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Abstract

Organic wastewater pollution arising from indusya growing concern. Industries are
increasingly faced with more restrictive environtanregulation with regards to
pollutant emissions and an increased interestdnaieg water consumption. Existing

wastewater treatment can be limited by cost andieficy.

In this research, a treatment methodology for thatinent of organic wastewater was
devised based on a two step aqueous adsorptiorcaatytic oxidation process. An
organic pollutant selected from the EPER database successfully adsorbed onto a
transition metal modified zeolite. The saturatedlite was then removed from the
aqueous phase and then underwent temperature pnogh oxidation. In this step the
adsorbed pollutant was successfully oxidized inte telatively benign terminal
products of carbon dioxide and water. Additiondhg desorption of organic chemicals
and the production of carbon monoxide where subassninimized. As a result the
modified zeolite was essentially regenerated ats@mme time as the pollutant was

destroyed.

Phenol was selected as the model pollutant duestcaadqueous solubility and its
environmental toxicity. It is released into wastater streams throughout Europe in

large volumes and is particularly prevalent in aggon research.

The zeolite chosen was zeolite Beta (BEA), a lgsggee commercial zeolite with an
ordered three dimensional structure. A range afsstio alumina ratios for zeolite beta
were used including 25:1, 75:1, 150:1 and 300:1e Tholites were modified with
copper by a cation exchange method, and a rangeatites was created with varying
copper loading. It was found that cation exchanggeu normal conditions was largely
dependent on the alumina content of the zeoliteyelver all samples could be ‘over
exchanged’ by raising the pH to 7. This could regsulalmost 100% of the copper in
solution being exchanged on the zeolite surface. ddpper zeolites where found to be
stable in solution under a pH range of 5-11, anyi@kkr than 5 resulted in significant
leaching. The modified zeolites were examined bynperature Programmed Reduction

(TPR) which revealed that the nature of the cogpecies on the surface varied with



available cation sites (silica to alumina ratioppper loading and pH treatment.
Platinum exchanged zeolites were also synthesisededl as bimetallic copper and

platinum exchanged zeolites.

The adsorption of phenol from the aqueous phaseewasiined using eight different
zeolites HB-25, H$-75, HP-150, HH-300, 1.3Cys-25, 2.1Cup-25(p), 0.7Cy3-150
and 2Cu-150(p). The adsorption largely followed pseudoosecorder kinetics and
mostly occurred within the first 10 minutes of cactt It was also found to be mostly
independent of pH. The adsorption capacity was dotm increase as temperature
decreased. The thermodynamic parameters reflebiedamhd suggested a spontaneous
and exothermic adsorption process. The increasdicd to alumina ratio was found to
significantly increase the adsorption of phenabnfrl7 mg ¢ (H-B-25) to 36 mg g
(H-p-150). It was also found that copper loading inseeh adsorption: 45 mg™g
(2.1CuB-25(p)) and 66 mg§(2Cuf-150(p)).

Temperature programmed oxidation was carried o wide range of phenol saturated
copper, platinum and bimetallic zeolites with vaso loadings. The
desorption/oxidation products were analysed throagimass selective detector. The
results indicated that the copper modified zeolitskiced the temperature of oxidation
considerably from the native zeolite. In additiom this, no desorbed phenol or
fragments thereof were detected after modificati©arbon monoxide was also reduced
to approximately 5% of the carbon dioxide mass.ofparison of CQpeak area and
the adsorption studies revealed that up to 95%sbided phenol was oxidised. It was
found that increasing the copper loading not onigreased the intensity of the €0
peak but also noticeably reduced the temperaturexmfation. For example, a peak
maximum at 45%C was observed for 0.9Qu25 and this was reduced to 3Z8for
4.6Cup-25(p). The platinum and bimetallic platinum angbger zeolites all exhibited a
two step oxidation taking place first at approxietat250C and then at approximately
400°C. Platinum loading was found to have little effentoxidation temperature within
the range studied. However, increasing the coppadihg in the bimetallic zeolites

reduced the temperature proportionately.

The over exchanged copper zeolite 2.P2B(p) was examined over six repeat

adsorption and oxidation cycles. The adsorption amdlation was found to be



consistent throughout, however atomic absorpti@ctispscopic analysis on the reused
adsorbent/catalyst found that a substantial amoluleaching occurred leading to a loss
of up to 74% of the exchanged copper over five eydlefore the leaching ceased. It
was discovered that the leaching was largely altrefuthe high temperature of
oxidation. Reducing the oxidation temperature to0°60 reduced copper loss
significantly. It was also found that by alterifgetpH of the adsorption solution to 7,

that copper loss could be almost completely eliteidan batch adsorption studies.
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Chapter One Introduction

1 Introduction

1.1 EPER Database

In response to Article 15(3) of the European CouDoective 96/61/EC, the European
Pollutant Emission Register (EPER) was establishsl. stated in a commission
decision on 17 July 2000, Member States are required “to invenamd supply data on
principal emissions and responsible sources” aati“the commission will publish the
results of the inventory every three years and gstblish the formats and particulars
for the transmission of information provided by tlember States” (Official Journal of
the European Communities 2000).

The EPER covers 50 pollutants or groups therellodf avhich are deemed hazardous to
the environment and/or human health. Many of treselisted within Annex X of the
Water Framework Directive, Annex | of Directive 648/EEC and Regulation 793/93
("The European Pollutant Emissions Register - Palig" 2006). Threshold limits are
set out in annex Al of the EPER decision. If th#sesholds are exceeded by any
facility in any Member State for any of the 50 pidints covered, then emission data
must be included in the report. Annex A3 of theisiea contains a list of activities,
thus only pollutant emissions produced in thesevides are counted towards EPER
thresholds (Official Journal of the European Comities 2000). There have been two
reporting years for the EPER, in 2001 (for 15 mendates) and 2004 (for 25 member
states) '(The European Pollutant Emissions Register - WiBaEPER?"2006). The
2007 report was handed over to the European PotliRalease and Transfer Register
(E-PRTR) and published in 2009. The E-PRTR wasigeh accordance with European
regulation (EC) No 166/2006 which was in turn brouground as a result of the
Aarhus Convention in 1998. It takes into account f@llutants, 65 activities, and
whereas the EPER deals with emissions to air artérvamly; the E-PRTR includes
emissions to land and offsite waste transfer. Aolditlly, while the EPER reports
mainly on emissions on the facility level; the EFFRreports on diffuse emissions
where the information is available. The scope # @axtended to the 27 EU member
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states as well as Iceland, Liechtenstein and Naniagovers some 24,000 industrial

facilities ("The European Pollutant Release and Transfer Regji010).

The EPER database is hosted on a website by tltop&am Environmental Agency and
contains a great deal of information displayed muaber of ways. Information can be
viewed by facility, which means searches can béop®eed on specific regions, cities,
towns and villages so that EU citizens can gaiarmftion on specific local releases for
each pollutant, either measured, calculated omestid. It can also be viewed by
pollutant and by activity.

There are some imperfections with the EPER, firgdyfocus on medium to large
industrial sites means that the fraction of ailyg@n recorded is often notably less than
actual emissions, for example carbon dioxide ewssirecorded by the EPER are
estimated to be 42% of the total carbon dioxidessians and methane is estimated to
be only 15% of total methane emissions. Europeamime states are their own
organisationally unique nations and as a resulhad= for monitoring the 50 pollutants
featured on the database can differ from placdaoep Due to the growth of the EU to
25 member states in 2004 and the addition of mauilitfes in the second report, a
trend between the two years cannot accurately e néhough the EPER report does
include information on individual facilities, comsons do not indicate their
environmental performance. This is because a faaiith exceptional environmental
performance may still create more emissions thae with comparatively poor

performance'(The European Pollutant Emissions Register - Qoeastio EPER2006).
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Table 1.1 Examples of some of the organic chemicalayps featured on the EPER database

Groups Examples
BETX Benzene
Ethylbenzene
Toluene
Xylene
Phenols Phenol

Chlorophenols

Nitrophenols

Brominated diphenylether Penta-BDE
(PBDE) Octo-BDE
Deca-BDE
Polycyclic Aromatic Benzo(a)pyrene
Hydrocarbons (PAH) Benzo(ghi)perylene

Benzo(k)fluoranthene
Fluoranthene
Indeno(1,2,3-cd)pyrene

Benzo(b)fluoranthene

Dioxins and Furans 2,3,7,8-tetrachloro-dibenzo-go<ui

Organic wastewater pollution as a result of industra growing concern. Industries are
increasingly faced with more restrictive environt@nregulation with regards to

pollutant emissions and an increased interestdaoaieg water consumption. Organic
wastewater pollution is a genuine threat to thdityuaf surface and potable water and

to the viability of aquatic ecosystems.

The purpose of this study was to examine one ocgamemical covered by the EPER,
examples of which are shown in Table 1.1 and devaldreatment method for use in
wastewater streams. Phenol was selected on fagicts as its environmental hazard,

large industrial release, low volatility and higlater solubility.
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1.2 Phenol

The model pollutant selected for this researcthenpl. It is the simplest member of the
chemical group known as phenols, all of which ciontn aromatic ring bonded to a
hydroxyl group. It is also known by the synonymsliedic acid, Monohydroxybenzene
and Phenylalcohol. It is a colourless or light pamistalline solid. Its molecular formula
is GHsOH, it has a boiling point of 181°8, a melting point of 40°€, a relative
density of 1.132 g cfhat 25C and a molecular weight of 94.11 g MoPhenol is water
soluble, up to 84 g drhat 20C (European Chemicals Bureau 2006). Phenol is
approximately 10times more acidic than alcohols of a similar sl=acidic character

is enhanced by the stability of the conjugate lsagkhown as the phenoxide or
phenolate ion) resonance structure (as in Figureahd the polar effect of the benzene

ring on the negative charge.
OH OH™ OH" OH" OH
< V
B )
DAY
7 C

Figure 1.1 Resonance structure of the phenoxide ion.

S

Because of these factors, less energy is requirddrin phenoxide from phenol than
alkoxides from alcohols. Phenol is thus a weak aaid has a pKof 9.95. This means
that in Figure 1.2, the equilibrium in water liesvards the left (Marc-Loudon 1995).

OH O

+ H,0 < — + H3O+

Figure 1.2 Equilibrium of phenol in aqueous solution.

Phenol is combustible and as a liquid it attackatiogs, rubber and some plastics
(Busca et al. 2008).
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1.2.1 Uses and Applications

The German chemist Runge first isolated phenol fowal tar in 1834 (Busca et al.
2008). Phenol is mainly produced artificially. 9% ®f the world’s phenol production is
via the Hock method from the three step cumenehgwig and oxidation processes and
to a lesser extent via direct oxidation of benzand by coal or tar processing, and
previously by the oxidation of toluene (Schmidt 208usca et al. 2008). As of 2008
phenol production amounted to approximately 8.7ioniltons per year (Pilato 2010).
Its primary use is as a chemical intermediate gaoic synthesis. Major products of this
include bisphenol A, phenol resins, alkylphenolsgprolactam, salicylic acid,
nitrophenols, aniline, adipic acid, diphenyl etharsl halogen phenols. In particular
Bisphenol A accounts for 44% of phenol consumptimrld wide as of 2007 while
phenol-formaldehyde resins accounted for 27%. lals® used to a lesser extent in
pharmaceuticals, cosmetics, biocides (slimicidelhesives and impregnation agents
(European Chemicals Bureau 2006). As of 2007 Wedterope represents the largest
consumers of phenol, followed by the United StateAmerica. Demand for phenol is
increasing especially in developing nations wheverd is a growing demand for
phenolic resins and Bisphenol A (Greiner and FurZgfg).

1.2.2 Environmental Hazard

The primary sources of phenol emissions includeraabile exhaust (either by direct
release or the photochemical degradation of benzemeémal metabolism and other
forms of incomplete combustion including bonfiré3ther diffuse sources include
domestic wastewaters, agricultural run-off and dieamspills. In industry, phenol
emissions can occur in facilities where it is usgdorganic synthesis and also in low
temperature carbonisation plants such as coke ahsnetallurgical processes, fossil
fuel refineries, pulp manufacture and leachate friamdfills (European Chemicals
Bureau 2006;"The European Pollutant Emissions Register - Palitg" 2006).
Industrial wastewater can contain phenol concentratof between 200-2000 mg d&m
(Altunlu and Yapar 2007).
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The majority of the atmospheric releases are thotmibe from diffuse sources not
monitored by the EPER database but under the reintiie new E-PRTR. The actual
guantities released into the air may be approxitpe&,000 tonnes per annum, but
phenol has a short photodegradation half-life gfrapimately 42 minutes so the larger
part does not dwell in any environmental compartménfurther 2,000 tonnes per
annum in Europe is thought to be released as & mdmuman metabolism in the form

of sewage (European Chemicals Bureau 2006).

Phenol’'s half life in surface water lies betweena@d 72 days as a result of
biodegradation depending on the time of year (Vazaget al. 2007). Phenol has a low
vapour pressure (20 Pa af@) and relatively high water solubility (84 g dmat 26C)

and as a result of this most industrial phenol ytmh occurs in the aqueous
compartment. Table 1.2 highlights the distributioih environmental phenol and its

prominence in the hydrosphere (European Chemiaaisd 2006).

Table 1.2 Percentage distribution of phenol in therevironment (European Chemicals Bureau 2006)

Compartment Percentage

Air 0.8
Water 98.8
Soll 0.2
Sediment 0.2

Figures 1.3 and 1.4 show the total emission of plseto water for 378 medium to large
facilities above threshold levels in the EPER’s 20feporting year (European
Chemicals Bureau 2006). The principal phenol saupresent in both direct and offsite
emissions are the metal industry, mineral oil amd gefineries and basic organic
chemical production. Coke ovens are overall thersgdargest contributor, with the

majority of their phenol emissions transferred figite wastewater treatment.
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O Metal industry and metal are
roasting or sintering installations,
Installations for the production of
ferrous and non-ferrous metals -
239541

B Bazic organic chemicalz - 13522t

O Minetal oil and gas refineries -

45991

O Bazic inorganic chemicalzs or
ferilizers - 39.511

B Cthers - 22.551

O Incluztrial plantz for pulp from
timber or ather fibrous materialz
and paper or board production
(=200 - 13,300t

Figure 1.3: Phenol emissions direct to wastewaten i2004 from medium to large facilities in 25 EU
member states (The European Pollutant Emissions Register - Pollutasit 2006).

v
\

O Coke ovens - 523001

W Metal industry and metal ore
roasting ar sintering installations,
Installstions for the production of
ferrous and non-ferrous metals -
E3TE1t

O Baszic organic chemicals - 1002t

O Mineral oil and gasz refineries -
Godat

B Pharmaceutical products - 83151
O Cthers - 37 541

Figure 1.4: Phenol emissions transferred to offsitevastewater treatment in 2004 from medium to
large facilities in 25 EU member states"The European Pollutant Emissions Register - Pollutes{
2006).

1.2.3 Toxicity

Extensive toxicity studies have been carried outaorange of aquatic organisms on
three trophic levels. Aquatic vertebrates are shtwhe sensitive to phenol exposure.
The salmonidOncorhynchus mykiss shown to be particularly sensitive to acute and
chronic conditions. A number of sample tests foermi toxicity on aquatic vertebrates

are shown in Table 1.3 representing typical uppet Bbwer limits. In contrast to
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Oncorhynchus mykiss, Jordanella florideerelatively more resistant to acute phenol
toxicity. Over a longer time span, low phenol cartcations have been observed to
affect the fertilised eggs of aquatic invertebrafBsis is apparent even in very small
concentrations with respect@ncorhynchus mykissepserved over periods of 4-8 days.
The fertilised egg is also affected under acuteditmms in the case dBrachydanio

Rerio.

Table 1.3 Acute and chronic phenol toxicity exposuréests on aquatic vertebrates (European
Chemicals Bureau 2006). LG, = Lethal Concentration, 50%, EG,, = Effective Concentration 10%.

Species Values  Concentration Exposure Notes
(mg dm™) Time
Jordanella floridae
- Flag Fish LCso 67.5 96 hrs Acute
Oncorhynchus LCso 5.02 96 hrs Acute
mykiss- Rainbow Chronic —

Trout ECio 0.002 - 0.065 4-8 days

Brachydanio

Fertilised Eggs
Acute - Fertilised

Rerio -Zebra Fish =09 7.9 36 hrs Eggs
Pimephales _
promelas — ECio 0.282 4-8 days Chronic —

Fathead Minnow Fertilised Eggs

Aquatic invertebrates are similarly affected by J@hort term phenol concentrations. In
various studieDaphnia magnais shown to have a typically low tolerance. Some
sample studies for various aquatic invertebrates sltown in Table 1.4. Other
invertebrates have wider ranging EC values: muss®i$,000 mg dm, snails 51-580
mg dm®, worms 32-1,080 mg dfand insects 7-1,800 mg dhfEuropean Chemicals
Bureau 2006).
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Table 1.4 Acute and chronic phenol toxicity exposuré&ests on aquatic invertebrates (European
Chemicals Bureau 2006). NOEC = No Observable Effectddcentration.

Species Values Concentration Exposure Notes
(mg dm®) Time

ECso 12-21 24 hrs Acute

Daphnia magna ECso 4.2-12 48 hrs Acute
LCs¢/NOEC 4/0.5 11 days Chronic

Palaemonetes Pugio  LCsp 5.8 96 hrs Acute

Asellus aquaticus LCso 180 96 hrs Acute
Ceriodaphnia dubia LCs¢/NOEC 9/0.84 8 days Chronic

Aquatic algae are also vulnerable to phenol inaitpeeous phase with acute s €alues
ranging from 7.5 to 370 mg di Microorganisms are somewhat more resistant but
problems can occur if larger concentrations enmtéo brganic wastewater treatment
where concentrations in excess of 100 mg*dman inhibit respiration and in excess of
450 mg dr? can result in growth inhibition in activated sledEuropean Chemicals
Bureau 2006).

Phenol has a low potential for bioaccumulationthubugh acute and chronic exposures
within the length of its aquatic half life and tip@ssible range of concentration in

industrial wastewater it can negatively affect dgpige throughout the trophic levels.

1.2.4 Human Health Effects

Phenol and its chlorinated products have an unaigaaste and odour. This taste and
odour is unpleasant in drinking water at low conions: 150ug dmi® for phenols
and between 0.2 and & dni® for chlorophenols. The negative effects of phernol o
humans increases beyond the aesthetic as conaamdgrase. The toxic effects of acute
phenol exposure in large concentration are dram@tienol is lethal through ingestion
(approx 140-290 mg kgof body weight), corrosive and absorbs throughskia and

mucus membranes on contact. Adsorption througskhecan also be lethal and effects
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are system wide resulting in nervous system andipreibrgan failure. Death can occur

from 30 minutes to several hours.

Chronic effects include nervous system, hepatinalfehaematopoietiand immune
system effects. Nervous system difficulties obseérire animals can include tremor,
convulsions, loss of co-ordination, paralysis, @@l motor and spontaneous activity.
Chronic exposure to the skin can eventually cayseeemal hyperkeratosis and
ulceration. However at low concentrations it camseaskin irritation. Phenol is not
believed to be carcinogenic; however in the preseichlorine it can form potentially
carcinogenic compounds. (Eksperiandova et al. 1998; EPA 2002; European
Chemicals Bureau 2006).

The limits of exposure are often difficult to quiéynt however in the US the
Occupational Safety and Health Administration (OStéAd the American Conference
of Governmental Industrial Hygienists (ACGIH) haassigned a TLV (threshold limit
value) of 5 mg dni for dermal contact for a time weighted averageaof8 hour
working day and a 40 hour working weelOdcupational Safety and Health
Administration1996). EU law no. 152/2006 sets a limit of fgpdm?in potable water,
0.5 mg dnT for surface water and 1 mg d&nfor sewage. As of 2000 the “German
Framework Administrative Guideline for Minimum Respments on the Discharge of
Wastewater into Water Bodies” stated a phenol inofex 0.15 mg dri¥, in 2002 the
Danish EPA set a phenol emission value of 0.02 mg,dn the UK there exists a non
statutory environmental quality standard for swefagter at 3Qug dm?, in India the
Ministry of Environment and Forests put a maximunemol concentration in industrial
water at 1 mg di, and the World Health Organisation put the maxinpotable water
concentration at 0.001 mg &mEuropean Chemicals Bureau 2006; Kamble et al.
2008).

