hydroquinone or catechol were detected in the treated

wastewater, making it difficult to assess which pathway the oxidation reaction
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initially took. The absence of these compounds is not unsurprising as once (if)
formed, they would be readily oxidised to the correspondipgra or ortho

benzoquinoné*#’.

The oxidation product observed in the highest concentrations was
benzoquinone (Figure 4.1@. The platinum containing catalysts exhibited high
initial benzoquinoneoncentration followed by a decrease to less than 1 rhgd
the reaction approached a steady state. The exclusively ruthenium catalyst
displayed almost consistent benzoquinone concentration of approximately 10 mg
X throughout. Although thenalysis method was unable to differentiate between
0KS &G NHzO ( daNY Rbenkai#ngre, NEe Selectivity of the oxidation
product can be influenced by the extent of oxygen coverage on the platinum
surfacé®. For Pt/SiC, where the platinum exigtsthe metallic state, oxidation is

more likely to occur in therthoLJ2 & A (0 A 2 ¥ T -b&tBoguizbné.A y 3 A Y

It is unclear whaeffect the addition of Ru@ (post, pre, or co impregnated)
had on the preferred oxidation orientation; oxidation in tipara position can
result in polymerisation, which can lead to molecules such-agdoxybenzoic
acicP®. No 4hydroxybenzoic acid was present in the treated water for any of the
catalysts, however, this does not necessarily confirm oxidation througlortine
posgtion as the low liquid to catalyst ratio in trickle bed reactors will also decrease
the potential for polymerisatio?® and oxidation in either orientation can still

progress to Cg&and HO.

Maleic acid (Figure 4.17A) was the intermediate present inltveest
concentrations; only the Pt/SiC and Ru pwspregnated on Pt/SiC catalysts
observed concentrations of maleic acid greater than 0.1 rhgThe 1% Pt/1%
Ru/SiCcatalyst showed a gradually decreasing amount of maleic acid as the
reaction approached steady state regarding phenol conversion, whilst the Pt/SiC
only showed the presence of maleic acid after 100 minutes, before also
decreasing. The presence of two réae centres  COOH group anddC double
bond) in maleic acid is responsible for the higher reactivity with oxygen compared
with other short chain acid intermediate® which can account for the relatively
lower concentrations observed for maleic acabmpared to oxalic, formic and
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acetic acids. The absence of fumaric acid, the trans isomer of maleic acid, can be
attributed to the low concentration or lack of maleic acid in the treated

wastewatef’.

Maleic acid can be the result of eithieenzoquinone isomer and is a crucial
intermediate in phenol oxidation. The continued oxidation of maleic acid can
proceed through a number of pathways and intermediates, namely, o&alic
acrylic acids. Oxidation to oxalic acid is preferred over oxidati@crylic acigdas
acrylic acid subsequently degrades to acetic acid, a highly refractory end
product®. Given the presence of formic and acetic acids in the reaction media for
all the catalysts, the oxidation of maleic acid must therefore procei@doth

oxalic and acrylic acid pathways.

Oxalic acid (Figure 4.17 B)gresentm low concentrations of <1 mg*L
thus, despite the rapid increase and decrease in concentrations observed for 1%
Pt/1% Ru/SiC and Pt/SiC, the amount of the acid present ieridestream is still
very minimal. For the Pt postpregnated on Ru/SiC catalyst, the concentration
of oxalic acid diminishes as the reaction reaches steady staths accompanied
by an increase in formic acid (Figure 4.17 D) once at steady staténcraase in
formic acid suggests that once at steady state, any oxalic acid is hethgr
oxidised to formic acid. The exclusively Pt catalyst displays a slightly different
trend, with an increase in oxalic acid concentration near the end of the reactio
period. As the concentration of oxalic acid increases for Pt/SiC, the formic acid
concentration decreases. Although it is possible for formic acid to be a product of
the oxidation of glyoxylic and acrylic acids, the increase or decrease in oxalic acid
concentration accompanied by a decrease or increase in formic acid respectively,

suggests formic acid is likely the product of oxalic acid oxidation.

The catalysts all displayed similar concentrations of formic acid (Figure 4.17
D) at approximately 3 mglL After 120¢ 130 minutes, once the reaction had
reached steady state, the Pt/SiC and Ru + Pt/Si@pregnated catalysts showed
a complete reduction in formic acid concentration, suggesting total oxidation of

phenolviaformic acid, resulting in the deed end products C£and HO.
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Acetic acid is often cited as the most difficult to oxidise intermediate in the
phenol oxidation pathway and is frequently the major compound formed during
CWAO of various organt$?. Acetic acid (Figure 4.17 B) was olbserin higher
concentrations, <20 mgi.compared with the other short chain carboxylic acids
present. The Ru posmpregnated on Pt/SiCcatalyst showed a steady
accumulation of acetic acid as the reaction proceeded, whereas Ru/SiC and Pt
postimpregnated on Ru/SiC displayed consistent concentration of approximately
5 mg L throughout the reaction. Similarly to formic acid, Pt/SiC andRtte- Ru
coimpregnated catalyst exhibited a complete reduction in acetic acid
concentration once the reaction reached steady state. Acetic acid can further
decompose to C&directly orvia formic acid®; given no increase in formic acid
was observed forither catalyst after the reaction reached steady state, it is likely
the acetic acid was fully oxidised to £@5iven the presence of acetic acid in the
end stream, the oxidation pathway would halieely proceededvia acrylic acid,
which although not mesured here, has been observed in the end stream of other