1.3 Industrial Wastewater Treatment

Modern industrial processes will often produce wastter; this waste is frequently
toxic, environmentally persistent and if left urdied could cause serious human health

and environmental effects. Introducing toxic wasitax to natural surface and ground

10
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water can significantly reduce its quality and détsyuse to industry and consumers

alike.

In conventional wastewater treatment facilitiessteavater is treated in three basic and

subsequent stages:

* Primary Treatment - This focuses on the physicaloneal of large insoluble
solids such as grit, grease and larger objects dfteén consists of screening
(often called preliminary treatment) followed bydseentation and/or
grinding.

* Secondary Treatment — Involves the removal of delaloganic matter by
biological degradation. This can take place in hberoor anaerobic
conditions followed by settling tanks and/or fitican for transfer to tertiary
treatment.

» Tertiary Treatment — Where the removal of dissolaed suspended waste is
not sufficient in primary and secondary treatméstiiary treatment is often
used. This often involves more specific and advdnbelogical and
physicochemical processes (Ren 2004; Sonune anie G0@4).

The end product of wastewater treatment is to geeawater of sufficient quality to

reintroduce into the environment or for re-usenidustrial activities.

1.3.1 Treatment of Organic pollutants

In the past the focus of treatment was the remafvpbllutants in the form of collective
characteristics such as suspended solids, cheaxgglen demand (COD), biological
oxygen demand and harmful microorganisms. However ¢ontent of industrial
wastewater varies greatly and the individual charatics of different pollutants have
to be accounted for. Many toxic molecular organidlytants are either functionally
resistant to biodegradation (such as polycycliereatic hydrocarbons) or they are very
slowly biodegraded. The result of this is that fhalutant either ends up in solid
biological sludge waste with its toxic qualitiestaat, or it is released into the

environment. Additionally these compounds may bectdo the organisms used in

11
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biological treatment. A well designed plant mayyorémove some 65% of COD after

secondary treatment. This is why specific tertitngatments and pretreatments are
required for removing molecular organic chemic&eré-Titus et al. 2004; Sonune and
Ghate 2004; Qu et al. 2006).

1.4 Phenol Treatment in Wastewater

Phenol concentrations in industrial wastewater \cany from the very low (c. 0.1 mg
dm*) to dangerously high (c. 7,000 mg dnTable 1.5 shows the phenol concentration
ranges in a variety of wastewater streams (Gondlgioz et al. 2003).

Table 1.5 Concentration of phenols in wastewater stiams in a range of industrial activities
(Gonzalez-Mufioz et al. 2003).

Phenol
Industrial Process Concentration

range (mg dm?®)

Refineries 6-500
Coking Operations 28-3900
Coal Processing 9-6800
Petrochemical Manufacture 2.8-1220
Other Processes 0.1-1600

Typically the maximum permissible concentration @)Pof phenol entering the
environment is 0.1 mg drtin non chlorinated waters and between 0.001-0.0§2im*

in chlorinated waters (to reduce the chance ofticrganore harmful chlorophenols)
(Eksperiandova et al. 1999). As with other orggiecursors, at high concentrations it
is often worthwhile to recover the compound, howea® concentrations decrease this

becomes less cost effective and destruction isssacg.

1.4.1 Phenol Recovery

Phenol treatment in wastewater is achievable throag number of available

technologies. The optimal system necessary depemdsmany factors. When
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considering treatment methods, often the conceotrais significant enough for
recovery. This can be achieved using methods ssdizeotropic distillation, solvent
extraction and/or steam stripping (Busca et al.8200hese methods often incorporate
an integrated system involving a liquid-liquid exdtion stage, a distillation column and
a recycling stage. The extraction column utilizesextracting agent. The extracting
agent has increased solubility for phenol and sgparthe bulk of the pollutant to create
a phenol rich phase, and a water rich phase. Ttiacting agent is removed from the
top and is cleaned in the distillation stage, therml rich phase is ready for re-use and
the water rich phase goes to the final recyclirmgst The water rich phase can be
within the acceptable range of phenol contaminabiginit contains some trace elements
of the extracting agent. The purpose of the rengcéitage is to remove these elements,
for example through steam stripping ("QVF EnginegriGmbh" 2005; Pinto et al.
2005; Busca et al. 2008). Figure 1.5 illustratesirgegrated azeotropic distillation

process for the removal of phenols.

Phenol-
waste - —
water L

-

I~ ] K1

steam
—<::I steam e <'l:|
—O—[:> condensate

AT
waste
> water
cleaned

Phenal

—{_§
®

Figure 1.5 Schematic of a 3 step integrated procesacluding an extraction column (K1), a
distillation column (K2) and a stripping column (K3) ("QVF Engineering Gmbh" 2005).

These processes usually operate between 2 and h2¥tolpcontent and can use

environmentally benign solvents for extraction sashmethylisobutylketone (MIBK)
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which can be used in concentrations up to 30,00@img ("QVF Engineering Gmbh"
2005; Pinto et al. 2005). Despite this these methadjuire multiple cycles to be

effective and are costly to operate (Pinto et @03 Busca et al. 2008).

Membrane separation is a form of physical treatmewblving a porous membrane,
usually made out of a polymeric material which aafect or accept molecules or
particles based on shape, size and other propertiese are several different categories
of membrane primarily differentiated on pore size:

* Microfiltration — Macropores greater than 50 nndiameter.

e Ultrafiltration — Mesopores between 2-50 nm.

* Nanofiltration — Micropores smaller than 2 nm.

* Reverse Osmosis (RO) — Microporous under pressarescess of osmotic

pressure.

For small molecular organic compounds, a small gore is required in order to reject
them. Because of this reverse osmosis and naatibitr are the most suitable. However
as pore sizes decrease, shape and size no lomgerifyr decide the performance of the
membrane as there is a greater dependency ongithsical and chemical properties of
the membrane material and its interactions withpbkutant and its solvent (Judd and
Jefferson 2003).

Membrane separation has some advantages in thay#tem operates continuously;
there is no phase change and no need for cherematlants. RO specifically is efficient
at removing a range of organic molecules, espgcvatien combined with composite
membranes (Karakulski et al. 2001; Goncharuk et 2002). However, both

nanofiltration and RO can exhibit low retention émganic monomers of low molecular
weight such as phenols (Williams et al. 1999). Aiddally, the high and constant
pressures required for RO as well as the chanoeenfibrane fouling can drive up the
treatment cost. Despite this however, there has bdeancement in the form of Ultra-
low pressure reverse osmosis membranes which adurceethe pressure required

significantly using negatively charged surface ek#eristics (Ozaki and Li 2001).

A non destructive technique for removing phenoimembrane pervaporation. Unlike

other membrane treatments this relatively new m®aavolves the use of a hon-porous
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hydrophobic membrane with a vacuum or sweep gasedpio the other side. This
results in the selective diffusion of the orgarmenponent through the membrane which
is subsequently desorbed in vapour form on the sipp®@ide. The selectivity of the
membrane is based on its chemical potential relat\vthe target pollutant. This can be
maintained by adjusting the vacuum, partial pressud other parameters. A typical
pervaporation system would include the membranpeswted in a module, a feed pre-

treatment and delivery system and a permeate receystem (Peng et al. 2003).

Pervaporation has been reported as a promisingochédin the removal of phenol from
water using polyether-polyamide block copolymerBRE, supported polyurethane and
cellulose membranes (Busca et al. 2008). Pervapora relatively low cost and high
performance compared to other forms of membranaragpn, providing that the
process parameters are closely monitored. Howebataance between permeation flux

and selectivity needs to be maintained (Peng 08i3).

For the purpose of phenol removal (such as in wstsgams from the cumene process)
pervaporation on its own may not yield sufficiehiepol removal, however this can be
remedied with a combined system involving a pervapon step followed by an
adsorption step. The first step removes the lagmrcentrations of phenol to be
recovered and the adsorption step takes care «# phenol still present in the waste
stream (Kujawski et al. 2004). A possible hybricgteyn for the treatment of phenol

containing wastewater streams is illustrated inufegl.6.

regenerate (phenol 2-8%)

A 4

wastes after

distillation (Pervaporationw ost PV wastes ( .
> P » Adsorption

phenol (2-3%) L (PV) J phenol (0.2-0.5%)
acetone (<0.05%) acetone (<0.05%)

treated wastes

phenol (0.05-0.1%)
acetone (0.1-0.2%)

permeate (back to cumene process)
phenol (30-70%)

Figure 1.6 Process diagram of a possible hybrid peaporation-adsorption process for the
treatment of phenolic wastewaters resulting from tle cumene process (Kujawski et al. 2004).
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Adsorption is a common form of wastewater treatmdiie process is explained in
detail in section 1.6. Typically adsorption systamslve a fixed bed which is removed
after adsorption and either regenerated or dispo$epending on the situation. The
dominant adsorbent is activated carbon. This mmesoporous adsorbent with a large
surface area can be made from a wide range of miatemnd is easily modified e.g.
through oxygen gasification. Activated carbon hasame adsorption capacity for
phenols, for example Fierro et al. investigatedvattd carbon prepared from Kraft
lignin with sodium hydroxide, potassium hydroxide phosphoric acid. The resulting
adsorption capacity was between 212.77 rifgagd 238.10 mg §depending on the
treatment and was reached within 2 hours (Fierral.eR008). Where regeneration is
used however activated carbon incurs some probléthenols often adsorb onto
carbons irreversibly through chemisorption covaléinding, this makes thermal
regeneration treatment at high temperatures (c’@Oheffective at removing any

phenol that has irreversibly adsorbed.

Polymeric materials such as PS-DVB resins haverptea capacities for phenol of
between 80 and 100 mg'dOtero et al. 2005) but have an advantage ovévaaet
carbons in that the bonding forces of adsorptian wsually weaker with regards to
phenols and more reversible. Regeneration is giyeaahieved through solvent
washing and is non-destructive, which allows pheadie recovered for reuse (Busca et
al. 2008).
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A summary of the non-destructive treatments disetigs this section is shown in Table
1.6.

Table 1.6 Summary of non-destructive treatments shawg examples.

Process Variations Details

Liquid-liquid extraction Azeotropic Distillation May use environmentally benign
solvents. Operate at high
concentrations. Requires multiple
Steam Stripping cycles. Relatively expensive.

Solvent Extraction

Membrane Separation Membrane- Can exhibit low retention for
small organics in many cases.
Risk of fouling. Pervaporation is
Reverse Osmosis low cost, will usually only remove
the bulk of phenol.

Pervaporation

Composite Membranes

Adsorption Activated Carbon Usually inexpensive. Efficient at
, , low concentrations. Some
Polymeric Resins .
adsorbents prone to fouling or
Zeolites damage during regeneration.

Regeneration  often  excludes
recovery, can be expensive.

1.4.2 Phenol Destruction

Often phenol concentrations may be too low to reca@r simply incinerate or too high
and toxic to treat biologically. In these situasarr for economic reasons, destruction of
the pollutant may be the preferred option.

Wet Air Oxidation (WAO) is a well established destive liquid phase waste treatment
method. It operates without flame in a pressuriée@.3 MPa) enclosed container
heated to between 200 and 35My a start-up boiler and maintained by the irgkrn
reaction heat and over certain concentrations eanrbe a net energy producer. These
conditions increase the diffusion and solubilityosd/gen and the pollutants. It operates
through a liquid phase reaction between the orgaaiterial and compressed air oxidant
injected into the container (Eckenfelder 1989; MataMeytal and Sheintuch 1998).

The result is the conversion of phenol into lessitial, simpler organic compounds.
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Complete mineralization is impossible as these tomelecular weight compounds

prove resistant to oxidation. Due to this WAO istbsuited as a form of pre-treatment.

Incomplete oxidation can lead to dangerous polistanch as dioxins through pyrolysis
and isomerisation in complex waste streams anditfe pressures and large volumes
of water involved can greatly increase running £08bsts are also much greater when

the concentration of the substrate is too low &ian the reaction temperature.

Although it accentuates the running costs furth®upercritical Water Oxidation
(SCWO) (which operates at pressures of 27.6 MPatemgeratures of around 50
can increase destruction efficiency, reducing Tofaganic Carbon (TOC) to
approximately 3.5 mg drhin solution (Atwater et al. 1997; Matatov-Meytahda
Sheintuch 1998; Busca et al. 2008).

The introduction of metal catalysts into wet airdation can augment WAO treatments
by reducing operating pressures and temperatur@siogieneous catalysts in solution
such as in the LOPROX Bayer process using Fe gtiman operate effectively below
200°C. Homogeneous catalysts require a second stegparae the catalyst from
solution. Because of this it is often more pradtiza avoid this by using a solid
heterogeneous catalyst. For phenol the most astilvé catalysts are noble metals such
as Pt or Ru or transition metal cations such as@y,Mn and Fe. These are often
supported on metal oxides or zeolites. In hetereges catalytic wet air oxidation,
removals of >90-95% of phenol can be achieved vatatively mild temperatures and
pressures (100 — 28D, 0.3-3.5 MPa) in 1 to 3 hours residence time @Wat-Meytal
and Sheintuch 1998; Maduna Valkaj et al. 2007; Buetal. 2008).

Despite the benefits of catalytic wet air oxidat{@WAO), the exposure to the aqueous
phase and the conditions of the oxidation processaause inherent difficulties with
catalyst leaching. This can cause secondary patiuti the wastewater and a gradual

decrease in catalytic activity.

Other types of liquid phase catalytic oxidationlunie oxidation with ozone and wet
peroxide oxidation (WPO). Both of these operatefdiyning hydroxyl radicals under

certain conditions in the presence of water.
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Ozone catalysis is very effective with regards temml destruction, Gimeno et al.
showed that near complete oxidation of 200 mg®dmuld be achieved in 2 hours at
20°C with no buffer (Gimeno et al. 2005). However,stiirocess was inefficient at
removing other Chemical Oxygen Demand (COD)/TOCraes simultaneously. This

can be enhanced further with homogeneous or heteeays catalysis however this
increases the risk of forming secondary contam@anith ozone and polluting

wastewater with leached catalyst (Busca et al. 2008

Oxidation using hydrogen peroxide on its own oftgields low reactivity and
incomplete oxidation. A more effective form of tne@nt than WPO is the Fenton
process. This uses hydrogen peroxide in conjuncwith iron (ll) salts (Fentons
reagent) to effectively generate larger quantibéshydroxyl radicals. However the
reaction operates in a relatively narrow band af loHs and requires excesses of
hydrogen peroxide. It also requires separationhef homogeneous iron salts after

reaction.

The application of supported iron on zeolites sastZSM-5 and mesoporous silicates
such as MCM-41 can improve phenol destruction engtesence of hydrogen peroxide
to ¢.100% and simplify the catalyst separation essc However the heterogeneous
Fenton process still suffers from the same resgadh pH and repeated cycles cause
damage to the porous supports, iron agglomeratiohcatalyst leaching (Busca et al.
2008).

More recent innovations include Advanced Electrogical Oxidation (AEO) which
takes place in an electrochemical cell with a mexddle coated anode. This facilitates
the production of radicals in the presence of oryf¢éavuz and Savas Koparal 2005).
Another emerging AEO method is electron beam acatb®m which uses ionizing
radiation from a source such as cobalt-60, on watdorm short lived radicals as a
product of radiolysis (Chmielewski and Haji-Saei®02; Martin et al. 2005).
Photocatalysis is also a focus of recent researdhuaes ultraviolet and in some cases
visible light in conjunction with a chemical semmohuctor to create oxidizing agents
through photolytic and subsequent redox reactiédmsat et al. 2007; Hirakawa et al.
2007). AEO can often have characteristically higlgrddation efficiency but in most
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cases require large amounts of energy, are sutgefauling, dependent on reactants

and or liquid phase semiconductors. The costsivel&b other forms of treatment can

be excessive, especially if complete oxidationeiguired. As a result AEOs are often

used to partially degrade organic compounds asearpatment to organic treatment
(Wu and Zhou 2001; Zhou et al. 2002; Sampa ett@l42Zhou et al. 2004)

A summary of the destructive treatments discussehlis section is listed in Table 1.7.

Table 1.7 Summary of destructive treatments showingxamples.

Process

Details

Wet Air Oxidation

Supercritical Wet Air Oxidation

Catalytic Wet Air Oxidation

Wet Peroxide Oxidation

Ozone Catalysis

Fenton/Photo Fenton Process

Advanced Electrochemical Oxidation

Operates under high temperatuned a
pressure. Complete oxidation generally not
possible.

Increased oxidation efficiency,
accompanied with increased operating
costs

Reduced temperaturesd amressures.
Chance of catalyst fouling or leaching

Improved production of radicals. Involve
feed chemicals which can become
secondary contaminants.

More effective than \&PB@e. Requires
very low pHs. If Fenton reagent is not
supported it requires separation.

High capitaltsaand in some cases large
running costs for complete degradation.
Chance of electrode fouling in the case of
an electrochemical cell.
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1.5 Proposed System

The system proposed in this work involves the comatoon of adsorption and catalytic
oxidation treatment methods into a two step sydtes will remove and destroy the

organic pollutant (phenol).

The two steps are as follows:
1. The removal and pre-concentration of the pollutsmcies from an aqueous
solution (wastewater) by adsorption onto a selecdmid adsorbent.
2. The oxidation of the adsorbed pollutant into temhiproducts (carbon dioxide
and water) and simultaneous regeneration of therbdst by catalytic dry air

oxidation.

Figure 1.7 is a simple schematic diagram illustigathis process.

Recycled Water

Regenerated
Adsorbent

Production l ll:{}

Spent
Adsorbent

Carbon Dioxide |
+ Water

Figure 1.7: Schematic representation of the proposeadsorption/catalytic process

The adsorbent will be prepared so as to facilithte catalytic adsorption step. The
wastewater will enter the adsorption process whtegeoffending organic pollutant will
be removed from solution using a zeolite adsorb&he clean water can then be

recycled. The spent zeolite with the pollutant alded onto its surface will be removed.
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This second step will oxidize the adsorbed speaias the regenerated adsorbent can
then be re-used in the adsorption step.
Some possible advantages of a system of this type a
* Regeneration occurs simultaneously with the catatytidation step, so there is
no requirement for a separate adsorbent regeneistep.
« The adsorbent pre-concentrates the pollutant ostdid, as opposed to treating
a large volume of dilute aqueous phase as in WAO.
e Secondary pollutants are less common in catalytic akidation relative to
WAO and it is less costly for low concentrations.
* Low adsorption temperatures and pressures meae iheeduced leaching of
supported metal catalysts (Wu et al. 2004; Zhad. 2004).
In order for this system to work effectively itnecessary for an appropriate zeolite and

catalyst to be selected for implementation withia system.

1.6 Adsorption

Sorption is the process in which chemicals becoss@ated with a solid phase. It
covers two distinct activities:

e Absorption — Which takes place in a 3 dimensionétianatrix

» Adsorption - Which takes place on a 2 dimensionhdisurface
This phase changing process can dramatically affectway a sorbed chemical can
interact with its environment. An adsorbed chemigihched to a solid surface will
have different properties when compared to an idantchemical in solution,
surrounded by water molecules and ions (Schwarzénéial. 1993). It is this quality,
particularly with regards to adsorption, which tdised for wastewater treatment. With
the introduction of a solid known as an ‘Adsorbemidllutants will adsorb onto its

surface and thus are removed from the liquid oegas phases.

Within adsorption there are two major sub divisiombese are; physical adsorption
(physisorption) which involves weak van der Waal®imolecular interactions with the
adsorbent surface, and chemical adsorption (cheptisn) which relates to stronger

covalent bonds onto active sites on the adsorheface (Atkins 2000).
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The level of which a pollutant adsorbs onto thdasie of the material depends on its
surface properties. These include its surface céteymrelative to that of the target
pollutant, heterogeneity and specifically surfaceaawith relation to pore size
(Bembnowska et al. 2003). There are three formsepfration active in adsorbents:
kinetic which has the fewest applications for wastatment and is based on difference
of diffusion rates for different chemicals throutfte adsorbent, steric which refers to
the sieving qualities of porous adsorbents and th@asize of a molecule relates to the
size of apertures in an adsorbents crystallineetra, and equilibrium which relates to
chemical qualities of the adsorbate such as pglantd dipole moment relative to that
of the adsorbent (Yang 2003; Parida et al. 2006).

1.6.1 Adsorbent Materials

The suitability of a material for use as an adsorb@ wastewater treatment is
dependent on a number of criteria:

» High affinity and capacity for target compounds

* Regenerability

* Economical and environmentally viable disposalegyeneration

» Tolerance for a wide range of waste parametersc{i€a et al. 2001)

Adsorbents can be derived from a number of sourbe#) organic and inorganic.
However, commercial applications are generally a@tad by four primary materials:
Activated carbon, zeolites, silica gel and actidasdumina (Yang 2003). In recent
research a number of novel adsorbents have arerthé treatment of organics.
Amongst these are a group of adsorbents callednmlg resins which will be

discussed below. Additionally, new low cost adsatbe derived from

industrial/municipal waste products or by produg@sal, fly ash, sewage or sludge),
modified clays, red muds, and biosorbents have siigavn promising results for the

adsorption of phenols (Lin and Juang 2009).

Activated Carbon

Activated carbon is by far the most commonly usddogbent. It has been applied to
many different commercial applications. It is usedhe purification of a wide variety

of gas and liquid phase waste streams and is e#eict removing a range of chemicals
including many organic pollutants. Its main virteative to other absorbents is its high
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micropore and mesopore volumes. This can givepesar adsorption characteristics

relative to silica gel, conventional zeolites arideos.

Research into existing and novel commercial acyatarbons is ongoing. The most
common variant is granular activated carbon (GAEL)ymon and Ahmed investigated
the adsorption of phenol and 4-chlorophenol ontoCGfder competitive adsorption
conditions with furfural. Their research showedasadurable adsorption capacity and
the Langmuir isotherm (see Chapter 2) as a repi@sen mathematical model for the
adsorption of phenols onto activated carbon (Sutayrand Ahmed 2008). Kim,

Yamato et al. compared commercial activated catbocarbon cryogel microspheres
for the adsorption of phenol and reactive dyes.|8vtiiey showed good performance
for the dyes, the carbon cryogel compared unfavmyria terms of phenol adsorption
(Kim et al. 2006). Liao et al. investigated the @gsion of phenolics onto carbon
nanotubes (CNTs) undergoing different treatmenis]jirig favourable adsorption on
‘pristine multi-walled carbon nano-tubes’ as opmbs®the acid treated variant (Liao et
al. 2008). Laszl6 examined the adsorption of phermito Microporous

poly(ethyleneterephthalate) (PET) based activasgbans. Their surface composition
was altered using chemical and thermal treatmekxtsongst the findings were that
increased pH, increased the adsorption capacitytleadtrength of the interaction of
phenol onto the adsorbent surface, with diminishiemrns found at pH 11 (L&szl6
2005). Table 1.8 summarises some of the recenamdsanto commercial activated

carbons.
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Table 1.8 Comparison of commercial activated carbonfor the adsorption of phenol

Adsorbent Isotherm Model  pH Adsorption Reference
Capacity
(mg g*)
GAC Langmuir 5.7 374.4 (Sulaymon and Ahmed
2008)
CCM200 Langmuir - 140 (Kim et al. 2006)
(carbon
cryogel)
CNTs Langmuir - 15.9 (Liao et al. 2008)
APET Langmuir 5 262 (Laszlo 2005)

Activated carbon can be made from a wide rangeadbanaceous materials and the
properties of the activated carbon differ dependingthe material used (Yang 2003).
The use of natural sources or waste products toraded carbon precursors can help to
reduce the costs (both economic and environmenfathe waste treatment process.

Table 1.9 summarizes a number of the synthetigatetil carbons in recent literature.

Table 1.9 Comparison of synthetic activated carbonfer the adsorption of phenol

Adsorbent Isotherm  pH Adsorption Reference

Model Capacity

(mg g*)

ITT Carbon (paper mill Freundlich - Kk = 0.44, (Khalili et al. 2002)
sludge) 1/n =0.87
PAC (coffee grounds) Langmuir - 3.22 (Namane €2605)
AC (from kraft black Langmuir 6 227 (Gonzalez-Serranoa et
liquor) al. 2004)
AC (from corncob) - - 177.6 (El-Hendawy et al. 2D01
CS850A (from coconut- - 205.8 (Mohd Din et al. 2009)
shell)
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A major failing of activated carbon systems is thpoor resistance to continued
regeneration. After the adsorption process, spesbréent material must either be
cleaned through regeneration or disposed of, depgrh which is more economically
or environmentally viable. Conventional regeneratioethods are either thermal in the
presence of steam, carbon dioxide or an inert gihrere, or chemical such as those
involving solvents or a rapid pH swing. These mdthare generally time and energy
consuming as well as damaging to the adsorbenthwieiduces its adsorption capacity
(Ania et al. 2007). In thermal regeneration thisndge could amount to 5-15% of
activated carbon along with a decrease in BET sarfaea and pore distribution (Ania
et al. 2005; Okawa et al. 2007). Thermal regermamatan represent up to 80% of the
operating cost of activated carbon systems (Vgleam. 1998). In solvent regeneration
residual solvent on the adsorbent can reduce ailsorpapacity (Okawa et al. 2007).
An additional issue is the generation of carboredincaused by the brittle nature of

activated carbon adsorbents (Lin and Juang 2009).

Silica Gel

Silica gels are a group of amorphous, polar, mesasoadsorbents (>20A pore size).
They are most commonly used as a desiccant as it#@H Sgroups are highly
hydrophilic and can adsorb up to 40% of its weightvater. It is synthesised by two
primary processes:

1. Aggregation of particles of colloidal silica

2. The sol-gel process

The sol-gel process can produce a diverse rangeatdrials with high surface areas. It
involves reactions between water and silicon altegisuch as methyltrimethoxysilane
(MTMS) and trimethylethoxysilane (TMES) (Yang 200Standeker et al. 2007).
Aerogels are a type of nanostructured material ¢thatbe made via the sol-gel process
with certain precursors. They have specific surfa®as approaching 100¢ g, high
porosity, good transport to inner layers and cdlatote hydrophobicity. In order to
become more valuable as an adsorbent for toxicnargathe hydrophobic character of
the aerogel can be changed by replacing the hydiopBi-OH groups with

hydrophobic Si-R groups (where R=g)HAerogels modified in this manner can make
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outstanding adsorbents for toxic organics (inclgdinluene, benzene, ethylbenzene,
chloroform, 1,2-dichloroethane, xylene and chloratene) with adsorption capacity
between 15 and 400 times that of conventional daaractivated carbon (Standeker et
al. 2007). Adsorption is further increased by pheapa such as the possible swelling
of aerogel granules during adsorption causing thierwe to increase. Aerogels are
highly reusable, after inert gas regeneration 8@0n excess of 20 cycles (Standeker
et al. 2007). However, the initial precursor agemsd to be used in large quantities and
along with the supercritical fluid drying metho@drncmake aerogels quite costly (Bhagat
et al. 2007).

Roostaei and Handan Tezel performed a compardtidy ®n the adsorption of phenol
on a number of adsorbents including silica gel Bmohd no significant adsorption of
phenol (Roostaei and Handen Tezel 2004).

Metal Oxides

Metal oxides such as alumina, zirconia and ferrg-loydroxides represent a cheap
alternative adsorbent to granular activated cadoahsilica gels. Alumina is commonly
used for the removal of anionic surfactants fronsteaaters. When the alumina is
rendered unusable, this surfactant coated exhawdtedina can be used to remove
organics from the aqueous phase through a pro@dkesi adsolubilization (Lin and
Juang 2009). When activated in this way they cass@®s good surface areas, tuneable
surface properties and good mechanical strengthveMer their viability for use in
organic wastewater treatment is severely hampeyethdir hydrophilic interactions.
Research into hemimicelles surfactant modified hetales shows that the affinity for
organic compounds can be increased; however ther@as1 capacity is somewhat
lower than other commercial adsorbents such asugamactivated carbon (Matatov-
Meytal and Sheintuch 1998; Valsaraj et al. 199&lAdt al. 2006).

Adak et. al examined surfactant modified aluminait® ability to remove phenol. 90%

removal was achieved under pH optimized conditeams the desorption of phenol was
possible using acetone or rectified spirit (Adak @t 2006). The adsorption

characteristics are shown in Table 1.10.
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Metal oxides are often used as candidates for auedbiadsorption and oxidation
treatment processes due to their ability to be fremtlwith transition and noble metal
catalysts (Garetto et al. 2007).

Table 1.10 Adsorption characteristics of phenol ontsodium dodecyl sulphate modified alumina

Adsorbent Isotherm Model pH Adsorption Reference
Capacity
(mg g*)

SDS-alumina Langmuir 6.7 6.6 (Adak et al. 2006)

Polymeric Resins

Non-ionic polymer resins are a large family of sorts proficient in the removal of
organic compounds in water. Since 1987, around @bpblymeric resins were used for
this purpose and since 1982, styrene/DVB polymdrsresshown to have 5 to 10 times
the adsorption capacity for some organics relatoveconventional activated carbon.
Structurally polymer resins are clusters of mirdqggeticles between 0.01 and i in
size. These particles agglomerate into small mpiveses. Pore size is usually
mesoporous and microporous. The micropore levgtemte on cross linking which is
determined by the amount of divinyloenzene (DVB)tle polymeric resin (Yang
2003). Polymeric resins have a number of advantagdéisat they are predominantly
microporous, have good intraparticle mass transpgobd physical and chemical
stability and surface functionality (Lee et al. 8DOPolymeric resins adsorb without
functional groups, so adsorption is typically inetfiorm of weak van der Waals
interactions (Ku and Lee 2000). They are howeveipk to regenerate chemically
using acids, bases and organic solvents or alteehatvith steam or hot gases (Lee et
al. 2005).

The most widely used polymeric resin is AmberliteAD<4 (polystyrene-
divinylbenzene and although proven as a good adsbrtor phenol, is extremely
hydrophobic and experiences reduced adsorptioncitgdar ionic organic molecules
as a result. The addition of polar functional gr®gpch as esters in the case of XAD-7,

can create a tailored hydrophilic alternative (Zehgl. 2009).
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Part of the recent research into polymeric resasdone into the development of polar
post cross linked polymeric adsorbents to incrébsesurface area and the viability for
polar adsorbates. Zeng et al., for example, condptre commercial polymer resins
XAD-4 and AB-8, to a hydrophobic macroporous copady precursor (PDM-1) and its
post crosslinked counterpart (PDM-2) for their pblesdsorption capacity (Zeng et al.
2009). Similarly, Huang compared XAD-4 to the hygesslinked adsorbent HJ-1
(Huang 2009). In both cases the crosslinked adsbrvas found to have superior
adsorption capacity for phenol compared to the eatisnal adsorbents. Ersoz et al.
examined the adsorption of phenols onto a molelgulamprinted polymer.
Methacrylamidoantipyrine (MAAP) was imprinted withitrophenol to increase its
selective adsorption capacity for phenols (Erstalef004). Amberlite XAD-16 was
examined under various adsorption conditions byrApbamongst the results were a
repeatable method of regeneration, which over dlsmeber of cycles was found to
lead to no loss of adsorption capacity (Abburi 200%n et al. studied the removal of
phenols from industrial waste streams onto fixedsbesing the macroreticular resin
NDA-100.
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A summary of recent research into phenol adsorptioto polymeric adsorbents is
shown in Table 1.11.

Table 1.11 Comparison of various polymeric resins fahe adsorption of phenol.

Adsorbent Isotherm Model Adsorption Reference
Capacity
(mg ¢*)
XAD-4 Freundlich Kk =2.293 (Zeng et al. 2009)
n=1.870
AB-8 Freundlich Kk =0.859
n=1.629
PDM-1 Freundlich Kk=1.682
n=1824
PDM-2 Freundlich K=5.632
n=2.226
HJ-1 Langmuir 167.8 (Huang 2009)
MAAP Kg 6.2 (Erso6z et al. 2004)
XAD-16 Langmuir 141 (Abburi 2003)
NDA-100 Langmuir 207.7 (Pan et al. 2005)
Zeolites

Zeolites are crystalline aluminosilicates contagnaikali metals. Their composition can

be expressed by the following formula:

M x/n[(A|O z)x(SiOZ)y]. zH-,0O

Where x and y are integers, M is the extra-strattoation with valence n and z is the

number of water molecules per unit cell.

Zeolites were discovered in 1756 with the firstunally occurring zeolite ‘stilbite’.
Since then at least 40 different natural varigtiege been discovered and approximately
150 have been artificially synthesised. Their higpecific surface, rigid three
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dimensional structure and cation exchange capaciies them effective adsorbents
(Bowman 2003; Yang 2003). The zeolite frameworkicttire is composed of vertex-
linked aluminium and silicon tetrahedra which fochmannels and cavities. Each of the
aluminium tetrahedra has one negative charge; fusitates the incorporation of
compensating (charge balancing) cations and watézaules. Zeolites are formed from
a silicon and aluminium source which is ‘aged’ watilemplating agent and then heated.
This templating agent is an anion or cation of ac#fr shape which determines the
shape of the tetrahedral framework. The pore sizéh® zeolite structure depends
largely on the templating agent used during syighésr example to obtain micropores
(<1.2 nm) an organic base such as TEA (tetraettmphanium) is used, whereas liquid

crystal templates are used to obtain mesoporeg () (Dann 2000).

Zeolites are often categorised by the number aditedra that constitute the rings of the
pore or channel. An 8, 10 or 12 membered ring spoads to the terms small, medium
and large. Any more than 12 members and the zaslitéassed as ‘super large pore’.
Due to the size of the relevant molecules, mediumd &rge pore zeolites are

predominantly used for adsorption and catalysidiegipns (Weitkamp 2000).

Figure 1.8 shows a 2 dimensional wireframe crossicge of a medium pore zeolite.
Each joint represents a silica or alumina tetratvedwith the connecting lines
representing the oxygen links between each tetrahedtach pore in this example

contains 10 such tetrahedra, identifying it as muedpore.
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Figure 1.8 Diagram showing the basic 2 dimensionatructure of a medium pore zeolite (MFI), with
10 membered rings ("Database of zeolite structures2008).

By far, the largest application for both naturaldaartificial zeolites is as ion
exchangers, often for removing toxic or radioactreavy metals from solution. In this
the compensating cation (e.g. alkali metal ions)tle zeolite structure readily
exchanges with the heavy metal ions (Dann 2000;ld@&b al. 2000). Catalysis and
adsorption make up a smaller proportion of zeolise. H-zeolites are the acidic
derivative of zeolites. These are usually createtbh exchange with ammonium salts
followed by thermal treatment at 5@to remove the ammonia and create an H-zeolite.
This product is catalytically active due to acitesion the zeolite structure and is used
in a number of industrial processes (Dann 2000)s Bleid-catalytic activity is most
associated with the Brgnsted sites on the zedlite doubtful as to whether Lewis acid
sites have any substantial role in zeolite acidlgais (Weitkamp 2000). Brgnsted sites
occur in zeolites at the negative charge in thic&atreated where the trivalent cation
(usually AP") isomorphically replaces Sicreating a negative charge and an associated

charge balancing proton (Corma 2003).

Large surface areas, low cost, ease of regeneratidrsmall pores make zeolites good
selective adsorbents for organic chemicals andrwAtisorption from aqueous solution
depends not only on the pore structure of the teediut also on the competition
between the organic adsorbate and water for thergittsn site. Increasing framework
silica causes the zeolite to exhibit a more hydotph effect; this can affect the

adsorption of molecules based on their affiliatiath water (Shu et al. 1997c).
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To date there has been research into the adsomgttiphenol onto a number of zeolitic
adsorbents. One of the earlier examples was a qamEadsorption study performed
by Kawai and Tsutsumi. The zeolites Na-ZSM-5 andYWNahere examined for the
adsorption of surfactants with phenol as a compariwith a range of silica to alumina
ratios. Phenol was found to adsorb on hydropholieYNvith a Type V isotherm (see
chapter 2). The hydrophobic-hydrophilic charactérthee zeolites was at this point
already recognised as having an important roléhair tuse as adsorbents (Kawai and
Tsutsumi 1995). Recognising that a pre requisitin¢oadsorption of organic molecules
from aqueous solution was their hydrophobicity, ®h@l. compared three adsorbents
for the adsorption of phenols: silicalite, zeolgeta and pillared clay modified with a
non-ionic surfactant. Silicalite has a zeoliticusture reminiscent of ZSM-5, but
typically has much higher silica to alumina ratiosaking it significantly more
hydrophobic. Due to this effect, silicalite was ebh&d to be the best adsorbent of the
three for molecular phenol but excluded larger males due to its comparatively small
pore size (Shu et al. 1997b). Okolo et al. looket ithe adsorption of phenol 2-
chlorophenol and 3-chlorophenol onto three adsdsheran agitated batch system. The
zeolites Na-Y and Ni/Na-Y where compared with aatidd carbon. In this case,
activated carbon was found to exhibit superior guotgmn with all 3 adsorbates as well
as taking less time to achieve equilibrium (2-4 lisdpuelative to the zeolites. The
presence of Naor Ni?* as the charge balancing cation was found to hittledffect on
adsorption except in the case of chlorophenol gtakhere the monovalent cation
achieved improved adsorption capacity. Increaseavpsifound to aid adsorption in all
situations (Okolo et al. 2000). In the researchfggreed by Roostaei and Tezel, two
other commercial high silica zeolite structuresSidi1000 (Y-Fauijisite type structure)
and HiSiv 3000 (ZSM-5 type structure) where comgaxe silica gel, activate carbon
and two kinds of activated alumina. It was foundttthe HiSiv zeolites, which were
originally designed for high humidity air vents,chenuch better adsorption capacities
than silica gel and activated alumina, as well @significant drop in capacity after 14
regeneration cycles. However, the adsorption capatiactivated carbon was found to

be several times larger (Roostaei and Handen P&04).

Khalid et al. examined a range of different conimral zeolites for the adsorption of

phenol and again compared them with an activateblooa Three large pore zeolites
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where used (HFAU, HBEA and HMOR) and one mediunepaolite (MFI). A broad
range of silica to alumina ratios were chosen,highest of which was a completely
siliceous BEA zeolite (Si/Al =0), this was found to be the best performing adsdrbe
for phenol and was easily regenerated in the poesehair at 408 at a rate of € a
minute (Khalid et al. 2004). Ghiaci et al. prepafedjano-zeolites’ by modifying the
natural zeolite clinoptilolite and the synthetiolee ZSM-5(MFI) with the quaternary
amines hexadecyltrimethylammonium (HDTMA) and geyyidium bromide (CPB).
Also included in this research was the synthetisoperous silicate MCM-41. It was
found that the removal of phenol by MCM-41 exceed®M-5 and Clinoptilolite
(Ghiaci et al. 2004). The research undertaken bysgbet al. using Jordanian natural
zeolite, highlighted two distinct types of interact between phenol and the zeolite
surface. The first was a pH independent interactietween the aromatic ring of the
phenol molecule and the hydrophobic sites of thaitee The second is pH dependent
and represents the complexation of the phenolatewith the metal cations on the
hydrophilic sites on the zeolite surface (Yousefl &l-Esweed 2009). Table 1.12
summarises the performance of a number of thetee@nd zeolitic silicates mentioned
for the adsorption of phenol from aqueous solutions

Table 1.12 Comparison of various zeolites and silites for the adsorption of phenol.

Adsorbent Isotherm Model Adsorption Reference

Capacity

(mg g")
Na-Y Langmuir 75.2 (Okolo et al. 2000)
HiSiv-1000 (Y- Langmuir- 319 (Roostaei and Handen
Structure) Freundlich Tezel 2004)
BEA(x) Langmuir 160 (Khalid et al. 2004)
HDTMA- Langmuir 114 (Ghiaci et al. 2004; Lin
Clinoptilolite and Juang 2009)
ZSM-5-31 Langmuir 7.4
(HDTMA-Zeolite)
MCM-41 Langmuir 59.4
Jordanian Zeolitic Langmuir 41.078 (Yousef and El-Esweed
Tuff 2009)
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1.6.2 Zeolite Beta

The proposed zeolitic adsorbent for use in thiggotds Zeolite Beta. Zeolite Beta was
first synthesised by Wadlinger et al. in 1967, lauthatural counterpart was also
discovered in 1990 (Wadlinger et al. 1967; Szo4@#8). It is designated a high silica
zeolite with a silica to alumina ratio ranging frdsril to over 500:1 (Bregolato et al.
2007).