CWAO operatiorf46°

Of the reaction intermediates detectethe majority were present in very
low concentrations, and were in agreement with those proposed by Detah®?,
Although it was not pssible to determine the initial reaction pathway, due to the
lack of distinction between the benzoquinone isomers, the CWAO of phenol
proceeded through maleic acid to acrylic and acetic acid,va@dxalic to formic
acid. For the Pt/Siand Pt + Ru compregnated catalyst, a diminish in the majority
of partial oxidation products occurred once the reaction reached steady state. Any
intermediates remaining in the end stream will require further treatment,
therefore their identification iparamount so the appropriate treatment method,
if necessary, can be selected. Knowledge of the reaction pathway can also aid
future development of catalysts towards the complete destruction of phenol, or

perhaps preferential production of a particular proct.

To help correlate the production of the partial oxidation products with the
phenol conversions achieved by the catalysts®e selectivity of the catalysts

towards CQ@was calculated. Since it was not possible to directly measure the
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concentration of CQ during the reaction, instead the reaction intermediates
measured by HPLC were used to calculate the selectivity. By calculating selectivity
in this manor, a number of assumptions are being made, which must be
considered. As the concentration of ©®@as not being measured, it is assumed
that no other intermediates are present in the end stream, and all carbon

unaccounted for was GO

The more common partial oxidation products were measured by HPLC
analysis,however, not all of them were. Succinic acidyrfexample, has been
observed in trace amounts during phenol oxidaffonAlthough unlikely to be
present, as production would require the hydrogenation of the carhararbon
double bonds in maleic acid, which would not be expected to occur to a sigmifica
degree under the oxidizing conditions of CWAGhe absence of this compound
cannot be definitively confirmed since its concentration was not measured. The
concentration of acrylic acid, another previously observed reaction intermediate,
was also not maasured. Consequently, the assumption that all carbon
unaccounted for was GO may result in an inflated selectivity value for the
catalysts. Other intermediates, such as muconic acid cdid%o-3-hexenedioic

acid are expected to be too short lived toliate®*.

The selectivity (at time t) for each of the catalysts was calculated using

Equation 4.3, and then plotted as a function of time (Figure 4.19).

By
Y p PO Wp T TT

Equation4.3, whereS, = selectivity of product p atime t (%), 8=concentration of partial

oxidation product at time t (moles) o+ concentration of phenol at time0 (moles)n: =

concentration of phenol at time t (moledyl =Molar ratio of moles of product/moles of
substrate

and the termB — calculates the moles of phenol partially oxidised to form reaction intermediates.
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Figure 4.19 Selectivity as a function of time for the Ru and Pt SiC catalysts for CWAO
at 160°C and 7 bay)

All the platinum containing catalystsxhibited high selectivity towards
CQ, with 2% Pt/SIC achieving the highest selectivity of 99.9 % after 150 minutes.
The remaining platinum catalysts achieved selectivity values within 2 % of this
after 170 minutes, whilst the exclusively ruthenium casalgchieved a selectivity
between 36.5 77.8 %, which gradually decreased as the reaction proceeded. The
co-impregnated catalyst showed the highest reaction rate for phenol oxidation
during the first 100 minutes, this was accompanied by a decrease ialinit

selectivity (92.8 %) when compared to the other Pt containing SiC catalysts.

As the majority of the catalysts achieved near 100 % selectivity, it is hard
to assign a trend and definitively correlate the activity with selectivity. The high
selectivity of the platinum catalysts (even during the induction period) does
further prove them to be promising catalysts for CWAO of phenol. The lower
activity observed for the exclusively ruthenium catalyst, accompanied by its lower
selectivity, suggests platinuno tbe the more active metal for CWAO, when
supported on SiC. Since the catalysts are operating at near 100 % conversion, only

a portion of the active sites may be contributing to oxidation at any given time,
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thus it is possible platinum largely is respoteifor the high activities observed
and the addition of ruthenium had little impact on catalytic activity. Partial
substitution of Pt with Ru, however, can considerably lower costs, and maintain
high catalytic performance under these conditions, and cardfore be applied

to further optimize the SiC catalysts.

4.4 Postreaction catalyst characterisation

Characterisation of the catalysts was repeated pestction to determine
whether the catalysts underwent any chemical or physical changes durid>CW

testing.