Zeolite Beta is composed of the disordered intevgjtoof three related structures
known as polymorph A (tetragonal), polymorph B (mdlinic) and polymorph C
(monoclinic). Polymorph A is chiral and consists ©fo conversely rotated
enantiomorphs while B and C are achiral. Theserpofphs are permeated by a three
dimensional network of 12 membered channels. Twpegralicular straight channels
intersect to form a tortuous sinusoidal channeb\shin Figure 1.10). The dimensions
of the identical linear channels are 0.73 x 0.6fanpolymorph A and 0.73 x 0.68 nm
for polymorph B. The tortuous channel system forrhgdhe intersections of the two
linear channels has approximate dimensions of 8.866 nm for polymorph A and
0.55 x 0.55 nm for polymorph B. A summary of th@l#e dimensions is displayed in
Table 1.13. As polymorphs A and B intergrow theaadpt layers shift to form helical
12 ring straight channels (Smirniotis and Ruckansi®93; Tang et al. 2008). Zeolite
beta is classed as a large pore zeolite due td2hmembered rings that constitute its

channels. The twelve membered rings are visiblgnre 1.9.

Figure 1.9: Diagram of Polymorphs A and B in zeol# beta
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Figure 1.10 3D diagrams of beta zeolite structurshowing framework wrap around ionic radii.
Diagram on the left shows straight channels, diagra on the right is rotated to show perpendicular
tortuous channels ("Database of zeolite structures2008).

Table 1.13 : Common pore dimension and surface aresdatistics for Zeolite Beta (Smirniotis and
Ruckenstein 1993; Ali et al. 2002; Bregolato et a2007; Ding et al. 2007)

Polymorph | Pore Diameter: Pore Diameter: BET Micropore Total
Straight Tortuous Surface volume Pore
channels channels area(nfg®)  (ccgh volume

(nm) (nm) (cc ")
Polymorph A 0.73x 0.6 0.56 x 0.56
400 - 570 0.06-0.13 0.44-0.93
Polymorph B | 0.73x0.68 0.55 x 0.55

Zeolite beta is commonly used as an acid catatyst humber of organic synthesis
processes including: hydroisomerization, hydrodragk aromatic alkylation and

disproportionation (Ding et al. 2007).

1.7 Oxidation

The segregation of the aqueous adsorption step frmmoxidation step allows the
oxidation of the adsorbed organic to take placthepresence of air without the high
pressures typically required in wet air oxidatidime complete gas phase oxidation of
adsorbed phenol may be possible with the catalptitential of the zeolite alone,
however the introduction of a catalytic componeno ithe zeolite can further decrease
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the activation energy and allow the oxidation tdetaplace at lower and more

economical temperatures and residence times.

1.7.1 Catalysts

The ability of zeolites as well as other solidsb&éomodified by metals and metal oxides
can greatly increase their performance as catallysiset air oxidation the presence of
the metal based catalytic component either propagtite formation of free radicals
from the reactant (homolytic oxidation) or an ioeitvironment (heterolytic oxidation).
In the case of phenols these oxidation mechanigsgltrin a ring opening reaction
(Matatov-Meytal and Sheintuch 1998).

In oxidation systems the support, in this casezér@ite serves three important roles in
the catalytic system.
* It increases the surface of the metal or metal eg providing a matrix that
enables their dispersion as very small particles.
e It inhibits the sintering of the active catalystaterial and improves its
hydrophobicity and its thermal, hydrolytic and cheahstability.

* The support stability is critical, as it will govethe useful lifetime of a catalyst.

Reports on the dry air oxidation of phenols aratretly few however other systems

have been extensively examined.

Supported metal oxides such as CuO, CoQOEMNIO, MnO,, Fe0s;, YO, CdOs,
ZnO, TiG, and BpO3 have all been examined for their catalytic wetlaxion of phenol,
with CuO proving to be the most effective. Howeuaey are somewhat less effective
than solid metal catalysts which can yield improvedction rates and lower reactor
temperatures in wet air oxidation (Matatov-MeytaldaSheintuch 1998). These can
include: transition metals such as rhodium, copp®at nickel, noble metals such as

platinum and palladium.

The use of zeolite supported metals for the catalgfecomposition and selective
reduction of nitrous oxide has been extensivelyifiegk These include copper,

palladium, nickel and platinum loaded zeolites sashZSM-5 (MFI), Beta, Y (Torre-
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Abreu et al. 1997b; Huuhtanen et al. 2005), motdeamd KL (Ho et al. 1998). Copper
is especially valued due to the reduced formatibiNgD (de Oliveira et al. 2009).
Supported bimetallic catalysts have also been gbddor NQ SCR in the presence of
organics. Copper is a common constituent, combiméd other metals such as Mn, Ni,
Pd, Co, Cr. These bimetallic catalysts exhibit ol light off temperature and

increased selectivity (Ohman et al. 2002).

Copper modified solids in particular are shown ield/ good performance in dry and
wet air oxidation, in the former reducing the fotiaa of side products such as CO and
NOy and exhibiting less leaching in the latter (Cemtak 2000). For example in the
presence of peroxide, copper modified ZSM-5 wasnvshto be effective for the wet

oxidation of phenols (Maduna Valkaj et al. 2007)

Noble metals have been studied extensively, andsbamw greater activity at lower
temperatures when compared to metal oxides, althahgy are generally more
expensive. Of the noble metals, platinum showshigbest activity in relation to the
catalytic wet air oxidation of phenol (Neyestanakial. 1994; Matatov-Meytal and
Sheintuch 1998). In studies involving high silzolites, copper and platinum catalysts
in dry oxidation where shown to yield good catalytiombustion efficiency for the
complete oxidation of propane and for platinum aeloathane, propane and butane.
(Neyestanaki et al. 1994; Garetto et al. 2007)algat activity for platinum supported

on zeolites is also superior to metal oxide sup(@aretto et al. 2007).
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1.8 Summary of Aims

The aim of this work is to develop a stable, s@mtd regenerable material for the
adsorption and subsequent oxidation of phenol. \&&thlite beta acting as the adsorbent
and support, it will be modified with catalyst mistén order to improve its oxidative
effect. Ideally the finished solid will be resistda leaching in solution, maintain a good
adsorption capacity and completely oxidise theytaiit under reasonable temperature
conditions. The studies covered in this thesis edgller the following areas:
» The adsorption of phenol onto zeolite beta andsegieisotherm models under a
number of conditions to examine the effects of:
o Temperature
o pH
o0 Kinetics
o Silica to alumina ratio
* The modification of zeolite beta with copper andtplum, including an analysis
of:
Preparation techniques
Copper loading on the zeolite

Aqueous stability

o O O o

Adsorption capacity and isotherms of the modifiedlite
* The characterisation of the modified zeolite, ilhg:
o BET surface area analysis
o Temperature Programmed Reduction
o X-Ray Diffraction
* The catalytic oxidation of phenol on the modifiegblite, including:
0 Temperature Programmed Oxidation
0 The effect of repeat adsorption and oxidation steps
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2 Adsorption of Phenol onto Unmodified Beta Zeolite

2.1 Introduction

Molecules can attach to the surface of adsorbenisigh two methods:

* Physisorption — The molecule attaches through Van Waals forces
with no electron transfer. These interactions haveng range but are
comparably weak which means the adsorption is yeasbersed.
Physisorption is not dependent on specific sitethersurface of the solid
but more so the magnitude of the surface area.€eftiealpy change is
low; in the range of 10-20 kJ mbénd it is always exothermic. This also
means that there is little bond breaking upon gutsnr onto the solid and
the molecule remains mostly in the same state. éfexrgy released is
usually comparable to the enthalpy of condensaitiysisorption occurs
relatively fast and unlike chemisorption it cannfomultiple layers on the

surface of the solid.

« Chemisorption — The molecule is attached to thiel 9§ chemical bonds;
usually covalent/electrostatic forces and electmamsfer. These bonds
are shorter but are much stronger than Van der S\faedes and because
of this, less reversible. Chemical adsorption ipettelent on the number
of active sites on the adsorption surface and nstdd to a single
monolayer. Enthalpy change is much greater, apprataly 80-200 kJ
mol™* and with a few exceptions is exothermic. The oitehemisorption
is temperature dependent. Unsatisfied valencet@surface atoms of a
solid can tear chemisorbed molecules apart andasa@y in which solid

surfaces can catalyse reactions (Hagen 1999; ABI0S).

The main method of discriminating between these pnacesses is through a
study of the enthalpy change accompanying adserptisually if the enthalpy

change is more than (or less negative than) -28d4J it indicates physisorption
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is taking place, and if it is less than (more negathan) -40 kJ md! it points
towards chemisorption (Atkins 2000). The variatiwinpotential energy as an
adsorbate molecule approaches the surface of therlaht is illustrated in
Figure 2.1. As the molecule approaches the adsbrberface there is a
corresponding drop in potential energy as it becpig/sisorbed. As the bonds
to the surface are formed and then fully stretchtigete is a corresponding rise in
energy. When the adsorbate to surface bonds contédbeir normal size and
full strength in the chemisorbed state; there isharp decrease in potential
energy. As the molecule approaches the surface tisea further increase in
potential energy as the bonds adjust. The relatitkalpies of physisorptiom
(P)) and chemisorptionAH (C)) are illustrated. Physisorption has a much
smaller negative enthalpy and occurs further frdme surface relative to
chemisorption. Eis the activation energy required for chemisompt{@tkins
2000).

_AH (P) = Enthalpy of Physisorption

] N *
Distance from

T surface

T>AH (C) = Enthalpy of
Chemisorptio

Figure 2.1 Potential Energy Profiles for AdsorptionProcesses (Atkins 2000).
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2.1.1 Adsorption Isotherms

The free adsorbate and the adsorbed fraction adynamic equilibrium with
each other, the coverage of the surface of therbesbdepends on the pressure
of the overlying gas or the concentration of solutin the liquid phase. So the
concentration of adsorbate adsorbed, graphed aghi@sconcentration of the
adsorbate in solution at a constant temperaturstitotes an adsorption isotherm
(Atkins 2000). At the thermodynamic equilibrium Ween adsorbate solution
and adsorbent there is no further net adsorptibis tisually depends on
conditions such as pH, viscosity and temperaturenunber of different
equilibrium models have been devised to predict réationship of between
adsorbate and adsorbent (Proctor and Toro-Vasfifg).1

Distribution Coefficient

The simplest form of equilibrium model is the smgbarameter distribution
coefficient (Kg). It is a simple ratio of the quantity of adsosbadsorbed per
gram of adsorbent to the quantity of adsorbate mEnm in solution at
equilibrium. Ky can be expressed as in Equation 2.1 wheyasQhe initial
concentration of adsorbate and (S the concentration of the adsorbate at

equilibrium.

Kd =2 "€ Equation 2.1

If the equilibrium concentration subtracted frone fhitial concentration can be
said to be representative of the concentrationdsiodbate adsorbed onto the
surface of the adsorbent, then the equation camexXpeessed linearly as in
Equation 2.2 where {s the concentration adsorbed at equilibrium.

Qe = KdCe Equation 2.2

A graph of Q on the y axis and {bn the x axis will generate a straight line with

slope K.
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Brunauer et al. originally classified 5 differesbtherm shapes shown in Figure
2.2 and a number of different isotherm models Haeen derived and applied to

adsorption processes (Brunauer et al. 1940).

I
W

W

[ v

W
W
C/Ceqb C/Ceqb

\%

W

C/Ceqb

Figure 2.2 The Brunauer classification of isothermsW is the weight adsorbed, C/Gy, is the
relative concentration of the adsorbate at equilibrum.

Type | profiles may occur from either physisorptmnchemisorption processes.
A plateau is reached where the physically adsospedies does not significantly
exceed the pore diameter of the microporous saldl the micropores become
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saturated. In the case of chemical adsorption, ati&orbate has completely

occupied all the surface sites.

Type Il and Il isotherms are usually observed iacnoporous adsorbent. They
show a progression from monolayer to macrolayepigdi®n as the adsorbate
concentration increases. At the completion of the& fmonolayer, and inflection
point occurs in the type Il isotherm. As the coricaion increases successive
layers will form until saturation where the numtwérlayers becomes infinite.
The convex shape of the type Il isotherm is duemveak adsorption forces
between the adsorbate and adsorbent. Uptake isvedfaweak until the first
layer is formed and adsorption increases througtranger interaction between
the adsorbate in solution and the already adsddyed.

Type IV isotherms occur where two or more surfagets are formed. Usually

this results from an increased uptake at higheceomations as the pores are
filled. Similar to type Il, the inflection point ears when the first layer is

completed. Type IV isotherms often occur where #usorbent pore radius

ranges between 15-1000 A.

Type V isotherm combines the small adsorbate-adswrimteraction potentials
of the type Il isotherm with the pore size randmmcteristic of type IV. The
inflection point generally occurs at much highemoentrations so that the
isotherm reaches a plateau in the multi-layer regithis type of isotherm is
attributable to adsorption in coarse mesoporegwatopores (Barrer 1978).

Langmuir Isotherm

The most common isotherm expression is the Langmatherm. Derived by

Langmuir in 1915, it fits the type | isotherm shapeposed by Brunauer. It was
originally developed to describe the adsorptiongaé molecules onto metal
surfaces but has seen many other successful ajpptisaThe Langmuir equation
is defined in Equation 2.3 and can be expresséd imear form as in Equation
2.4.
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Q — KLCe Equation 2.3
T 1+AC

g = i + A—Ce Equation 2.4

Qe KL KL

Where G is the aqueous phase sorbate concentratignis Ghe solid phase
adsorbate concentration, and &d A are the Langmuir isotherm constants. A
plot of GJ/Qe versus g gives a straight line graph.

The Langmuir isotherm predicts that adsorption $ak@ace at specific

homogeneous sites and that only a monolayer ofrptiso takes place on the
adsorbent surface. This model assumes that themgeiso-one binding between
the adsorbent and adsorbate, which infers thatetliera finite quantity of

adsorbate that can be adsorbed, meaning that Wikree a saturation point at
which no further adsorption occurs (Brunauer etl&40; Kand et al. 2000;
Wong et al. 2004).

BET Isotherm

Another major isotherm model is the BET (Brunauenniett and Teller)

isotherm defined in 1938. It incorporates the Typ@gangmuir) and type II
isotherm shapes and assumes that multiple layeesisrption can take place
successively over a flat homogeneous adsorbenhy, keger attaching itself to
preceding layers of adsorbate. It also implies h@awvethat the molecules
adsorbed do not interact laterally, multiple layeennot adsorb in between
already adsorbed layers and that adsorption cgpaciteases continuously with
increasing concentration (Brunauer et al. 1938anBuer et al. 1940; Cerofolini
and Meda 1998).

Freundlich Isotherm

The Freundlich model was described by Freundlich924 as an alternative
adsorption model. Unlike the Langmuir isotherm whics theoretical, the

Freundlich is experimentally derived (Kand et &0@). It again deals with the
possibility of multilayer adsorption but takes intxcount a heterogeneous
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“amorphous” solid using the heterogeneity factar @#here n is greater than or
equal to 1). The Freundlich isotherm can be expaesspirically as in Equation
2.5. It can be expressed linearly using the natlogarithmic form of the
empirical Freundlich equation, as in Equation 2.6.

— @Arn) .
Qe = KFCe Equation 2.5

Where K- is the Freundlich constant and (1/n) is the heemeity factor.

1
InQ, =InK_ +E|n C. Equation 2.6

A plot of In Q. on the y axis and Indbn the x axis will give a straight line with
the slope (1/n) and the intercept. K

The Freundlich isotherm predicts reversible adsomptand like the BET
isotherm; predicts continual increase with incregsequilibrium concentration.
It is more favourably used over small concentratianges (Proctor and Toro-
Vasquez 1996; Wong et al. 2004). The Freundlictaggn has been shown to be
mainly useful in the middle of the adsorption issth, it has also shown a
stronger fit relative to the Langmuir isotherm wrtgards to the adsorption of
organic molecules onto activated carbon from agsiesalution (Kand et al.
2000).

Generalised Langmuir-Freundlich Isotherm

The generalised Langmuir-Freundlich isotherm i ademetimes applied. It
takes into account that some adsorption systemesmond best to the Langmuir
and Freundlich at different concentration ranges. accommodates a
heterogeneous solid as in the Freundlich modeWihit a finite saturation point
as in Langmuir (Cheung et al. 2000; Yang 2003). thWihree isotherm
parameters it is no longer possible to derive udingar regression. The

empirical formula is shown in Equation 2.7.
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Equation 2.7

o = Ki(C)™
"1+ A ()Y

Toth Isotherm

The Toth isotherm was first suggested by Toth i@1l®r the adsorption of

vapours on solids, but it has been adapted foriruselution based adsorption
systems (Toth 1971). In some situations the Frecm@otherm may not provide
a good fit at the high and low ends of the conegiuin scale, in such situations
the Toth isotherm is popular as it satisfies batd Bmits (Terzyk et al. 2003).

The empirical formula for the Toth Isotherm is simow Equation 2.8.

— Qobce Equation 2.8
Qe - [1+ (bCe)nt](llnt)

Where @ is the maximum adsorption density, b is the adsm@affinity and nt
is the Toth exponent

Polanyi Isotherm

The Polanyi theory was developed in 1914 to descghs adsorption onto
activated carbon (Polanyi 1914). It was succesgidgveloped by Dubinin,
Manes et al. into a theory of the volume of micngsoand a model for aqueous
adsorption onto activated carbon, respectively {Binbl960; Manes and Hofer
1969). Because of this it is often referred to las Polanyi-Dubinin-Manes
(PDM) model. The Polanyi model has found wide aggtion in the adsorption
of organics onto a range of adsorbents includingjvated carbon, zeolites, soils,
organoclays and polymeric resins (Xu et al. 200iMe Polanyi model is

expressed in Equation 2.9.
Qe = Qolo_Allog(SW/ce)]B Equation 2.9

Where § is the aqueous solubility of the adsorbent mdtekiand B are the

Polanyi isotherm parameters.
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Linear Partitioning

In some cases involving the adsorption of orgadsogbates onto hydrophobic
adsorbents such as organoclays, partitioning ocbat&een the hydrophobic
bulk of the adsorbent and the solution. This maguoct a point after the
adsorption sites on the surface of the solid atara@d. The effect is for a
proportionate increase in apparent adsorption dgpaafter a certain
concentration threshold. Non-linear adsorptionhean models can be adapted
to take this into account by adding a linear elemmenthe equation; this is
referred to as a dual-mode isotherm expression. example the Langmuir

isotherm with linear partitioning is shown in Eqoat2.10.

Q — KLCe

= -"° 4 KdC Equation 2.10
1+ AC,

e

2.1.2 Thermodynamics of Adsorption

The Gibbs function (free energy) of an adsorbatg (A solution at any

concentration (C) can be expressed as:

GL. = GL° + nRTInCa Equation 2.11

Or alternatively the Gibbs function can be givemialar terms as:

Ca
W= u° o+ RTInF Equation 2.12

A

Where:

L =the chemical potential of the liquid phase

1° = the standard chemical potential of the liquid phase

Ca° = the concentration of adsorbate in solution undandsrd conditions
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During adsorption, it is necessary to considersiindace layer which consists of
the adsorbent and adsorbate as being in a singleepnd having the general
properties of a solution. The condition for equilii;n between the adsorbed
layer and the bulk solution phase can be descabkddllows inEquation 2.13.

HA = L Equation 2.13

Where:

M~ = the chemical potential of the adsorbed layer

When Equation 2.18 incorporated intdquation 2.12, a relationship between
the Gibbs free energy of the adsorbed layer anédserbate in solution can be

found.

Ca
= [°  + RT|HF Equation 2.14

A

The enthalpy change resulting from the adsorptimcess can be established
through the Gibbs-Helmholtz relationship, which wko the temperature

dependence of the chemical potential of the adsideyeer.

Equation 2.14

[Mj = —h

oT T?

Where
Ha = the enthalpy of the adsorbed layer
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Substitution of Equation 2.1iGto Equation 2.14ives the following:

- Ha _ - HL° 0InCa
T2 - T2 + R oT " Equation 2.15

Where:
H° = the standard enthalpy of the solution phasecanatant adsorbed
weight (W)

When rearranged, Equation 2.Xan give an expression that relates the
enthalpy change resulting from the adsorption mede the adsorbed adsorbate

concentration with varying temperature.