4.4.1 Powder xray diffraction (XRD)

Analysis of the catalysts pesgaction by XRD can reveal any phase
changes the active metals may have undergone during CWAOQO. Catalyst
deactivation caused by leaching or oxidising of the active metabbas shown
for CWAQB®768 XRD analysis of the used catalysts, displayed in Figure 4.20, may

provide evidence of this.
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Figure4.20Powder XRD patterns for Ru and Pinteitallic SiC catalysts pegaction

The XRD patterns of thgost-reaction catalysts are similar to their pre
reaction counterparts, with no significant reduction in peak size observed for the
peaks corresponding to Rg@nd Pt. Posteaction XRD analysis also revealed no
new peaks, indicating no oxidation of thephum or reduction of Rugoccurred

during CWAO.

4.4.2 Thermogravimetric analysis (TGA)

TGA of posteaction catalysts can identify any carbonaceous deposits that
may have accumulated on the catalyst surface. Any carbon impurities adsorbed
on the catalyswould be oxidised and identified by a mass loss in the TGA profile.

The TGA profiles for the pestaction catalysts are presented in Figure 4.21.
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Figure4.21TGA analysis of Ru and Pt SiC catalystsrpastion

The primary cause of deactivationrf@WAO frequently reported in the
literature is the deposition of carbonaceous species on the catalyst surface
inhibiting access of pollutants to the catalyst active $te&ny mass loss observed
below 150°C is characteristic of water, whilst mass lossurring between 20Q
500 °C can be attributed to adsorbed carboxylic acid grétip<Latalyst
deactivation caused by strong adsorption of acetic and formic acid has been
previously reported for CWA® both of which were observed in the treated
wastewatea for all the catalysts. Less than 1 % mass loss occurred for all the
catalysts up to 600C, when compared to the 0.5 % mass loss observed for the
pre-reaction catalysts, this indicates a very slow buwifdof carbon deposits during

the 3 hours of testing

4.5 Conclusion

Substitution of platinum by ruthenium for St@talysts was investigated

for CWAO of phenol. The XRD revealed the active metal components to be RuO
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and Pf, whilst SEMEDX showed high distribution of both metals on the SiC

surface.

Thrifting of the metal loading by partial substitution of platinumith
ruthenium showed minimal reduction in selectivity and activity towards phenol
conversion at 160C and 7 bag. When fully substituted by ruthenium, the activity
dropped below 7 % conversion, indicating that when supported on silicon carbide,

platinum is a more active metal for CWAO of phenol than ruthenium.

During the induction period, the selectivity towards 8@s greater than
92.8 % for all the platinum containing catalysts, with measurable concentrations
of carboxylic acids and benzoquinonetefged in the off stream of the reactor.
The exclusively platinum catalyst exhibited the highest selectivity of 99.9 %. All the
catalysts impregnated with platinum achieved a selectivity >97 %, whilst the

exclusively ruthenium catalyst achieved the lowsslectivity of <77.8 %.

No catalyst deactivation was seen during the period of testing, and post
reaction analysis by XRD and TGA showed no significant changes when compared

to the prereaction counterparts.
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Chapter 5

Effect of surface area on silicon carbide catalysts
for CWAO ophenol

5.1 Introduction

As previously seen, BiChas been shown to be a very effective catalyst
for the CWAO of phenaol, this is believed to be becauge bfhy@réphobic nature,
with 2 % PtEiCachieving 100 % phenol conversion at 7 gand 160°C. It is
proposed that the hydrophobic nature @iCallows for a secondary oxidation
mechanism, not reliant on the kinetically difficult step of oxygen dissolution, as

discussed in Chapter 2.

Silicon carbide has an orderdughly crystallinestructure, asndicated by
the large, sharp peaks seen in the XRD, and has a notoriously low surface area.
CRLIAOKETe&s O2Y YSENEBsAalshrface ar¢a@f lgsd thad 8afn |
which greatly affects its desirability as an industrial cataygtport Surfae area
can play a major role in catalytactivity, and increasing the surface area of a
catalyst has been directly linked to increased activity on multq@easion$?
Often, if the surface area of the support is increased, the dispersion of the metal
nano-particles is increased, thus the number of exposed metal atoms, which are
typically the active sites, is increased, allowing the catalyst to achieve higher
activity. To makesiCmore industrially viable, a higher surface area is necessary.
¢ KNBSECa tzZLJILI2 NIIa ¢SNB 200G+ Ay S Rormal@uNace{ L/ ! ¢ ux
areas, SiCt 25 m?g?, SiC4 30 m?g?, and aTiGSiCcomposite¢ 90 m?>g?l. A
sacrifice was made i A rashing strengttwith increasedsurface area, but for
the purposes of CWAO it is more than adequate. A catalyst containitig 2

platinum was preparediaincipient wetness impregnatiofor eachSiCsupport.
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To be able to effectively compare these catalyst supports, a hydrophilic
catalyst 2% Ru/5% ceria/alumina, proven to be effective for phemoddatior?,

was also prepared and tested, alongside the silicon carbide based catalysts.

Due to the similar nature of the catalysts, a shorthand key was used to help

clearly distinguish betweethem, which is outlined in Table 5.1.

Table 5.1 A shorthand key used to distinguish between the catalysts used in this chapter
Code Active component(s) Qupport
K7 2% Platinum Silicon carbide 1.6 mm Trilobe extrudate,

25m 2g! nominal surface area

Calcined at 500C

K8 2 % Platinum Silicon carbide 1.6 mm Trilobe extrudate,
30 ng! nominal surface area
Calcined at 500C

K9 2 % Platinum Silicon carbide and titanium carbide composit:
1.6 mm Trilobe extrudate,
90 n?g! nominal surface area
Calcined at 500C

K10 | 2% Ruthenium, Aluminag 450¢ 600 pum granules

5% ceria Calcined at 500C

5.2 Prereaction catalyst characterisation

A variety of characterisation techniques were employed to investigate
catalyst structure and composition, which can then allow correlations to be made
with activity towards CWAO. A combination of bulk and surface sensitive

techniques were used to investigahow the catalysts might behave in terms of
promoting oxidation.
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5.2.1 Powder Xay diffraction (XRD)

XRD analyses the bulkomposition of the catalysts; the resultant
diffraction angles of the peaks are characteristic of specific crystal structure,
allowing the components of each catalyst to be identified through comparison
with a reference database. Figure 5.1 shows the alition profiles for catalysts

K7, K8 and K9.

2[
Metallic platinum (Pt)---------
Platinum oxide (Ptg) ---------

Figure5.1Powder XRD patterns of catalysts K7, K8 and K9

The diffraction patterns for the Pt/SiC catalysts are, as expected, very
similar, with the majority of the peaks attributed to SiC. The large, sharp peaks
present at 35.5, 41.%, 6, 72 and 75.3 all concur vk { filicon carbidé The
titanium carbide peaks expected for K9 occur in almost identical positions to SiC,
making them indistinguishable from the aforementioned SiC peakise most
noticeable difference between the catalysts are the peaks, which are

characteristic of metallic platinufp occurring at 49 46 and 67.5, indicated by
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the dotted red lines in Figure 5.1. These metallic platinum peaks are significantly
smaller for K7 than the equivalent peaks for K8 and K9. Further analysis of XRD
pattern shows the presence of platinum oxide (BjOfor K7, indicated by the

dotted blue lines at 33%and 54.3, these peaks are absent for K8 and K9.

Bothmetallicplatinumand platinum oxide have proven to be active for the
CWAO of phenol, however, lower catalytic activigs beenobserved forPtQ
compared with metallic Pt on identicaupports. Platinum oxide mayalso
promote oxidation at the less favourable para position, which can increase the
potential for polymerisation of the reaction produéts. Thereduction in loading
for metallic Pt as some Pt formBtQ,, couldnegatively impact the catalytactivity

of K7, when compared with K8 and K9.

o 10 20 30 40 50 60 70 80

2‘
Figure5.2Powder XRD pattern of catalyst K10

Ruthenium Oxide (RuP-.--------

Alumina---------

The XRD pattern for K10 (Ru/ceria/alumina), displayed in Figure 5.2,
showed the presence of ruthenium oxide, Rué@t 3%, 47.% and 54 (indicated
by the dotted red lines) with no peaks characteristic of metallic Ru occurring at
45°, 48, 50 and 521213 While some of the peaks for metallic Ru would overlap

with those for Ru@ the lack of peaks seen at%and 52 are an indication tht
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metallic Ru is unlikely to be present. XRD considers the bulk of the sample and
identification of small nanoparticles are not visible, and so small particles of
metallic Ru on the surface may not have been detected, this also applies for
surface Pt@regarding K% 9'4 The combination of this and the background noise
mean that the absence of metallic Ru cannot necessarily be confirmed through
XRD data alone. Techniques such-asyxphotoelectron spectroscopy, however,
can help identify surface speciaad determine the surface oxidation state of the

metal.

The remainder of the peaks can be attributed to ceria & 38 and 47.3
and alumina occurring at 3”,545.% and 67, indicated by the blue and green

lines respectively. These values are supeoiby those in the literaturé16

By use of the Scherr€requation, it is possible to estimate the average
crystallite size of the activmetal for each catalyst. The results can be seen in Table

5.2.