(aInCAj _ HL° — HA
- Equation 2.16
w

oT RT2

If we assume that the standard enthalpy of the balltion is independent of

composition thermd, ° is equal taH, and therefore Equation 2.t&n be rewritten

as:
0InCa _ AHads .
oT " RTZ Equation 2.17
Where:
AHads = the enthalpy change resulting from adsorption
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Assuming that the adsorbent in the adsorbed phad¢hat the heat capacity of
the bulk of the solution phase are negligible, thka enthalpy change of
adsorptiondHadsis independent of temperature and as a result BgquUatl7 can

be integrated to generate the following equation:

AH ads
RT

INnCa = consant - ( j Equation 2.18

From Equation 2.18 it is possible to plot jn@rsus 1/T in order to derive a
straight line, the slope of which corresponds ®éhthalpy divided by R.

The Gibbs free energy of adsorption can be derfvesh using the isotherms
equilibrium constant K, where R is the gas constartt T is the temperature of
adsorption.

AG,, = —-RTInK Equation 2.19

AG relates to the change in surface energy resuftiogn adsorption or is
required for the adsorption process to occun® is less than zero its value is
proportional to the amount of energy obtained dredreaction is spontaneous,
however if AG is greater than zero then its value is propoalicdio energy

required and it is non-spontaneous.

The entropy change of adsorption is a measuresofdier or randomness on the
adsorption surface before and after adsorption. efyative entropy change
represents an increase in surface order and aadecia the freedom of an
adsorbed species. A positive entropy change reptesn increase in order. It
also can relate to the effects of temperature a@edstability of the adsorbed

species on the solid surface (Schwarzenbach £#988; Kim et al. 2007b).

Entropy change for adsorption can be derived usimg Gibbs free energy

equation for a constant temperature (Ramachand@nz005).
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ads

as, = OH o= AG

Equation 2.20

Each of these thermodynamic properties is intendéget so there are finite
number of basic configurations that can occur nedab each other as outlined in
Table 2.1.

Table 2.1 Potential configuration of thermodynamic poperties
AG AH AS
() () (+)
() () ()
() (+) (+)
(+) (+) ()

2.1.3 pH

As with temperature, the pH of solution can greaffgct the performance of an
adsorption system. Changes in the pH can alteioh® in solution, the ionic
state of the adsorbate and the surface propeftig® @dsorbent. As highlighted
in section 1.1.1 the pkof phenol is 9.95. The Henderson—Hasselbalch emguat
shown in Equation 2.21 in conjunction with the jpdlows the relationship
between pH and the ionic equilibrium of a chemtoabe determined. In the case
of phenol, in all pH values below pH 9.95 (@K pH) the ratio of phenol to its
ionic form (the phenolate anion) will be in favoofrits unionized state. In pHs
greater than 9.95 (pk pH) the opposite will be true. The ionic stateyraffect
the manner in which phenol interacts with the 2edurface, depending on the
type of bonding interaction. In Kamble et al., foemation of phenolate ions at
high pHs was cited as a possible cause for redadsdrption onto fly ash based
zeolites (Kamble et al. 2008). Phenolate anionkaosvn to be more soluble in

water and should be more difficult to remove frootluion due to the stronger
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bonds with water that must be broken. Converseadyutiionized phenol molecule
will adsorb poorly onto polar surface sites dugh adsorption competition with

water (Busca et al. 2008).

Base .
H=pK +lo Equation 2.21
PH =Pk, 9[ Aci d}

Low pHs may also increase the amount of positiveiharged sites on the
adsorbent surface which may increase the chanceadsbrption through
electrostatic interaction from an acidic organiermical. Conversely higher pHs
decrease the amount of protonated sites. If thigdtis not present it can indicate
the activity of other adsorption pathways such asalent chemisorption or
physisorption. High and low pHs can cause the ftioneof OH and H ions in
solution which can also compete for sites withddsorbate. (Namasivayam and
Kavitha 2002; Tsai et al. 2006; Kamble et al. 2008)

2.1.4 Kinetics Models

The speed of adsorption is dependent on how welatisorbent can dissipate the
energy of the incoming adsorbate particles. Ifehergy is not quickly dissipated
then the particle will eventually return to solutjoso the probability of a

colliding particle adsorbing is proportional to thate at which the adsorbent
surface is covered (Atkins 2000). On a practicalescadsorption rate can also be
affected by experimental parameters such as: aelstédolsorbate concentration,
temperature of solution, pore structure/infrasuitest surface properties and
particle size. The importance of determining thee raf adsorption for

wastewater treatment is so that the residence tiesgled to reach adsorption
equilibrium can be derived. A short residence toae allow for greater volumes

to pass through a smaller system.

Kinetics models are useful tools for determiningneitics parameters for
adsorption studies and for the determination obgui®on mechanisms. The first
rate order equation to be dedicated specificallygtad/solid systems and one of
the most widely used is the pseudo first order kgugs equation, developed in
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1898. It is generally expressed in its linear famin Equation 2.22. {kis the
pseudo first order rate constant ang) @nd (g are the quantities adsorbed per

unit weight of adsorbent at equilibrium and timeréispectively.

diq = - Equation 2.22
. =k(@-a) q

However this differs from the true first order etioa in that ‘l (ge - @)’ does
not represent the number of available sites. Afteézgration and by applying
boundary conditions for t = 0 and q = 0, Equatio22Z2becomes Equation 2.23
(Ho and McKay 1999).

t :
lo - =lo - L Equation 2.23

Log ¢ is an adjustable parameter and doesn’t represenntercept in a plot of
log (0 — ) vs. t as it would be in a true first order praceshe Lagergren
pseudo first order equation does not fit well foe whole range of contact time
SO it is necessary to either experimentally exti@podata to t =o or treat Q

(the adsorption capacity at equilibrium) as an sidjple parameter to be

determined by trial and error (Ho and McKay 1998).

The pseudo second order model can often providetarlrepresentation for the
entire reaction, where as the Lagergren may onfpffithe initial reaction step. It
also has the advantage of not requiring the assignaf an effective sorption
parameter; the values of k and h can be determumgnbut knowing any
parameter beforehand.

Where the sorption capacity is assumed to be ptiopat to the number of

active sites, the pseudo second order rate equediorbe written as in Equation
2.24.
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d
(d_c::[] = k(qe — G )2 Equation 2.24

Integrating, rearranging and applying the boundamnditionst=0tot=tand q
= 0to q= ggives Equation 2.25.

Equation 2.25

This can then be solved for the initial sorptiotera in Equation 2.26.

_ 2
h - kgqe Equation 2.26

(Ho and McKay 1999; Zou et al. 2006)

2.1.5 Silica to Alumina Ratio

Altering the ratio of silica to alumina in the ziel structure can affect the
adsorption and catalytic performance of zeolitear(@oli et al. 2006). This is
usually achieved by removing framework aluminiunmgsacid treatment (Shu
et al. 1997a). The Si/Al ratio is never less thayufithere is no upper limit and it
is possible to form pure silica zeolite structurdfie alumina rich zeolite
structures have a much higher affinity for wateartithe hydrophobic zeolite
structures of high Si/Al ratios. This means thatevaoluble organic molecules
can be competing with water molecules for hydrogpemding onto surface
groups on low silica zeolites (Roostaei and Hanbezel 2004; Terzyk 2004). In
lower ratios however there are more cations in strecture to balance the
difference between the “Si and AF* ions. This balance increases the
heterogeneity of the zeolite surface which mayaattmore polar molecules such
as phenol (Roostaei and Handen Tezel 2004). Reglutie number of
aluminium sites will also reduce the number of exxeable ions on the zeolite

surface.
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2.1.6 Surface area analysis

The Brunauer, Emmet and Teller equation (B.E.T.¥» waveloped in order to
determine the surface area of a solid (Brunauealetl938b). The solid is
characterised by the weak physical adsorption seganto the solid surface.
This is achieved through an isotherm representimg eéquilibrium of gas
adsorbed on the solid at a fixed temperature anal fasction of pressure. The
volume of gas adsorbed is plotted agaiRstPo (P is the pressurePo is the
saturation pressure at the measurement temperatré)w pressures®/ Po is
less than 0.1) monolayer formation follows the Lang isotherm. However it
is difficult to determine the point where thereeiactly monolayer coverage as
multilayer physisorption starts before monolayevearage is complete. To
address this the B.E.T. equation (Equation 2.2%rels the Langmuir isotherm
to multilayer adsorption

P _ 1 , (c-yp
V (Po - P) Vm C C Vi P Fauation 227
V = The volume, reduced to standard conditions (SoPyas adsorbed per

unit mass of adsorbent at a given pressure, P @mtant temperature
Po = The saturation pressure at the measuremenetatope

Vm = The volume of gas adsorbed at STP per unit miaadsorbent, when the

surface is covered by a unimolecular layer of duobsier

C = The equilibrium constant

From Equation 2.27, a plot oP /V (Po. - P) versusP/P. should yield a
straight line in the formy=M. x+1. The slope M’ of the straight line along

with the intercept ! * gives two equations from whictincan be obtained.

(€-1)
Vi C

Equation 2.28
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| _ 1
- Equation 2.29
Vi C a
1
Vm = Equation 2.30
M + | a

From these the surface area is then calculated:usin

Vm Am Na

SeET - Equation 2.31
Vmol

Where: Na = Avogadro’s number (6.023 x D
Vol = Molar volume of adsorbate gas at STP (22.4II"n
An = Cross sectional area of adsorbed gas

(AmforN, = 0.162 nrf)

Thus when nitrogen is the adsorbate gas, Equat&ihraduces to:

SBET 4.353Vm Equation 2.32

The B.E.T. equation ( Equation 2.27) is applieablithin a relative pressure

range of 005 <P/P. < 03. At higher relative pressures, the B.E.T.

equation is usually inaccurate due to the effetisapillary condensation in the

smallest micropores (Baiker, 1985).

In this chapter the commercial adsorbent ZeoliteaBeill be examined for its

ability to adsorb the model pollutant phenol fromater. Its adsorption
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characteristics and optimal adsorption conditidredide ascertained through the
examination of the effects of solution pH, thermoayics, kinetics and the
effect of altering framework silica to alumina mtiThe work in this chapter will

also attempt to determine a suitable adsorptionainimd phenol adsorption onto

Zeolite Beta.

2.2 Experimental

2.2.1 Materials

Powdered Zeolite Beta was supplied by Zeolyst hagonal. A number of
variants with different Si@Al,Os; ratios were used: iB-25, H{3-75, H{3-150
and H$-300. Phenol crystals 99.5 % were supplied by Fluka. Variable phenol
concentrations were made using stock solutiongyadfjphenol crystals made up
to 1 liter with distilled water (1000 mg di

2.2.2 Adsorption Studies

Batch adsorption studies were carried out usingxedfzeolite weight and
variable phenol concentrations. 200 mg of zeolevger was added to 50 ml
centrifuge flasks followed by 20 ml of phenol saat The centrifuge flasks
were attached to an Analogue Orbital shaker forréugiired contact period (1
hour). The centrifuge flasks were then centrifugeda Hettich Rotofix 32
centrifuge at 6000 rpm for 20 min to separate tlelite from solution.
Subsequently 10 ml of the supernatant was remaddeel phenol concentration in
this solution was determined using a Shimadzu UOHIRE UV-Visible
spectrophotometer at 270 nm against a standarek raihgolutions with known
phenol concentrations. Figure 2.3 shows a typiallb@tion graph for phenol at
270 nm. Controls using phenol alone were used turenreproducibility.

Distilled water was used as the solvent.
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Figure 2.3 UV-Vis spectrophotometer calibration grgh for phenol at 270 nm. R value
0.999.

2.2.2.1 Kinetics Studies

For the kinetics study phenol adsorption was exathion Zeolite Beta with a
SiOx:Al,O3 ratio of 25:1 over a period of 180 minutes. Measugnts were taken
at 0, 10, 30, 60, 120 and 180 minutes. Three e@iffephenol concentrations
where used: 50, 100 and 200 mgtm

2.2.2.2 pH Studies

Phenol adsorption on P25 was examined over a pH range between 2 and 12 i
a 100 mg drii phenol solution with a contact time of 1 hour. Ti¢ of the
solution was lowered and raised using concentret€t (ACS 37%) and Nk
(ACS 30%)respectively. The pH was measured using a ThermonQnodel
420A+ pH meter.
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2.2.2.3 Adsorption Isotherms

The effects of changing temperature and the theymadic parameters were
studied using H3-25 at 4 different solution temperatures: 283 K4 29 313 K

and 333 K. The temperature was kept constant thiautgthe residence time
using hotplates for higher temperatures and iceshslbaths for lower

temperatures. The IsoFit Isotherm Fitting softwasess used to fit experimental
data to a range of isotherm models. IsoFit detezmisotherm parameters from
given experimental data sets. It does this by miming the weighted sum of
squared errors between experimental data and theouwted isotherm values
(Oyanedel-Craver et al. 2007). It uses a hybridiftstic-plus-regression” search
algorithm and calculates a wide range of diagnaamtid statistical measures. It
supports more isotherms than many of its contemgsaincluding dual-mode
isotherms and in comparative tests with MS-Solveachieved comparable or

superior fits to a variety of isotherms (Shawn Maamd Radibeau 2008).

2.2.3 Adsorbent Characterisation

The samples were characterized by nitrogen gag@atasvdesorption isotherms
using a Quantachrome Autosorb AS-1 gas sorptiotesys) order to determine
surface area and pore volume. Samples were pratraatier vacuum at 300
for 18 hours before analysis. The apparent sudaeas of the zeolites were
measured using the Brunauer-Emmett-Teller (BETu(Buer et al. 1940)
method, the mesopore volume by the Barret-Joynésrida (BJH) (Barrett et al.
1951) method, and the micropore volume by the DoHRadushkevich (DR)
(Dubinin et al. 1947) method.
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2.3 Results and Discussion

Generally, adsorption is dependent on the intevadietween three components:
The adsorbent, adsorbate and solvent. This rekdtipns loosely illustrated in

Figure 2.4.

Adsorbent

Affinity and
molecular size / \Afflmty
(Adsorbate) €y -

Affinity

Figure 2.4 Diagram depicting the relationship betwen the three components in an
adsorption system (Furuya et al. 1997)

The term ‘affinity’ differs depending on the compons in question. Between
the adsorbent and the solvent (in this case wtterinost important relationship
is the hydrophobic/hydrophilic nature of the adsorth a hydrophobic adsorbent
would repulse water, possibly in favour of the atlate. Between the adsorbate
and water the same affinity is present, definedHhsy adsorbates solubility; an
adsorbate with low solubility would be ‘pushed’ tands an adsorbent. The
relationship between the adsorbate and adsorbemiris complex, not only does
it depend on the chemical affinity between the dus® molecule and the

surface of the adsorbent, but the shape of therlaeisband the relative shape
and size of the molecule can decide whether it Wil admissible into the

adsorbent structure (Furuya et al. 1997).

Five types of interaction have been described @ lilerature with regards to
phenol adsorption onto the surface of zeolitic doksots:

* Hydrophobic interaction

» Surface charge

« Hydrogen bonding

« Encapsulation in the zeolite pores

* Metal ion complexation
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Although the benzene ring and the O-H bond largslynter act each other,
phenol is relatively polar when compared to maneotorganic pollutants
including other phenols. This presents a particyeosblem with regards to
phenol adsorption as it has a comparatively higleags solubility. As a result a
particularly hydrophobic adsorbent may be requiedffect significant phenol

adsorption.

Negatively charged surface groups may repulse shs@éted phenol, this could
possibly result in reduced phenol adsorption al lpigs (pH> pKa). However in
some cases this has been shown not to be a limstieyy in the adsorption

process (Yousef and El-Esweed 2009).

Hydrogen bonding can occur between the non-disagsdcphenol molecule and
negatively charged surface groups on the zeolitesel The hydrogen atoms in
the aromatic ring or the hydroxyl group are atedcto oxygen atoms in silanol
and aluminol surface groups. (Su et al. 2000; Ybasd El-Esweed 2009).

Bonding can also occur between thelectron cloud of the benzene ring and the
extra framework cations on the zeolite surface. pleration can also occur due
to charge transfer between the phenolate anionthedempty d-orbitals of
surface metals, however Okolo et al. suggested ithataction was primarily
with the aromatic ring (Okolo et al. 2000; Su et2400; Yousef and El-Esweed
2009).

As discussed in Chapter 1 the channels of the bdsbeeolite beta, have typical
dimensions of 0.73 x 0.60 nm for the straight cledsiand 0.56 x 0.56 nm for the
torturous channels. The adsorbate phenol is seenraiged planer molecule;
however its molecular dimensions vary in the litere. The molecular

dimensions of phenol as defined by the WINMOPACgpam are 0.80 x 0.67 x
0.15 nm, however this did not take into account WanWaals radii which could

increase the radius by up to 0.12 nm for hydrogeh 4 nm for oxygen (Furuya
et al. 1997; Tanthapanichakoon et al. 2005). Bemnonret al. took average

dimensions of 0.838 nm x 0.37 nm, while Shu etf@ind a minimum cross
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sectional distance of 0.43 nm (Shu et al. 1997btdBeini and Odetti 2000). For
the most part estimates of phenol molecular diametelld appear to allow for

the accommodation of phenol into the microporolanciels of zeolite beta.

2.3.1 Kinetic Studies

The purpose of this study was to determine theambniime needed for the
reaction to reach equilibrium, the effect of phenohcentration on the rate of
uptake and related parameters. It is necessargdw khe time dependent factor
the rate of adsorption in order to design an adgorsystem. To this end, the
selection of an appropriate kinetic model is usédulderiving the adsorption rate
The relationship between contact time and adsaorgifgohenol is represented at

several different initial concentrations in Figa:é.
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Figure 2.5 Amount of phenol adsorbed at 24C onto H-B-25 relative to time using three
different initial phenol concentrations: m 50 mg dm?®, ¢ 100 mg dm® and
A 200 mg dm®.

Initial adsorption appears to be fast, resolvingetpilibrium within 1 hour,
mostly taking place within the first 10 minutes aedjess of initial phenol
concentration. This rapid adsorption may indicate tadsorption mainly occurs

on the external surface. MeteS et al. observedralasi scenario were rapid
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adsorption within the first 30 minutes followed bynor fluctuations (MetesS et
al. 2004). This rapid adsorption is significanitaadicates that a relatively short
residence time is required for the adsorption stigéhe proposed integrated

system.

Second order rate equations can be difficult taeaehexperimentally, however
in sorption systems one reactant (in this caseatteorbent) is constant. This
permits the use of the pseudo first order approtonalLagergren’s pseudo first
order kinetic expression can be applied to thetkieelata in order to assess the

dependency of the sorption process on phenol caratem.

0.5

140

In (Qe - Qt)

Time (mins)

Figure 2.6 Pseudo first order sorption kinetics ophenol on H-25 at 24C. Three different
initial phenol concentrations were usedm 50 mg dni®, @ 100 mg dmand A 200 mg dm?®.

Figure 2.6 shows the pseudo first order kinetict pAoth varying phenol
concentration. The relevant constants are listedrable 2.2. Although the
correlation coefficient is relatively high, the cgg in the rate constant is

inconsistent with the change in concentration.
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Table 2.2 Pseudo first order constants for phenol abrption onto H-p-25

Initial phenol : Equilibrium
. Correlation Rate constant
concentration g phenol uptake Q )
3 coefficient R 1 k (mirit)
(mg dn) (mg g’)
50 0.966 2.281 0.0058
100 0.993 3.840 0.0229
200 0.976 6.459 0.0123

In order to establish a better model for the conspar the pseudo second order
reaction model developed by Ho et al. was alsoiegpgfHo et al. 2000). The
pseudo second order plot is shown in Figure 2.7thedssociated constants are

summarised in Table 2.3.
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Figure 2.7 Pseudo second order sorption kinetics gshenol on H$-25 at 24C. Three
different initial phenol concentrations were used:a 50 mg dm?, ¢ 100 mg dm?® and A 200
mg dm’>,

Table 2.3 Pseudo second order kinetic constants fphenol adsorption on Hf-25.

Initial phenol
_ Correlation Equilibrium  Rate constant Initial
concentration coefficient @ Phenol uptake ko sorption rate h
(mg dn?) Qe(mgg’) [g/(mg/min)] [mg/(mg min)]
50 0.980 2.347 0.0403 0.222
100 0.999 3.889 0.0701 1.0599
200 0.999 6.234 0.5417 21.0526
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The correlation coefficients from the pseudo secordger plot are noticeably

higher than the pseudo first order equivalentsr&iealso a clear trend with the
change in the rate constant and initial sorptide ralative to concentration. The
rate constant and initial sorption rate increag wicreasing concentration. This
would imply that more phenol is adsorbed at higlwrcentrations, and also that

maximum saturation is reached eatrlier.