Table 5.2 Average platinum crystallite sizedatalysts K7, K8 and K9 and average ruthenium

crystallite size for K10

Catalyst K7 K8 K9 K10
Averagecrystallite diameter(nm) 135 18.7 186 25.6

Smaller crystallites are preferable as it implies a higher surface area of
exposed metal atomdeading to more available active sites. K8 and K9 show
similar platinum crystallite size of approximately 18 nm, with the estimate for K7
around 13 nm; the ruthenium crystallite size for K10 was the largest at 25 nm.
These results are in accordance witlosle seen in the literature, when supported
on TiQ, an average platinum crystallite size of 16 nm was obséfv&lculation
of the crystallite size is a useful characterisation tool in catalysis, however, it is
important to consider the associated error with the Scherrer equation and note
that is largely an estimate of crystallite size. The Scherrer equation t@3eoa
the assumption that only the grain size is responsible for peak broadening and for

analysis to be meaningful, the peak width must be purely that pertaining to the
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material and free from effects such as instrumental broadetfindpefects,
dislocatiors or micrestrain in the sample, brought about by catalyst preparation,
can also cause discrepancies in the XRD pattern, and thus estimated crystallite
sizeC. Typically, when in the regime of <100 nm, a deviation of approximately 15

% can be expected wharalculating crystallite siadathe Scherrer equatiofi.

5.2.2 Surface area and pore volume studies

Nitrogen adsorption using the BET method was used to measure the
surface area of the various catalysts, whilst a helium pycnometer was utilized to

analyse the pore volume, the results of which are presented in Table 5.3.

Table 5.3 Surface areasqgY) determined using BET nitrogen adsorption of catalysts K7, K8, K9
and K10 and pore volumes (&) determined using helium pycnometf/catalyst supports
(before calcination) and catalysts (after calcination) at 300

Catalyst Catalyst Nominal Catalyst pore Support pore
surface area surface area volume volume before
(m?g?) (m2g?Y) (cm*g?) calcination(cm®g?)
K7 29 25 0.3 0.3
K8 35 30 0.3 0.3
K9 34 90 0.3 0.3
K10 110 - 0.5 0.5

Upon characterisation of the catalysts by BET, it became apparent that the
calcination step during catalyst preparation had adversely affected the surface
area of K9. K7 and K8 both exhibited surfaces areas slightly higher than the
nominal values specificaly the supplier. The alumina chosen for K10 consisted of

KA3IK & dzNEUmdS solthistiatger surface area was as expected.

The pore volume of the catalysts and uncalcined supports was also
measured using helium pycnometry, but no apparent changsore volume was
observed between the supports and their corresponding catalysts. As previously

mentioned in Chapter 4, SiC is known to have low porosity and thus, the
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impregnation of metal particles is less likely to have a significant effect on the

surface area and pore volume. The alumina support for K10 shows an increase in

L2 NRaAGe O2YLI NBR gAGK { A/ lafiRinadm®e YA NJ |
established in the literatu®?3 Songet al?* observed novariations in pore

volume or pore size wheplatinum was impregnated on to TiGsuggesting that

the insertion of the metal particles did not significantly modify the textural

properties of the support

To confirm the calcination process was responsible for the loss of surface
area observed for K9, the SI@Csupport underwent heat treatment for 2 hours
at 300 °C, 400°C and 500°C. The resulting surface areas measurements,
determined using the BET mettipare shown in Table 5.4 and compared to the

pre-calcined support.

Table 5.4 Surface areas irf gt determined using BET nitrogen adsorption of K9;T8Gupport
calcined between 306500°C

Qrface area(m?g?)

K9 SCGTiCsupport, uncalcined 98
K9 SCGTiCsupport, calcined at 30@ 32
K9 SCGTiCsupport, calcined at 40T 31
K9 SCGTiCsupport, calcined at 50@ 33

Even at temperatures as low as 3@) the large loss in surface area is still
observed.Further analysis of SiiC is required to help determine the cause of
this surface area change. Although not necessarily the determining factor for an
effective catalyst, increasing the surface area has been shown to have a positive
effect on catalyst atwvity for CWA®P. With this in mind we would expect K10 to
be a well performing catalyst, however there are several other physiochemical

properties such as crystalline structure and hydrophobicity to be considered.
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5.2.3 Thermogravimetric analysis (Ap

TGA is a technique that monitors the mass loss of a catalyst as a function
of temperature. It can be used as an indication of thermal stability, as well as
showing the temperature range for the decomposition of metal precursors when

deciding on an appmriate calcination temperature.

To obtain a better understanding of the surface area loss observed for K9,
the pure support, along with the supports for K7 and K8 were subject to TGA

analysis, theesults of which are presented in Figur&5.

104 L 1 L 1 L 1 L 1
102
S
P L
(%)
o
5 100 -
(%))
©
2 -
98 -
—— K7 SiC support B
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—— K9 SIiC-TiC support
96 I T I T I T I T I T I

0 ' 1(I)O ' 200 300 400 500 600 700 ' 8(I)O
Temperature (°C)

Figure5.3TGA profile of Si&éhd Si€TiCsupports

It is apparent from the TGA profile that the SI& support undergoes a
significant mass change above 380, most likelyresponsible for the loss of
surface areabserved forK9 during calcinatioriThe firstderivative (dTG)which
represents the rate at which the mass change has occuisqutesented in Figure
5.4 for the TGA profile of SIGC.
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Figure5.4TGA profiland ' mass derivative (dT®f K9SiCTiCsupport

TheTGA and dT@rofiles of Si€TiC reveal an initial mass increase of 3.5 %
centred around 418C, followed by a 2.5 % mass decrease centred around@&60
Moeneet al 26 reported partial conversion of SiC to S#Delevated temperatures
(800°C) under air, whilst noonversion was seen under reducing&mosphere.

The rate of oxidation was increased with the higher surface area silicon carbide
samples, with a 6@ 70 % conversion to Si@bserved after 10 hours at 100C.

The passive oxidation of SiC was accompabyjed loss in surface area, much like
what is observed here for K9, however due the low temperature at which the mass
change occurs, it is unlikely that the production of S#Qhe primary causé. The

K7 and K8 Sklipports also show no such mass change.

Whilst investigating the oxidation of polycrystallinesSiG composites
between 700¢ 1200°C, Jiet al?® observed the presence of Ti@t the lowest
temperature studied (700C), whilst the oxidation of SiC tdzwas not observed
until temperatures exceeded 90C. Barsounet al2°also observed the formation

of a surface oxide layer forsBiG composites during heat treatment. Si®@as only
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seen at temperatures above 90Con the inner layer of the sample, whilst BiO

was observed on the surface at temperatures below this.

The oxidation of TiC to TiChas been observed at 408C, under
atmospheric pressui&s% which is in line with the temperature the mass change
occursfor the K9 support. Bellucet al 32 observed the partial substitution of TiC
with oxygen, forming a TiO, phase, which also resulted in a reduction of surface
area. Furthermore, the production of @@as observed, which may account for
the mass loss observed at 66C. This suggests the oxidation of TiC to, TiO
occurred duringalcinationand further explainghe absence of a surface area loss
observed for K7 and K8, as no TiC is present in these supports. Additional

characterisation of K9 is necessary to confiims.

To confirm the Si€TiC support would not undergo any further mass related
changes after catalyst preparation, the calcined catalysts were also subject to TGA

analysis, the results of which are presentedrigure 5.5.
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Figure5.5TGA profile of K7, K8, K9 and K10 fresh catalysts

Once calcined th&iC catalysts shomo further significant mass changes

up to 600 °C. K10 shows approximately a 2miass losswhich the derivative
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reveals to be centred around 88C. Mass loss observeelow 150 °C is
characteristic of wadr evaporating fronthe surface and given the use of water as
a solventduring the preparation for K10, this is most likely the cause for the

observable mass loss.

TGA can also provide an insight into the relative hydrophobicity or
hydrophilicity of a solid. A hydrophilic catalyst will adsorb more watérich
would be reflected in the TGA by a more prominent water loss curve. Alumina is
regarded as hydrophilic due fits high degree of surface hydroXyhctionality?3.
When a water droplet comes into contact with such a surface it will form dipole
interactions with the hydroxyl groups, increasing the adhesion between the
catalyst surface and water, resulting in srealtontactangles*. SiC exhibits low
surface hydroxylfunctionalit? and thus is considered hydrophobic. The
preparation of K10 involves a 24 hour impregnation period where the alumina
support is submerged in water; to allow for an accurate comparisonya&also
subjected to the same immersion period and then dried in an identical manner as
K10. The TGAnd dTG profilefor K9 and K1@re shownin Figure 5.6 and 5.7

respectively.
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The TGA and dTG profiles for K9 show a 0.1 % mass loss centred around 60
°C, whereas & % mass loss is observed for K10, centred arourfi€88y use of
the TGA data and the BET surface area measurements (Table 5.3), the amount of
water present in the TGA samples per surface area was calculated, the results of

which are displayed in Table5b

Table 5.5 Comparison of hydrophobicity defining parameters for K9 and K10

K9 K10
Temperatureat which the fastest mass loss it 62 80
reached(°C)
Masslost as water(mg) 0.040 0.699
Total surface aregm?) 1.07 3.37
Amount of water persurface area (mg ) 0.037 0.208

The TGA data suggest K10 to be the more hydrophilic of the two catalysts,
with over 560 % more water absorbed per surface area than KStehgerature
at which the fastest mass loss is reached is also lower for K9.h@draphobic
material, the molecules in water interact with each other more strongly than with
the surface of the material, resulting in larger contact anfle¥he energy
requiredfor evaporation is therefore lower than on a hydrophilic surface, tue
the reduced interactiofP. These results conclude K9 to be the more hydrophobic

and justify the use of K10 as the conventional hydrophilic catalyst.