The probability of a reaction fitting the pseuda@ad order model over the
pseudo first order is concentration dependent.igtt heactant concentrations the
reaction is often only dependent on one reactashtla® pseudo first order model
reflects this. At lower concentrations the reactiemds to obey the pseudo

second order equation (Azizian 2004).

2.3.2 The Influence of pH

A study on the relationship between pH and phedsbgtion was performed
over a pH range of 2-12. The effect of variable gmHadsorption capacity was

studied in tandem with the variation of pH in saatover time.
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Figure 2.8 Phenol adsorption at equilibrium with vaiable pH from a 100 mg dm?® phenol
solution. Temperature 294 K. Contact time 1 hour. HB-25.
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In Figure 2.8 there is no distinct correlation betw adsorption of phenol at
equilibrium and initial solution pH. As mentioned $ection 2.1.3, data points
after pH 9.95 should be in a solution where the omitgj of phenol has

disassociated into phenolate; however there igppar@nt effect on adsorption. It
was also observed that the pH of solution did mainge throughout the contact

period.

Yousef et al. noted that at higher pH values thdasa of the zeolite may
become negatively charged which may repulse thativedy charged phenolate
ion and reduce adsorption. Additionally hydrogending between the hydroxyl
group on the phenol molecule and the silanol omaiol surface groups on the
zeolite should decrease at higher pHs due to tpeottation of these groups
(pKa 5 and 10 respectively). Conversely the complerabibphenolate ions with
the metal ions on the zeolite surface will increagth the increase of pH
(Yousef and El-Esweed 2009). One possible reason tiwbse factors do not
seem to elicit a trend in this research is tha then electrons on the benzene
ring as opposed to the hydroxyl group that interaadth the zeolite surface. This
interaction is independent of pH. This assumptsosupported by the research of
Okolo et al., which found such interactions to berencommon in the case of
synthetic zeolite (Okolo et al. 2000).
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2.3.3 Adsorption Studies

An initial adsorption isotherm study was perfornedH{3-25 against a variable

phenol concentration (Figure 2.9).
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Figure 2.9 Adsorption isotherm for phenol on HB-25. Phenol adsorbed per mass of zeolite
vs. equilibrium concentration. Phenol concentrationrange 10 to 1500 mg dr.  All
concentrations repeated in triplicate. Temperature 24 K.

The adsorption curve does not appear to approadiiritive limiting value and
adsorption capacity increases throughout the cdrateon range. There is a
possibility that the highest recordedd® 25.7 mg g (at 1500 mg dif}) could be
exceeded with increasing phenol concentration. Ritamgraph it is not clearly
discernable as to which Brunauer classificatios best, however, there does
appear to be some levelling off which would indé&cahat the isotherm is
approaching a Type | relationship. From the graps apparent that the amount
of error between samples increases at higher ctiatiens. This could be due to
the isotherm approaching equilibrium with the preseof weaker adsorption

interactions causing variation.
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Figure 2.10 Phenol adsorption isotherms at four adsption temperatures on H$-25. m 283
K, ¢ 294 K, 313 K and A 333 K. Phenol concentration range 10 — 1500 mg din

The temperature study in Figure 2.10 shows a negaglationship between
phenol adsorption and increasing temperature, wwhth isotherm at 283 K
yielding the highest level of phenol adsorption2ét4 mg ¢ with a starting
solution of 1500 mg di This would suggest that the adsorption process is
exothermic. The adsorption curve appears similarth® Type | Brunauer
classification and no clear saturation point waseoled within the concentration

range.

In order to determine the most appropriate isothenodel to fit to the
experimental data, it is necessary to have sombaadetf the ‘goodness of fit'.
The conventional method involves the comparison tloé coefficient of
determination (B for the isotherm model plot, which when multipliey 100
represents the percentage of variance from the meaits normal form the
closer B is to unity, the better the fit. The ISOFIT progrgprovides two

‘standard’ measurements for goodness of fit, theythe correlation between
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measured and fitted observations (Ry) from whichcae derive the coefficient
of determination and the root-mean-square-error $IEM (Kinniburgh 1986;

Oyanedel-Craver et al. 2007; Shawn Matott and Reib2008). RMSE is

acquired through Equation 2.33 where (WSSE) isvikgghted sum of square
error, (m) is the number of observations and (dhésnumber of parameters in
the isotherm model. WSSE is an objective functioquired by the ISOFIT

program. The closer RMSE is to zero, the bettefithe

RMSE= KSE Equation 2.33
(m-p)

Table 2.4 shows the coefficient of determinatiod evot-mean-square-error data
generated by ISOFIT for one set of adsorption dat294K. The coefficient of
determination is highest on four isotherms, thauRddich, Freundlich with linear
partitioning, generalised Langmuir-Freundlich arathl These isotherm models
also show lower RMSE values, the lowest value cgnirom the Freundlich
model. The Polanyi and Polanyi with partitioningnche excluded due to
relatively high RMSE values, despite their high floents of determination.
Overall the BET isotherm model showed the poorestetation, this is to be

expected as it is rarely implemented for aqueossigtion systems of this kind.
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Table 2.4 Table summarising goodness-of-fit measuremis for ten isotherm models for the
adsorption of phenol onto H$-25 at 294 K. Phenol concentration range 10 — 1500y dm?.

Isotherm model 53 RMSE
Linear 0.983 1.69
Langmuir 0.996 0.64
Langmuir w/ Linear partitioning 0.983 0.95
Freundlich 0.998 0.32
Freundlich w/ Linear Partitioning 0.998 0.33
Generalised Langmuir-Freundlich 0.998 0.39
Toth 0.998 0.42
Polanyi 0.997 6.87
Polanyi w/ Linear Partitioning 0.997 720
BET 0.828 4.84

Figure 2.11 includes plots of a number of studssdhierm models relative to the

experimentally measured adsorption data. The ntgjofithe isotherm models

fit closely with the observed data. Graphically yotthe Langmuir and Linear

model deviate visibly from the observed data.
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Figure 2.11 Plots of adsorption isotherms comparingbserved data to simulated data from
a range of isotherm models. H-BEA (Si@AI,03= 25:1) at 294K . Phenol concentration
range 10 — 1500 mg drm
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Amongst the best fitting isotherms was the Frewhdinodel, the parameters of
which are shown in Table 2.5. The Freundlich magetommonly applied to
heterogeneous systems. It predicts a continuakaser in phenol uptake with
increasing equilibrium concentration. It also potslireversible adsorption on an
amorphous adsorbent with heterogeneous adsorptem(8/ong et al. 2004). In
this case the coefficient of determination shovgoad quality of fit for the two
lower temperatures but decreases significanth88tK3 The Freundlich constant
(Kp) is an indication of the adsorption capacity. Kaedated the Freundlich
constant also to the binding capacity and to theodmhte affinity (Kand et al.
2000). In this case there is no consistent cofogldietween K and temperature,
except for the much larger value for 284K, indicgtia notable increase of
adsorption affinity at low temperature. The heterugity of the adsorption is
characterised by the heterogeneity factor (1/ng Wdue of n can also be related
to the number of binding sites wasted by the bigdifhthe adsorbate, so it can
be relative to the size of the adsorbate moled€and et al. 2000; Allen et al.
2004). This is emphasised by the observed values(Zmy) which remain
roughly the same for the entire range of tempeeaiuthis is to be expected due
to the constant size of the adsorbate and unchangéate heterogeneity. In this
case, the constants for the Freundlich isothernm \Witear partitioning were

almost identical to those of the standard Freuhdfotherm.

Table 2.5 Freundlich constants for the adsorption ophenol onto H$-25 at 3 different
temperatures.

Temperature (K)| K(dnT g} 1/ry R?
283 0.353 0.603 0.997
294 0.148 0.712 0.998
333 0.156 0.666 0.979

The Langmuir parameters are shown in Table 2.@suglly predicts adsorption
onto a homogeneous surface, where the sorptioadf molecule has the same
activation energy, with little interaction betwettrese adsorbate molecules and
as a result no multilayer adsorption (Allen et 2004). It assumes that when
adsorption takes place that there will be no furth@sorption, thus adsorption

isotherms that fit the Langmuir model often showplateau where all the
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adsorption sites are occupied and a maximum adsorpg obtained. The
Langmuir constants (K and (A) are representative of adsorption capacity and
the affinity or energy of adsorption, respectivéfousef and El-Esweed 2009).
K. appears to be temperature dependent showing aadecm capacity relative
to increasing temperature.. fn the other hand shows little correlation with
temperature. By dividing Kby A. we can derive the maximum adsorption
capacity Q. In this case there is no specific correlationwleein @ and
temperature, however the value of &em realistic relative to the maximum
adsorption capacities shown in the isotherms irufgd@.10. In contrast to the
Freundlich model, the correlation coefficient foetLangmuir model decreases
at the lowest temperature. This could be becawsitther temperature appears
to be closer to a plateau within the concentratsorge. The fit for the Langmuir
and Freundlich isotherms are both similarly goduds is not uncommon with
adsorption systems involving phenol and could nteahthere is a combination
of monolayer and heterolayer formation on the sw@faf the adsorbent at
different concentrations (Mohd Din et al. 2009).n@oonly, the Freundlich and
Langmuir models are in agreement under moderateecdration ranges and
only differentiate at higher concentrations whatleg the isotherm approaches a
plateau as in Langmuir or the isotherm approachesear relationship between
equilibrium concentration and adsorbed concentnadi® in Freundlich (Allen et
al. 2004).

Table 2.6 Langmuir constants for the adsorption of pkenol onto zeolite HB-25 at 3 different
temperatures.

Temperature (K)) K(dn?g’) A (dnPmg) Q(mgg) R?
283 0.0547 0.00139 39.3 0.984
294 0.0356 0.000731 48.7 0.996
333 0.0331 0.0011 302 0991

The Langmuir-Freundlich isotherm was amongst thst lfigting 3-parameter
iIsotherms. Its parameters are shown in Table Rificludes some constants from
the Langmuir model and the Freundlich model, ngtdbé heterogeneity factor

(1/n). When the value of n approaches unity théheson reduces to Langmuir.
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The typical Langmuir-Freundlich isotherm is simitarthe Freundlich at lower
temperatures in that when it is plotted logarithatiicit will form a straight line,

but at high concentrations it will approach an aded maximum similar to the
Langmuir isotherm (Kinniburgh 1986). The observatles for 1/n are similar to
those derived from the Freundlich model, the conska(related to Ain the

Langmuir isotherm) is only comparable at 333 K dedreases significantly as
temperature is decreased. Unlike the Langmuir eaththe predicted maximum

adsorption (Q is considerably larger and increases with deangaemperature.

Table 2.7 Generalised Langmuir-Freundlich constantsdr the adsorption of phenol onto
zeolite H$-25 at 3 different temperatures.

Temperature (K)) @(mgg")  b(dn? mg? 1/n R?
283 543 0.00000629 0.618 0.996
294 125 0.000126 0.790 0.998
333 108 0.00103 0.733 0.982

In contrast to the Langmuir-Freundlich model, ttahTisotherm was developed
to take into account a linear relationship at losnaentrations, an adsorption
maximum at high concentrations and a smooth -curveinéermediate
concentration when plotted logarithmically. The A asotherm model also
includes a heterogeneity factor)(rwhich is in this case noticeably higher than
the equivalent values in the Freundlich or Langrfugundlich models
(Kinniburgh 1986; Terzyk et al. 2003). The constafi*Q,) and (b) are related
to the Langmuir constants (Kand (A), respectivly. The value for (b*p
increases with decreasing temperature as doesddet®d maximum adsorption
(Qo). However the predicted maximum adsorption is mhaher than those
predicted by the other examined isotherm modele figh @ values for 284
and 294 K are unprecedented in similar adsorpti@tesns and could not be

reconciled with the measured adsorption data.
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Table 2.8 Toth constants for the adsorption of phenainto zeolite H$§-25 at 3 different
temperatures.

Temperature (K)| b*@(dn?g?) b (dm mgh) N Q(mgg) R?
283 1.34 0.000144 0139 9328 0.998
294 0.0926 0.0000711 0.265 1303 0.998
333 0.0476 0.000684 0537 70 0.987

All the adsorption isotherms studied with the exmepof the Langmuir isotherm
show slightly decreased correlation coefficient824K. This could be because
the lower adsorption capacity at higher temperatwauses it to reach an
adsorbed maximum earlier and thus resemble the rhaimgisotherm more

closely.

2.3.4 Thermodynamic Parameters

As mentioned in section 1.1.2, by making a plottleé natural log of the
equilibrium concentration (IngCe) versus 1/T for a range of temperatures, it is
possible to derive the enthalpy changeH) from the slope for each initial
concentration. By adapting Equation 2.19 for uséh virreundlich isotherm
constants we can determine Gibbs free energy ch@ge(Zhang et al. 2009).
The modified equation is shown below:

AG=-nRT Equation 2.34

Where (n) is the heterogeneity factor from the Rdéich model.

The values for the three thermodynamics paramaterdisplayed in Table 2.9.

Table 2.9 Thermodynamic parameters for phenol adsorpon onto zeolite H$-25 at three
different temperatures.

Temperature (K) | 4G (kJmodm)  4H (kJ mol™) A4S (3 mot K%

283 -1.42 -21.5
294 -1.74 -7.51 -19.6
333 -1.85 -17.0
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The enthalpy change is negative which implies that adsorption process is
exothermic; this trend is confirmed in the isothatata as a negative relationship
with increasing temperature. The value Adfl displayed in Table 2.9 was an
average of thaH values obtained from each concentration. Howaweainalysis

of these values reveals two distinct groups of eatration where the enthalpy

change remains roughly the same, these groupsiawensn Table 2.10.

Table 2.10 Enthalpy change values over different coratration ranges.

Initial concentration | AveragedH
range (mg dif) (kJ mol™)
10 - 150 -11.17
200-1500 -4.46

Between the initial concentrations of 10-150 mg~dm significant enthalpy
change close to the enthalpy of physisorption wasd, whereas between 200-
1500 mg drif a less negative enthalpy was found as the isotlepnoaches
equilibrium. The likely cause of this distinct clggnin enthalpy is that at lower
concentrations the phenol adsorbs on high enetgy sh the zeolite, resulting in
a more negative enthalpy change. When the highggreétes become saturated,
the phenol adsorbs onto lower energy sites or bplyssinto other adsorbed
phenol molecules. This results in a less negatitbadpy change (Zhang et al.
2009).

The negative Gibbs free energy changes) indicates a spontaneous and

feasible adsorption process.

The negative entropy chang&S) implies a significantly less chaotic distributio
of the adsorbate on the solid surface relativeototion (Saltali et al. 2007). The
entropy appears to be temperature dependent; witheasing disorder as
temperature increases. Entropy is dependent ondélgeee of freedom of a
molecule, as a molecule becomes confined in théteetructure its freedom is
reduced and a corresponding reduction in entroppserved. Larger molecules

with molecular diameters approaching that of theegbameter are likely to lose
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more entropy than a smaller molecule or alternbtielarger pore diameter
(Myers 2004). The significantly negative entropyymeply that the phenol
molecule is being confined in the zeolite structure

2.3.5 Silica to Alumina Ratio

To examine the effects of silica to alumina ratimage of different zeolites were
tested under the same conditions. The resultingrptisn isotherms are shown
in Figure 2.12.
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Figure 2.12 Phenol adsorption isotherms for four dferent zeolites with varying silica to
alumina ratio @ 294K. Initial concentration range 10-1000 mg dri. ¢ H-p-25, m H-B-75, A
H-B-150 ande H-B-300.

The isotherm data shows a distinctly positive refeship between phenol uptake
and increasing silica to alumina ratio. The exa@pto this is the H-300 zeolite
which is closer to the i8-25. This could mean that there is an optimal @itc
alumina ratio, somewhere between 75:1 and 300:laagdncrease in excess of
this begins to counteract the adsorption benefitei@easing silica to alumina

ratio. Optimum phenol uptake occurred at a silecalumina ratio of 150:1.
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The isotherm curves for the 75:1 and 150:1 zeoégsear similar to the Type |
Brunauer isotherm classification, with a changethi relationship between
equilibrium concentration and adsorbed concentnabetween 100 and 200 mg

dm? initial concentration.

The ISOFIT program was used to apply isotherm nwodel each of these
zeolites.
Table 2.11 shows the goodness of fit parametersafoappropriate range of

isotherm models for the four silica to aluminaaati

Table 2.11 Table summarising goodness-of-fit measurés a range of isotherm models for
the adsorption of phenol onto HB-25), H$-75, H$-150, Hf-300 @ 294K .

Isotherm Model | Si@Al,O; R RMSE

25 0983  1.64
75
Linear 0.876 3.99
150 0685  11.7
300 0944 231
25 0996 064
75
Langmuir 0.996 0.55
150 0988  1.87
300 0.987 0.79
25 0998 032
75
Freundlich 0.971 1.51
150 0919  4.99
300 0988  0.76
25 0.38
Generalized e 0.998
Langmuir- oo 0.996 0.58
Freundlich 0.988 1.94
300 0.99 0.70
25 0.998  0.4146
75
Toth 0.996  0.5768
150 0.988  1.9397
300 0.990  0.6967
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From

Table 2.11 a number of observations can be draWwa.tWo poorest performing
zeolites (25:1 and 300:1) exhibit certain similastin isotherm correlation. They
are both the more linear isotherms and correspetatively well with the

Freundlich isotherm with high correlation coefficie and low RMSE. The
Freundlich model tends to suggest the prevalencewefk, reversible
physisorption and multilayer adsorption. This magy tmore common on the
poorer adsorbing zeolites, which may continue teoda on multiple layers,
however it may be that a distinct adsorption maximsa difficult to distinguish

at relatively low adsorption uptakes.

For the silica to alumina ratios of 75:1 and 15Mére is a shift of correlation
from the Freundlich to the Langmuir model. Thisiligstrated in Figure 2.13
where a close fit for the Langmuir model on H-BEBO1l can be seen. This
correlates with a distinct Type | Brunauer classifion isotherm and a visible
maximum adsorption c. 42 mg'gAs the observed data approaches the
Langmuir model, the simulated Langmuir-Freundlictadbecomes identical to
that of the Langmuir. Because of this, the two iadistinguishable in Figure
2.13.
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Figure 2.13 Plots of adsorption isotherms comparingbserved data to simulated data from

a range of isotherm models. H-BEA (Si@AI,03= 150:1) @ 294K . Phenol concentration
range 10 — 3000 mg drm
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The general purpose Langmuir-Freundlich and Tottheym models show the

broadest application with a consistently goodditdil silica to alumina ratios.

Table 2.12 Langmuir constants for the adsorption of penol onto zeolite beta for 4 different
silica to alumina ratios.

SiO/ALO; | K (dnPgh) A (dnPmg) Q(mgg) K
25 0.0356 0.000731 48.7 0.996
75 0.139 0.00385 36.1 0.996
150 0.202 0.00412 50.3 0.988
300 0.0729 0.00210 34.7 0.987

The Langmuir isotherm constants shown in Table 2sh®w a distinct
correlation between the values for End A and the observed trend in Figure
2.12.

Table 2.13 Freundlich constants for the adsorptionfgphenol onto zeolite beta for 4
different silica to alumina ratios.

SiO/AlO3 Ke (dn? g7) 1/ry R’
25 0.148 0.712 0.998
75 0.661 0.570 0.971
150 2.169 0.402 0.919
300 0.315 0.641 0.988

The Freundlich isotherm constants are shown inerald3. Adsorption capacity
(Kg) increases with the established trend, howeveh#éterogeneity factor (1/n)
decreases. This may correspond to the increasingpgeneity on the surface of

the zeolite as silica becomes more prevalent (thithexception of 300:1).
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Table 2.14 Generalized Langmuir-Freundlich constantor the adsorption of phenol onto
zeolite beta for 4 different silica to alumina ratps.

SiO/ALO; Q(mg g b(dn?® mg?h 1/n R
25 125 0.000126 0.790 0.998
75 36.1 0.00361 0.999 0.996
150 49.0 0.00413 0.999 0.988
300 58.9 0.000667 0.796 0.990

Table 2.15 Toth constants for the adsorption of phen@nto zeolite beta for 4 different silica
to alumina ratios.