5.2.4 xray photoelectron spectrscopy (XPS)

XPS is an important characterisation tool in catalysis and helps provide
information on the surface of a solid sample. It enables the elemental composition
to be determined, as well as quantification and identification of oxidation states
of elements present on the sample surface. For the SiC catalystg 9 7he

carbon 1s, silicon 2p, oxygen 1s, platinum 4f, and for K9, the titaniuari®{als
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were probed using XPS. Tbarbon 1s scan for KK8 and K9 is shown in Figure
5.8.
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Figureb.8 Carbon 1s XPS profile for kap(left), K8(top right) and K9 (bottom midd)je
The XPS profiles of K8 and K9 shows one well defined peak centred around
a binding energy of 283.5 eV, indicagithat the surface carbon in both catalysts
is found in the same, singular environment. Although this peak is also shown in

spectra for K7, the presence of the shoulder at a higher energy is indicative of a

150 Page



Chapter5 - Effect of surface area on silicon carbide catalysts for CWAO of phenol

second carbon environment, absent in K8 and Kfrobable explanation for a
second carbon environmentould be adventitious carbon left over from the
decomposition of the metal precursor, Pt(aca@lthough it is uncertain as to why
this would be observed for K7 and not K8 and K9 given the identical preparation
steps. Carbon deposition on platinum has been shown to be promoted by high
temperatures®3’ and it is possible the temperature reachedring calcination

may have promoted carbon deposition on the catalyst surface from the

acetylacetonate, resulting ia second carbon environment.
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Figure5.9Platinum 4 XPS profile for K7

Figure 5.9 presenthie XPS spectra of Pt 4f for Kihichshows two distinct
peaks around 71 and 74.5 eV. According to the literature, the binding energies for
Pt 4f7, and 4% are 71.1 and 74.4 eV, respectivi&P. Thus, the XPS spectra of
Pt 4f for K7 can be assigned t&@,Rt PtQ were present, caesponding peaks for
Pt2* at binding energies of 73 and 76.3 eV would be expeétéithe XRD pattern
for K7 (Figure 5.1gstablished the presence of Pt@uggesting the oxidexistsin
the bulk of the catalystwhilstthe surface is almost exclusivatyetallic platinum
ThePt4f profiles for K8 and K&e also characteristic of metallic platinum and can

be found in the appendix
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Figure5.10Titanium 2p XPS profile for K9

The peaks in the titanium 2p XPS profile fo{Kigure 5.10are typical of those
seenfor titanium in TiQ, in a +4 oxidatiostate, at binding energies of 458.6 and
464.2 eV for Ti 2 and Ti 2p- respectively®4?43 It was previously discussed
that during calcinatiorK9 undergoes mass related changeesultingin a loss of
surface area. The oxidation of TiC to sIwdthin the support was thought to be
responsible and the Ti 2p spectra characteristic ob Tu@her strengthens this
hypothesis. The Ti 2p XPS spectra for TiC typically displagak at 455 e%#,
however, lvanovskayaet al*® observed the Ti 2p spectra of commercial TiC
samples to be more complex due the presence of various oxidised stale®nof
the TiC surface. A peak corresponding to the Tibond was observed at 454.6
eV,the absence of @eak at this binding energy for K9 and presence of only one
titanium environment, suggest all the TiC on the surface of the sample has been
fully oxidsed to TiQ.

A second carbon environment would have also been expected in the C 1s
spectra for K9 if TiC wepgesenton the surface of the catalyst, typically occurring
at 281 eV®. No TiQ peaks wereobserved in the XRpattern for K9(Figure 5.1),

suggestingl'i® maybe located in small layergrimarily on the surface.
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Figure5.110xygen 1XPS profile forK

Hgure 5.11 shows the oxygen 1s spectra for K9; O 1s spectra can typically
be split into three components, peaks around 52%eYfespond to lattice oxygen,
whilst peaks occurring at 534 532 eV are characteristic of adsorbed oxygen
species and peaks around 533 eV are typical of adsorb®f.H heSiC catalysts
all exhibited a distincipeak around 532 eV, characteristic of suréaadsorbed
oxygen speci¢$“8 Asmall shoulder towards a lower binding eneegyzompanied
the peakfor K9,which could correspondo O* within TiQ, typically occurring at
230 eV, Oxygen in a Ti@nvironment would further confirm the oxidation of TiC
during calcination, however, oxygém adsorbed carbonate GBgroups has also

been observed at a similar binding enetgy

Higher percentages of surface oxygen species may promote oxidation
reactions by influencing the surface characteristics and adsorption behaviour.
Chemisorbed oxygen has been shown to be more active than lattice oxygen for
oxidation processes, as it can more easily exchange with gas phase oxygen or

molecules adsorbed on catalysfrface® 4951,

For K10the aluminium 2p orbital, ruthenium 3d orbital and the cerium 3d

orbital were probed.The Al 2p orbital revealed a single peak at a binding energy
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of 74 eV*?, which is characteristic of alumina, the XPS profile for which can be

found in the appendix. Figure 5.12 shows the Ru 3d and Ce 3d spectra of K10.
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Figure5.12Cerium 3d (left) ancuthenium3d (right) XPS profilefor K10
The complicated Ce 3pectra is formed by two series of peaks consisting
of 32 and 3 at 881¢ 898 eV and 90Q 918 eV respectively. The cerium 3d
spectrum shows evidence of €eand Cé*, the peaks at 900 and 916 eV are
characteristic of C¥, whilst the lack ofdefinition around the peak at 882 eV
indicates the presences of both forRi$* Rocheet all® observed an increase in

the ratio of Cé": Cé* with increasing Ce loading for TiOeQ catalysts.

The Ru 3d spectra for K10 is characterisedhey3ds;, peak located at
280.5 eV and 3gb peak at 285 eV. The peak at the lowest binding energy and
accompanying shoulder at 281 eV is typical of Ru® If metallic ruthenium were
present on the surface a peak closer to a binding energy of 280 eV would be
expected?’. The existence of Ru@nd absence of Rare in agreement with the
XRD pattern for K10.

XPS also provided elemental weight percentages (Table 5.6), which gave
an interesting insight into the platinum concentration at the surface of K7, K8 and

K9
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Table 5.6 Average atomic weight percentagswfface elements faratalysts K7, K8 and K9
measured using XPS

Pt S Ti C O
K7 111 33.9 - 20.8 34.2
K8 6.8 38.0 - 22.2 33.0
K9 2.9 39.1 1.0 18.6 38.3

Each catalyst was prepared with a 2 wt% loading of platinum, however the
XPS analysis revealed a much higher percentage of the active metal. The catalysts
were prepared by impregnatiorand so it is expectedhat platinum be present
primarily on the surfag of the catalyst, but mape dispersed differently. Further
characterisation techniques are required to get a full picture of metal distribution

on the catalyst.

The weight percentage of oxygen on the surface of K9 is higher than seen
for K7 and K8; possibly due to the oxidation of surface TiC to FdD activated
carbon catalysts, a high percentage of surface oxygen species gave rise to

increased activity for CAC®,

5.2.5 Scanning electron microscopy (SEM) and energy dispersive x

ray spectroscopy (EDX)

SEM is an analytical technique widely used to visually analyse the
topography ofa solid surface, often used in conjunction with EDX, which provides

elemental analysis, to give an insight into particle shape, size and distribution.
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5.2.5.1 Microscopy studies of K7 catalyst
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Figure5.13SEM images of K7 at 2.2, 18.5 and 111 kx magnification

Figure 5.13 displays the SEM images of catalyst Kbyitpet spots on the
images indicate the presence of platinum. At the higher magnification, and with
the help of EDX mapping, the platinum appears to be densely spread over the
external surfaceof the catalyst pellet which could be responsible fothe high

metal weight percentages seen in the XPS.

The SiC catalyst supparbnsistedof 1.6 mm trilobe shaped extrudates
with a maximum length of 0.5 cm. A cressction of the extruded pellet was
obtainedby dissecting the pellet width wise, by use of a scalpel. The-sgxg®n
wasthen reexamined under SEM to establish whetlagry platinum exists within
the internal pore structuref the pellets.The crossection SEM images of K7 can

be seen irFigure 5.14
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Figure5.14SEM images of K7 catalyst peltedbss section (top left), boundary between externe
surface and cross section (top right) and inner cross section (bottom middle)

The images of the dissected catalyst show a porous inner region in contrast
to the less permeable outer external surface. The presence ofnpilatiis only
seen on the outer surface of the pellet, with no metal observed in the innercross
section of any of the samples. This not only results in a high external pellet surface
metal concentration, but also implies a low dispersion of the metal thnowd the

inner pore structure of the catalyst.

Inhomogeneous covering of catalyst supports by the active material has
been previously seen for catalysts prepatdimpregnation®, and was the result
of sufficiently weak interactions between the metal precursor and support

material during preparation. The catalyst preparatiaa impregnation and low
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porosity of SiC may both contribute to the low dispersion ofiplan observed for

K7.

5.2.5.2 Microscopy studies of K8 catalyst
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Figure5.15SEM images of K8 at 2.2, 18.5 &%d4kx magnification
The SEM images of K8enin Figure 5.15appear similar to the images of
K7, with the platinum localised on the external surface of the pellets. The platinum
appears to exist in more distinguishable particles, unlike an almost continuous
surface layer as seen for K7, which could be a resulteohtgher surface area of

K8.

As with K7, a crossection of the catalyst pellet was examined, the SEM

images of which can be seen in Figure 5.16.
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Figure5.16 SEM images of K8 catalyst pekaternal surface (top left), cross section (top rigmtl
inner cross section (bottom middle)

From the crossection SEM images of KiByas clear the platinum did not
permeatepastthe externalsurfaceof the SiC support pelletturing impregnation
with no Pt observed within therosssectional aea. The inner pores for K8 also

appear smaller than those for K7.
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5.2.5.3 Microscopy studies of K9 catalyst

Figure5.17SEM images of K9 at 2.2, 18.5 abddkx magnification

The SEM images of Kbgure 5.173how distinguishable platinuparticles
ranging from sizes 2 15 um.The Pt particle size range achieved by K9 is larger

than those typically seen in the literatufer Pt supportedmetal catalyst§°62

The crosssection of thecatalystpellets for K9 was also analysed by SEM,

the images of which can be seen in Figure 5.18.
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