SiO/ALOs | b*Qo (dnt mgh) b (dn? mg?) Ny Qmgg) R
25 0.0926 0.0000711  0.265 1303 0.998
75 0.139 0.00386 0.990 36.1 0.996
150 0.203 0.00416 0999  48.9 0.988
300 0.142 0.00108 0.408 131 0.990

The Langmuir-Freundlich and Toth constants are shiowlable 2.14 and Table
2.15. Notably in the case of 75:1 and 150:1 thesrogeneity factor in both
isotherm models is very close to unity, under theseditions the Langmuir-
Freundlich and Toth models are said to reduce ® lthngmuir model

(Kinniburgh 1986). This correlates with the affinithat these two isotherms
have with the Langmuir model. The values far (e adsorption maximum) in
the Toth and Langmuir-Freundlich for these two hsoms, also show similar

values to those acquired through the Langmuir model

The best performing adsorbents: H-BEA (8&),0; 75:1) and H-BEA
(SiG,/AIL03 150:1) show a distinct correlation to the Langmsatherm model.
This is characterised by a sharp increase in atisorpf phenol relative to
adsorption capacity followed by a plateau as theogation capacity is reached
and additional phenol uptake is severely reducée. Dangmuir model predicts
an irreversible, monolayer adsorption onto the dmsut surface with a
maximum adsorption. The poorer performing adsoétHBEA (SiQ/Al0s
25:1) and H-BEA (Si@AIl,03 300:1) showed a transitory relationship between
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the Langmuir and Freundlich, with no observed maximadsorption and instead
a relatively mild decline in adsorption uptake agher concentrations. The
Freundlich isotherm predicts continual increase aifsorption uptake with
relatively weak, reversible and multilayer adsapti By virtue of their
versatility the general purpose Toth and LangmuéuRdlich models show good
correlation with all sets of isotherm data. Thetrooean square error and
correlation coefficient values for the two models almost identical for all four
isotherm data sets.

The positive effects of increasing silica to aluaimatio in zeolites for the
adsorption of phenol has been established in rels¢8hu et al. 1997b; Khalid et
al. 2004; Damjanovi et al. 2010). The effect by most accounts is catiue,
with completely siliceous adsorbents achieving mmaxn adsorption in a
number of cases. As mentioned in section 2.1.5 @edse in the ratio of
framework alumina produces a more hydrophobic ddsdr Phenol is noted for
its relatively high aqueous solubility relative éther organic chemicals. This
makes its competition with water for adsorptioesia crucial determinant in an
adsorbents ability to adsorb phenol. Su et al.istuthe adsorption of benzene
onto large pore zeolites, it was found that andase in silica to alumina ratio
led to a shift from hydrogen bonding and metal clexgtion to condensation of
the benzene on the zeolite surface (Su et al. 2008 is a function of
decreasing extra framework cations; however phisnolore polar than benzene,
therefore a hydrophilic zeolite may inhibit thelisation of these adsorption sites

at lower silica to alumina ratios.

Another important consideration is the surface iaciof the zeolite. As the

amount of framework alumina decreases, the amduBtansted and Lewis acid
sites decrease. This has the effect of making rerbasic and more attractive to
acidic molecules (Pai et al. 2007). Phenol is akneed, and because of this

should have a greater affinity to a less acidi®#aknt.

The surface area and pore volumes for each ofoilnezieolites were determined
in order to identify any structural change betweiferent SiQ:Al,O; ratios.

The results are displayed in Table 2.16.

92



Chapter Two AdsorptionR¥fenol onto Unmodified Beta Zeolite

Table 2.16 Surface characteristics of zeolite Beta different SiO,:Al ,O5 ratios.

Surface Mesopore Micropore
Sample Area (nfg") Volume (cc @) Volume (cc @)
H-B-25 529 0.772 0.298
H-B-75 514 0.885 0.291
H-B-150 541 0.964 0.305
H-p-300 630 0.289 0.365

The mesopore volume is shown to increase with asing silica. The exception
appears to be iH-300 which has a significantly lower mesopore vadriess
than half that of the other zeolites. Of all the@l#es tested, the 300:1 has the
highest surface area and micropore volume howetgerplenol adsorption
capacity is the second lowest. This would suggkat the lower mesopore
volume is a significant limiting factor and thaetl300:1 zeolite is structurally
different from the other three examples. It is ljkéhat the mesopores provide

improved adsorbate transport into the zeolite #iinec

The nitrogen adsorption/desorption isotherms fag 26:1, 75:1 and 150:1
zeolites all show a mixed type | + IV isotherm whworresponds with combined
mesopore and micropore adsorption (Schneider 19%t).isotherm for 300:1 is
less well defined, with an earlier and narrow hgedes loop. Analysis of
mesopore distribution by the BJH method shows nasspalmost exclusively
in the 20-30 A pore radius range. All other isothershow a broad pore
distribution between 20 and 275 A.

The 300:1 ratio zeolite did outperform the much enoresoporous 25:1 zeolite
(as seen in Figure 2.12), this would suggest timtzeolites hydrophobicity is the
dominant factor and can make up somewhat for the ilo adsorption capacity

due to a significantly lower mesopore volume.

As outlined in Shu et al. the adsorption of molacwrganic waste benefits from
a hydrophobic zeolite. In activated carbon this loarmchieved by adding organic
functional groups, however in siliceous adsorbestech as zeolites, a

hydrophobic nature is obtained by increasing th#o raf silica to alumina.
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Phenol however is perceived as somewhat more wliffto adsorb due to its
relatively high solubility in water (Shu et al. I89. The results show that there
Is a positive trend with increasing silica to alamiratio in the case of phenol
adsorption; this trend is likely to be the resulttloe increasing hydrophobic
effect caused by successively more siliceous awlithe disadvantage of this
increased adsorption effect however is that inéngashe SiQ:Al,O3 ratio
reduces the amount of aluminium sites for catiocharge. Exchanged cations
can alter the properties of the zeolite in a numbleways, with regards to
adsorption the ionic radii of the cation can effewtry into the zeolite pores. For
the purpose of the proposed system, a catalyticatliive metal must be
exchanged to improve the redox properties in the&aly& oxidation step.
Because of this a balance must be found betweenntnease of adsorption
capacity with increasing S¥Al 03 and available cations.

2.4 Conclusion

Adsorption of phenol at room temperature ontop-B85 was successfully
performed with an observed maximum adsorption a6 26g g* at an initial
phenol concentration of 1500 mg.grhe adsorption of phenol onto zeolite beta
was found to conform strongly to the pseudo secordkr rate equation.
Adsorption is relatively fast, with the bulk of @ occurring within the first 10
minutes. No distinct correlation was found betwgarenol adsorption and
changing pH. Solution temperature was found to haveoticeable effect on
phenol adsorption, with a distinct exothermic trefad the entire range.
Adsorption was found to be highest af@@vith an observed maximum of 26.8
mg g>. Examination of the enthalpy change confirmect tie adsorption
process was exothermic and indicated the presenerengetically heterogenic
adsorption sites, but primarily in the form of pisgsption. The Gibbs free
energy was shown to be negative, which suggestasibie and spontaneous
adsorption process. The entropy change was signific negative suggesting a
significant reduction in surface disorder and thessiility of adsorbate

confinement within the zeolite structure.
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Analysis of the adsorption of phenol on a numbebeth zeolites with differing
silica to alumina ratios revealed a significantr@ase in adsorption with
increasing silica to alumina ratio. This would seggthat the hydrophobicity of
the adsorbent is a significant limiting step widgard to phenol adsorption. The
300:1 zeolite broke this trend however, the dedimadsorption performance is
suspected to be due to a significant change in gioueture relative to the other
adsorbents. The result being a significant decr@aseesopore volume. This

would imply that adsorption does take place withi@ zeolite pore structure.

Out of the ten different adsorption isotherm modsgplied, the multipurpose
Generalized Langmuir-Freundlich and Toth isothemui®ere found to be the
most widely applicable, exhibiting good correlatiolata with all observed
adsorption isotherms. The isotherm data also siggeat the best performing
zeolites HB-75 and HB-150 approached a good fit with the Langmuir isothe
while the poorer performing zeolites H25 and HB-300 exhibited transitional
correlation between the Freundlich and Langmuir.the latter case this is
synonymous with low level adsorbate coverage whie Langmuir and
Freundlich isotherms differ very little. It is pdsie to assume that at much
higher equilibrium concentrations, the two zeolitedl exhibit an adsorption
maximum and conform to the Langmuir isotherm. Thendgmuir constants
suggest a maximum adsorption of 48.6 ritgagd 34.7 mg ¢ for 25:1 and 300:1
respectively. The highest observed maximum was 472 g" at an initial
concentration of 1500 mg dffor 150:1.

The correlation with the Langmuir model suggestt the adsorption is mostly
at homogeneous sites with a single layer of adswrpin the zeolite surface,
where as Freundlich correlation generally suggesittilayer adsorption onto
heterogeneous adsorption sites. Examination oh#terogeneity factors in the
Freundlich model show a relative decrease in hgereity as silica to alumina

ratio increases.
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The adsorption process is more likely to be a caatibn of the two, and this is
represented by the more complex systems representkd 3 parameter general

purpose isotherms.
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3 Preparation and Characterisation of the Modified
Zeolite

3.1 Introduction

Zeolites play an important role in a wide rangeegbnomically significant
chemical reactions. In the petroleum industry alibmeestimated that the cost of
refining has been reduced by some $10 billion U8 tuthe availability of
zeolitic catalysts. Their first catalytic usageimustry was in 1962 with the
large scale catalytic cracking of heavy petroleumstilthte following the
development of synthetic faujasites (also knowaeadite X and Y). These early
synthetic zeolites had a distinct advantage owveratmorphous aluminosilicates
used previously in that they had a defined chengoaiposition and an ordered
porous structure (Weitkamp 2000). This porous stimeclends a shape selective
quality to zeolites, which is not present in amanph catalysts. Most industrial
methods utilize the acidic (and in some cases page&s, intrinsic to the zeolite,
to catalyze reactions; however another advantageeofitic catalysts is the
ability to apply metals through direct synthesisiam exchange to add redox
functionality. The redox properties and acid sitemn co-exist and work

cooperatively (Mravec et al. 2005).

Metallo-zeolites as catalysts have been examinedhi® treatment of organic
compounds in waste water streams primarily in theecof aqueous phase
catalytic wet air oxidation (Pirkanniemi and Sil#i& 2002). Conversely the
work presented here examines the catalytic oxidatb the water pollutant
phenol in the gaseous phase. Metal modified zeolltave been studied
extensively in the field of gas phase environmewthlysis in the last two
decades. Much of the research has focused on HCMNBGR a process of
reducing NQ containing flue gases in the presence of an axigiorganic
chemical such as propane in excess oxygen. Exampiesle ZSM-5 (MFI),
mordenite (MOR), ferrierite (FER) and Beta (BEApl& structures modified
with various metallic species including Cu, Co, GgFe, Pd, Ce, Pt, Ag, Ni and
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Rh (Traa et al. 1999; Wichtelova et al. 2003). Agtaamount of this research has
been dedicated specifically to Cu/ZSM-5 which exbibexceptional redox
activity. However, it is unsuited for conventiortdC-SCR applications such as
catalytic converters for engine exhaust due toifgufrom diesel fuels and low
exhaust temperatures. Cu/ZSM-5 has a maximum mé@uction/ HC oxidation
at approximately 300C, however NQ can start to desorb at approximately 120
°C. By contrast Pt catalysts have been examinedgugSM-5, MCM-41,
mordenite and ferrierite. These catalysts exhibgadaximum NO reduction in
the presence of propene at 200-28) significantly lower than many metallic
zeolites (Traa et al. 1999) and also shows stghititthe presence of water
vapour (Huuhtanen et al. 2005). Scire et al. (20&@hpared a series of Pt
catalysts for the oxidation of chlorobenzene in ¢glas phase. It was found that
the Pt modified zeolites exhibited superior reactiates than the more
conventional alumina supported Pt, and in turn BEAhibited better
performance than MFI type zeolites (Sciré et a@30 Similarly, Neyestanaki et
al. (1994) examined the gas phase oxidation ofgrepn Pt and Cu modified
ZSM-5. It was shown that Pt/ZSM-5 exhibited a ligftttemperature 3T lower
than Cu/ZSM-5 (Neyestanaki et al. 1994).

The disadvantage of mono-metallic catalysts isrtagow temperature range.
Although platinum catalysts have a lower light ¢dimperature than copper
equivalents, they also often exhibit a narroweivademperature range. This can
be somewhat augmented by creating bi-metallic gstal For example Pt/Cu
ZSM-5 was examined by Mohd Saaid et al. (2002)tlh@ reduction of NQ
Amongst the findings was an increased temperaamger of 250-5AC (Mohd
Saaid et al. 2002).

For the purposes of this work, the catalyst me@isand Pt where chosen to

increase the capacity of the zeolite to oxidizengthe
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3.1.1 Catalyst Deposition

The two most commonly used methods of depositintah@atalysts to zeolites
are as follows:
1. Introduction of metal catalysts into the zeolite ridg synthesis
(hydrothermal synthesis)
2. Cation exchange

The former involves the addition of the relevantaheatalyst salts into solution

along with the silica and alumina source with thprapriate template.

lon exchange is performed post synthesis, takingamtdge of the usually
trivalent metal ions in the zeolite structure. Mostnmonly these are &l but

can also include G4 Fe* and other metals (Wichtelova et al. 2003). Thagha
imbalance is corrected by the incorporation of argh balancing cation. In
practice the ion-exchange method involves the emdibf a metal salt to a
zeolite in solution. The introduced metal displaces or more existing cations

and is bonded to the zeolite primarily through &testatic interactions.

Hydrothermal synthesis procedures are generallfepezl for aqueous phase
catalytic techniques such as catalytic wet peroriidation due to the increased
stability and activity under these conditions (MaduValkaj et al. 2007).

However, in the case of gas phase catalysis, ichaged mono and bimetallic
catalysts have been shown to have superior actanity broader temperature
ranges when compared to directly synthesised cmqarts (Neyestanaki et al.
1994; Mohd Saaid et al. 2002). Procedurally, ioohaxge is simpler and more
convenient, it can be performed on a commercigdrerprepared zeolite and the
procedure can be repeated to add an additional oreitacrease the loading. For

these reasons an ion exchange procedure was doogbis study.

Figure 3.1 shows the basic process of cation exygham an acid zeolite with
copper ions. The charge balancing or ‘counter iamghis case are Hand these
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are displaced by the €lions in solution. The Ciiion charge balances two Al

sites on the zeolite surface.

Cu2+
OH+O oH+o
N NN/ NN\
S| Al g A Si
(> (~ (=~ (-~ (>
O O OO0 00O OO0 ©

0
/ N/ N/ N[ N/ N

Figure 3.1 Diagram illustrating cation exchange ofnetal ion Cl/?* in solution onto a zeolite
surface with the exchange cation H

Zeolites with low silica to alumina ratio have aeagter concentration of
exchangeable cation sites and a larger cation egeheapacity when compared
to higher ratios. Copper ions exchanged on theiteeocan have different
properties depending on the form and location fowitdin the zeolite. In under-
exchanged zeolites, square pyramidal coordinatg@gesoions are observed in
the vicinity of two framework aluminium ions andeapreferentially occupied
first, followed by the square planer ions adjadenbne aluminium framework
ion. In zeolites with high Si©@Al,O; ratios or high copper loadings however the
square planar copper ions can become dominantsdheare pyramidal copper
ions have lower catalytic activity than the equerdlsquare planer copper ions.
Catalysts with similar copper exchange ratios yé¢mrknt SiG:Al,O; ratios and
overall copper loadings have been observed to lsawdar catalytic activity
(Neyestanaki et al. 1994; Torre-Abreu et al. 19%¥ryvulescu et al. 1999).

It is possible to increase the copper loading aetlites by increasing the pH of
the copper salt solution using ammonia. The effscfor the copper to be
exchanged at the Brgnsted acid sites in the forf@a(OH)]" or [Cu(NHy)4]?*
The monovalent copper species become more domwitinhigher pHs relative

to the divalent copper ions present in lower pHzhgh et al. 2004). When
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dehydrated the hydrolysed cations are known to f@urO-Cu bridges which
can increase the activity of the catalyst (Neyesitaat al. 1994).

Platinum can also exist in a number of differeninfe on the zeolite surface,
often depending on its precursor and the methodepbsition. It can form di-
and tetravalent species as well as the often lethgeaPtQ species. Aside from
cation exchange it has also been known to coomlwéh silanol €Si-OH) sites
on the zeolite surface (Ho et al. 1998). Transitizatal cations are also known to

interact with platinum on zeolite surfaces (Radelifdaugo and Schmal 2002).

3.1.2 Characterisation Techniques

The techniques used to characterise the zeolitplsamvere atomic absorption

spectroscopy, temperature programmed reductiorXaRdy diffraction.

3.1.2.1 Atomic Absorption Spectroscopy

Atomic Absorption spectroscopy (AAS) is a charastion technique used to
quantify the content of metals in agueous solubgrmeasuring the absorbance
of a sample at a characteristic wavelength. Itlmamnised to analyse 70 different
elements. Liquid samples are analyzed by passieq tthrough a flame of
between 2000-3000K. The intensity of the absorpt®ndependent on the
number of atoms in the flame and can be descrilyethd Beer-Lambert law
(Harris 1995).

A = ¢cd Equation 3.1

Where:

A = absorbance

& = molar absorptivity coefficient (moldm® cm™)
d = path length (cm)
c = concentration (mol df)
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This equation can be used to determine the amdumietal present in aqueous

solution.

3.1.2.2 Temperature Programmed Reduction

Temperature Programmed Reduction (TPR) is a versatichnique used

primarily for the qualitative analysis of reducibtatalysts by performing a
continuous analysis of the gas phase (Delannay)198ih the introduction of a

reducing agent, the reducibility of any componemspnt on the surface of the
solid is represented by a gas consumption maximuma acharacteristic

temperature. Low temperatures represent more eesilyced surface species
where as high temperatures indicate the oppositth iMs relationship TPR is

used to qualitatively characterize samples. Thenitade of the peaks can be
quantitatively representative of the amount of cslole metal species present
(Coq et al. 1995).

TPR does not produce different data sets for differreactions; rather it
produces the sum of all hydrogen consumption floreaictions. Two peaks may
represent two separate reducible species or twatien steps of the same initial
species. Solids can be reduced in several stepkthenreducible species cannot
be reduced further. These steps will occur at wiffe temperatures in the TPR
profile. It is also possible for two or more redantsteps of different solids to
occur concurrently, resulting in a larger peakhat temperature. To differentiate
between parallel and consecutive reduction it igallg necessary to have an

understanding of the reaction mechanisms takincepleleidebrecht et al. 2008).

3.1.2.3 X-Ray diffraction

X-Ray Diffraction (XRD) is a non destructive techuoe for the characterization
of crystalline structures on a solid surface (De&n 1984). The technique
involves passing a broad band X-ray beam throughystal and recording the
diffraction pattern of the various planes withinetlerystal (Atkins 2000).

Compounds and elements have their own unique diifna pattern, which can
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be used to differentiate them from each other. &anaximum to occur at a

particular angle of incidence, Braggs law mustdtesBed (Cullity 1978).

nA = ZdthSithkl Equation 3.2
Where:
n = order of diffraction
A = wavelength of incident x- ray
dw = inter planer distance between planes h, k and |
Ona = diffraction angle from planes h, k and |

The diffraction angled represents the angle at which the X-rays are atefle
from a particular lattice plane of a crystal. Byridimg the diffraction angle
experimentally, the distance between the layerandbe derived through Braggs

law.

X-ray powder diffraction is a method conventionallged where the sample
crystal is not necessarily orientated to act adffaadtion grating at any one
wavelength. This method uses a broad-band X-raynb&a powdered samples
and records the diffraction pattern. The outputissally a profile with the half
angle of diffraction on the x axis and diffractimnensity on the y axis. Different
crystallites in the sample will be orientated offedent planes and give rise to
cones of intensity at different half angles.
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XRD profiles can be used for identifying substanedgn compared with known
profiles, they can also be used to determine pdeggams when the proportion
of each phase of a sample is unknown (Atkins 20@d)other common
application is the derivation of crystal size thyhuhe Scherrer Equation.

B(ZH) = Ki/] Equation 3.3
Lcosd
B = Peak width
0 = Diffraction angle
K = Scherrer constant
L = Crystal size
A = X-Ray Wavelength

From Equation 3.3 the peak width B is inverselypamional to the crystal size
L. (Scherrer 1918; Langford and Wilson 1978).

3.2 Experimental

3.2.1 Catalyst Preparation

Copper and platinum zeolites were prepared usiognaentional ion exchange
technique. For the exchange step a known quarftityetal salt was dissolved in
distilled water and to this the beta zeolite (Zsblypternational) was added. The
zeolite to water ratio was kept at 1g of zeolitd@ml of water. The suspension
was stirred for 24 hours before removing the zeddy vacuum filtration. The
filter cake was washed with distilled water to rem@ny non-exchanged species
and then dried over night in air at room tempegtor remove the bulk of the
adsorbed water. The dried zeolite was then caldmad_enton Thermal Designs
muffle furnace at 45T (ramp rate C min™) for 5 hours. The calcination step
removes any traces of adsorbed water and deconlpasaits left over from the
exchange process. The salts used were Cy8BLO (Fluka) and
Pt(NHs)4Clo.xH,O  (Aldrich) for copper and platinum exchanged zesli
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respectively. Both are easily dissolved in watdre Exchange process was also
pH controlled for specific samples using MH (ACS 30% NH) to bring the
pH up to 7. The pH was monitored using a Thermom®@model 420A+ pH
meter. All the zeolites used were supplied by Zstlyternational.

For the bi-metallic zeolites the standard processiun this work was to create a
calcined, pH modified copper zeolite using the éxechange procedure and then
exchange platinum without altering the pH onto tlaécined copper zeolite. A
number of other exchange orders where also examimetuding platinum

followed by copper and the simultaneous exchanggatinum and copper.

3.2.2 Catalyst Characterisation

3.2.2.1 Atomic absorption spectroscopy

The copper and platinum content of the modifiechlzetolite was analysed using
atomic absorption spectrophotometry (AAS). To prepthe sample 3 ml of
concentrated hydrofluoric acid (8% HCI merck) wasled to 10 ml of distilled
water in a 50 ml PTFE beaker, followed by 100 mgrafdified zeolite. The
zeolite was allowed to dissolve for 10 minutes befeeing transferred to a 100
ml PTFE volumetric flask and diluted to the markttwdistilled water. This
prepared solution was examined with a Varian/SpeddA 220 atomic
absorption spectrophotometer and compared with kn@wepper standards
prepared from a 1000 mg distock solution (Reagecon) in the range of 1 to 20
mg dm?® and a blank solution of distilled water. Figure Zhows a typical

copper solution AAS calibration graph.
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Figure 3.2 AAS trend line for copper standard soluibns at 324.7 nm. Rvalue 0.9976.

A platinum standard curve was also performed fehemalysis, resulting in a
straight line relationship. Table 3.1 highlights #xperimental conditions used

for each metal.

Table 3.1 Experimental conditions necessary for AA alysis of Cu and Pt.

Metal Lamp Wavelength Standard Range Flame
(nm) (mg dni®)
Cu 324.7 1-20 Air-acetylene
Pt 265.9 1-10 Air-acetylene

3.2.2.2 Temperature Programmed Reduction

The experimental set up for the Temperature ProgregnReduction (TPR)
studies were derived from the proposed classicaiguture (Lemaitre and Gerard
1981). The TPR rig used consisted of a gas deliggstem, a reactor and a
Thermal Conductivity Detector (TCD) as shown inlfgy 3.3. The gas delivery
system consists of a 5%, and helium tank (BOC), the flow from which was
monitored using a set of Tylan General mass flomtrodlers. The gas flow was

directed through the reference section of the T@D @a a four way valve,
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flowed through the reactor and then into the sanspietion of the TCD. The
reactor consisted of a 560 mm quartz tube with rané internal diameter (H.
Baumbach) inserted into a cylindrical muffler fuceacontrolled by a Lenton
Thermal Designs Eurotherm temperature controller. T°PR experiments 35 mg
of catalyst was inserted inside the reactor angesuded with quartz wool. The
pre-treatment step involved passing helium throtighreactor at a rate of 20
ml/min while heating up to 45C at 16C/min. The temperature inside the
furnace was monitored by a thermocouple attachech t&ire Lec digital
thermometer. The reactor was then cooled t%C40n the reduction step, 20
ml/min of 5% Hin N,was passed through the reactor while heating G»®C

at a rate of 1%/min. The consumption of hydrogen was monitorecald@ow-
Mac TCD, model 40-201 operating at°’80and 90mA. The exhaust gases exited
through a vent into a fume hood. The conductivitytlee exhaust gases was
graphed using JCL6000 Chromatography software wighlot of conductivity
versus temperature.
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Valves
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| Reference \;4
<« N
Sample Flow
Controllers
4 Way —>
Valve
Moisture
Thermocouple Trap v
Temperature
Controller
v 5% He
H2/N,
Furnace
Catalyst \
T Reactor

Figure 3.3 Schematic of the experimental setup fdemperature programmed reduction
experiments
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3.2.2.3 X-Ray Diffraction

A Philips Xpert PRO MPD (multi purpose diffractotee) X-Ray
Diffractometer PW3050/60 was used to charactehiseéolite samples. Samples
were prepared using the standard cation exchamgmegure shown in section
3.2.1 and ground with a pestle and mortar beforalyars. A Cu Kk
diffractometer anode operating at 40 kV with a entrof 35 mA was used with a
scan range of 0-7q20) and a step size of 0.0%@20) and 0.2 /s.

3.3 Results and Discussion

3.3.1 Catalyst Preparation

All zeolite catalysts were prepared using the cagrchange procedure outlined
in section 3.2.1. Different catalysts were synigexs to cover a broad range of
metal loadings and a number of exchange technidqties.nomenclature used
throughout this chapter reflects the metal loadimgt% for each metal in order
of exchange, the silica to alumina ratio and anylifiers for varying technique.
For example ‘1.6Cu-0.08Bt25’ represents a beta zeolite that was first medlif
with copper by ion exchange, followed by platindtmalso shows that the final
zeolite had an actual loading of 1.6 wt% Cu andB0M% Pt. The silica to
alumina ratio will also be included, for example7CQuf-150’ has a silica to
alumina ratio of 150:1. The (p) suffix indicatesiththe exchange solution was
treated with aqueous ammonia in order to bringptdeup to 7.0, whereas the (s)
indicates that both metals where exchanged simegiasly. In the case of the
bimetallic zeolites, every copper step was pH niedjfbecause of this the (p)

was omitted.

Table 3.2 lists the copper modified beta zeolitepared in this work. Included
in the table are the theoretical and actual coppading of each sample. The
theoretical loadings represent the wt% loading agper onto the zeolite if the
total amount of metal in the exchange solution wWaposited onto the zeolite

surface. The actual loading was defined experinigrity the AAS procedure
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outlined in section 3.2.2. The % exchange represiiat percentage of exchange
sites occupied if all the metal loaded is assurndiktcation exchanged. For this,
copper and platinum were assumed to be exchang#teindivalent cationic
form. In the case of copper this effectively meémst one mole of copper is
required for every two moles of framework aluminijuas every copper ion
would charge balance two aluminium framework sfgee Equation 3.4). 100%
exchange would mean that every aluminium site enz#ébolite would be charge
balanced. The amount of framework aluminium wasreged from the silica to

alumina ratio specified by the manufacturer.

Cu*" +2[H " [AIO,] « 2H" +Cu®" [2AIO, Equation 3.4

Table 3.2 Summary of prepared copper zeolite catalys

_ Theoretical Actual pH of
SIOZ:A|203 ) . %
Sample Name _ Loading Loading Exchange
ratio _ Exchange
(Wt%) (Wt%) Solution
0.9Cup-25 25:1 1 0.88 53 22.4
1.3CuB-25 25:1 2 1.33 5.4 33.8
2.1CuB-25(p) 25:1 2 2.13 7.0 54.3
2.3CuB-25(p) 25:1 3 2.33 7.0 59.3
4.6Cup-25(p) 25:1 5 4.55 7.0 115.7
0.7Cup-150 150:1 2 0.73 4.2 105
2CuB-150(p) 150:1 2 2.04 7.0 294.8
2.2Cuf-300(p) 300:1 2 2.16 7.0 615.4

The pH of the exchanging solution was monitored irdurthe zeolite

modification process. When the zeolite was adddtdexchanging solution the
pH dropped to between 4 and 5.5. This can be exgdaby the displacement of
extra framework protons into solution. Actual copfmadings were found to be
around 60-80% of the theoretical loading on thel Zilica to alumina ratio beta
zeolites. However, in samples where the solutiorwats adjusted to 7, close to
100% of the theoretical exchange was achieved apger loading as high as 4.6

wt% were obtained. The addition of ammonium hydiexio raise pH in copper
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ion exchange was first introduced by Iwamoto etralsulting in a more active
catalyst for NO decomposition, compared to using standard ion exchange

procedure or indeed a repeated ion exchange méthachoto et al. 1990).

From Table 3.2 the 0.7GuA50 solid, which was prepared without pH
modification resulted in a zeolite with close to0% Cu exchange. When the
exchange solution was pH treated (J=150(p)), the actual copper loading was
close to 2 wt% and represented all the copperlitisa, which corresponded to
almost 300% of predicted exchange. Similarly, th¢ tpeated 300:1 copper
zeolite (2.2Cy3-300(p)) presented a copper loading that consitieereeded
the amount of available exchange sites.

As previously outlined in section 3.1.1, the inaeaf exchange solution pH
with the addition of ammonium hydroxide can resulthe hydrolysis of aqueous
copper cations. Two examples of copper hydrolysesssiown in Equation 3.5
and Equation 3.6(Schreier et al. 2005).

Cu™ + HZO - CLI(OH)Jr1 +H" Equation 3.5

2Cu* + 2H 20 - CU2 (OH)? +2H" Equation 3.6

Possible hydrolyzed copper ions can include [CUQHWw(OH),]?*, [CwOH]**
and [Cu(OH),]*". In these ions the valence of copper remains atug,the
charge per copper ion is less than 2 (Schreierl.eR@05). Upon thermal
treatment such as the calcination step used iretbegeriments, these ions can
form CU cations and [Cu-O-Cfi] dimer species. When treated with ammonium
hydroxide, the formation of copper ammine complexesalso possible such as
[Cu(NH,)4]** and Cu(NH)** (see Equation 3.7).

Cu* + (NH4)+ - CU(NH3)2+ +H” Equation 3.7
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These complexes tend not to be thermally stabld, the amine groups are
removed at higher temperatures, leaving copper ¢Bleypaki et al. 1994; Centi
and Perathoner 1995).

A number of the copper catalysts synthesised eduibpercentage exchange
values beyond 100%. Since this was calculated basethe assumption that
CU?* ions were exchanging in a ratio of 1:2 with aluimin sites, the excess in
these over exchanged catalysts can be assumedaio inerease in the relative
proportion of the previously discussed copper cexgs which would only
occupy one site. Another copper species group ihateported to exist is
monovalent copper. Monovalent copper ion exchangeeally become more
prevalent in cases where there is a shortage dlagge sites, such as in zeolites
with high silica to alumina ratios or where theseekcess copper and favourable
pH conditions. Monovalent ions often have weakecibstatic bonding with
exchange sites than their multivalent counterpatisy can also act as site
blockers for divalent ions (Ohman et al. 2002). Bagalysts 2C(@#-150(p) and
2.2Cup-300(p) exhibited a percentage exchange of 29464 respectively.
Assuming monovalent cations could only theoretycalkcount for up to 200%
exchange, the excess could be caused by the paticipi of non-exchanged
copper species or clusters such as CufQdhd CuO, formed as a result of
increased pH conditions and deposited on the eeslitface or pore structure
(Neyestanaki et al. 1994; Centi and Perathoner ;1986e-Abreu et al. 1997a).
Schreier et al. proposed that the over exchangaroeg at high pHs was more a
function of strong electrostatic adsorption ocawgribetween silanol surface
groups and copper ammine ions as opposed to thestasites (Schreier et al.
2005). Due to the likelihood of non cation exchahged monovalent copper
species resulting in the formation of an ‘over-exulped’ zeolite, the theoretical

value for percentage exchange should be used wattion.
A series of Pt exchanged Beta zeolite were prepanedTable 3.3 summerizes

the characteristics of these catalysts, including»@hange and the theoretical

and actual loading,

117



Chapter Three Preparation and Chaigation of the Modified Zeolite

Table 3.3 Summary of prepared platinum zeolite cataists

. Theoretical Actual
SiOxAlO3
Sample Name atio Loading Loading % Exchange
(Wt%) (Wt%)
0.04Ptp-25 25:1 0.1 0.037 0.28
0.05Ptp-25 25:1 0.2 0.049 0.40
0.07Ptp-25 25:1 0.4 0.065 0.54
0.19Ptp-25 25:1 0.6 0.17 1.54
0.2PtB-25 25:1 1 0.20 1.62

Due to its cost and its activity, platinum is gellgrused in significantly lower

wt% loadings than copper. The level of platinunetakip by the zeolite from the
exchanging solution varied between 5-37%. As pletirconcentration increased
in solution, the platinum loading also increasdtialgh the exchange efficiency

(the proportion of the platinum in solution exchadpdecreases.

Two different types of exchanged platinum ions i@eorted to exist: these are
cations associated with aluminium exchange siteélsRirassociated with silanol
groups. Silanol groups are common in some siliceaeslites where
dealumination and stacking faults result in thesteds (Schreier et al. 2005).
Particularly the two closely related polymorphszevlite beta are suggested to
contribute to the presence of silanol defects (Hal.L998). The coordination of

platinum with silanol is shown in Equation 3.8.
Pt(NH, ff + yHO-Si= - Pt-(O-Si E)i'y +4NH,  Equation 3.8

The presence of platinum ammines are likely togase if the pH were raised
and are somewhat more stable than their coppevaquis. The relationship
with silanol is also likely to become one of stroelpctrostatic attraction to

deprotonated silanol groups (Schreier et al. 2005).

The estimated actual % exchange in the samplexdlist Table 3.3 are low
relative to the amount of platinum in solution. Jinay suggest that there is an
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excess of available aluminium sites, however nbtoélthese sites may be
available for platinum exchange. Pt ions are pritpanultivalent (Pt* and Pt'

ions are commonly identified) which means more tbae aluminium site needs
to be present in proximity to each other. Platinpanticles and complexes are
also known to be relatively larger than other neetalch as copper, which may
limit their diffusion into the zeolite structure d&eier et al. 2005). The relative
size can also affect which exchange sites areablail Smirnov et al. suggested
that Pt has a tendency to exchange in channekettons where the channel
diameter is larger and where many of the alumingites were located in the

medium pore MFI zeolites examined (Smirnov et 80®).

Platinum has also been reported to deposit in ¢dnm fof PtO either on the

surface or occluding the channels (Ho et al. 1998)

Table 3.4 Summary of prepared zeolite catalysts coaining both platinum and copper

Theoretical Loading Actual Loading % Exchange
Sample Name

(wt%) Cu/Pt (wt%) Cu/Pt Cu/Pt
1.4Cu-0.04Pg-25 2/0.2 135/0035 34.4/0.28
1.6Cu-0.08Pf-25 2/0.4 1.57/0.079 39.9/0.66
0.04Pt-1.2Cg-25 2/0.4 1.23/0039 31.4/0.32
1.2Cu-0.1Pfl-25(S) 2/0.4 1.16/0.098 29.5/1.18
1.3Cu-0.09Pg-25 2/0.6 1.29/0088 32.9/0.74
2.4Cu-0.08Pf-25 5/1 238/0.078 60.7/0.64
0.1Pt-2.4C3-25 5/1 242 /0.14 61.6/1.14

Table 3.4 shows the prepared bimetallic catalyBie percentage exchange of
platinum is relatively low so as to be unlikelyitdibit the exchange of copper
or vice versa purely by competition for active sit€his assumption may be false
however if only a smaller quantity of aluminiumesitare available for platinum
exchange. The results show a comparable amounatiym in the bimetallic
catalysts relative to the monometallic equivalenistjl the theoretical loading
increases beyond 0.4 wt% where the platinum loasliogs increasing relative to
increasing platinum in solution and does not exdeédvt%.
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The copper loading appeared to be relatively lotien in the case of the

monometallic catalysts with the same theoreticadliog.
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Figure 3.4 Comparison of various cation exchange pcedures for BEA zeolites (Si@Al ;03
=25:1) with a theoretical loading of 2% Cu and 0.4%t.

Figure 3.4 shows the relative copper and platinmadings for a range of
catalysts created by different exchange procedumesach case enough copper
and platinum was provided in solution to give adiog of 2% and 0.4 %
respectively. Each copper exchange step includedagydstment to 7.0. It is
clear from the results that copper loading deceaséiceably with the inclusion
of exchanged platinum, regardless of procedure. Sdraple where copper is
exchanged in the first step also seems to exhibigler copper loading than in
the cases where platinum was exchanged first oul&neously. The lowest
copper loading was observed by a relatively smaltgim in the sample where
copper and platinum were exchanged in a mixed isoligimultaneously. This
sample also exhibits that highest platinum loadipgssibly due to higher pH
conditions. The mixed metal solution was pH treateeaning the platinum
would have exchanged under higher pH conditions th@he other examples.
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Figure 3.5 Comparison of various cation exchange pcedures for BEA zeolites (SiQAI ;03
=25:1) with a theoretical loading of 5% Cu and 1% R.

Figure 3.5 makes a similar comparison, but with Imlacger theoretical loadings
of copper and platinum (5% and 1% respectively)thase samples platinum
loading follows a different trend with the highedstading observed where
platinum is exchanged on its own followed by thendtallic catalyst where
platinum was exchanged in the first step. Whereaper loading is considerably
higher when exchanged on its own, there is litillecence between the two
bimetallic catalysts regardless of the order ohaxge.

Comparing the results from Figure 3.4 and Figufe é8noticeable decrease in
exchanged copper between the mono and bimetalhiite® is visible, however

there is no distinct correlation as to the behavaifiplatinum between the two. It
is possible that the relationship between the twetats changes with their
proportionate ratio. Tzou et al. (1991) suggesas ith Y zeolites the Cu/Pt ratio
can alter the nature of CuPt bimetallic particlesrfing in the zeolite structure,
with an increased occurrence of CuPt alloys atsaabove 3:1 (Tzou and
Kusunoki 1991). The increased copper loading inufgg3.5 could also be

obstructing access into the zeolite structure; ttosld be the cause of the

reduced platinum content where copper is exchahgstd
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3.3.2 Temperature Programmed Reduction
Temperature Programmed Reduction (TPR) was perfiboneall of the prepared

catalysts. The TPR profiles for three different peploadings are shown in
Figure 3.6. Copper loadings of less than 2.1 wt%ewabserved to have no

distinct TPR profile.
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Figure 3.6 Temperature programmed reduction profileof three prepared catalysts with
varying copper loading. (5% Hy/N,, flow rate = 20ml/min, ramp rate =1GC/min, 35 mg
catalyst)

The temperature of reduction is clearly reducedtltes copper loading is
increased. There is also a relative change in kfapes of the profile, with a
smaller low temperature peak occurring in 2.3228(p) at 268C and a high
temperature peak at 380 In the 4.6C@-25(p) sample the low temperature
peak appears to become dominant and the high tetoperpeak reduced to a
shoulder. The profile for 2.108+25(p) is less distinct, with atonsumption
maximum at 300 and 570, the latter is present in the profiles of theeoth

catalysts albeit as a shoulder.

Figure 3.7 shows the TPR profiles for three catalygith different silica to
alumina ratios. In this case the TPR profiles admw some changing

relationship between reducible components withehdistinct peaks. The 150:1
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and 300:1 zeolites both share the two initial peaks.200-258C and at c.
300°C. The 25:1 zeolite has a single peak at c°G0fnd a larger peak with a
maximum at 58%C. The later peak is also present in the 150:1itzeaind
virtually absent from the 300:1. The relevant peakxima temperature for all

the copper catalyst TPR profiles are shown in Talde
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Figure 3.7 Temperature programmed reduction profilesof three prepared catalysts with
varying SiO,/Al,O; ratio and the same theoretical copper loading (2W6). (5% H »/N,, flow
rate = 20ml/min, ramp rate =10C/min, 35 mg catalyst).

Table 3.5 Relevant peak maxima temperatures observéd the TPR profiles in Figure 3.6
and Figure 3.7.

Catalyst Temperature of peak maxirfi@)(
2.1Cup-25(p) 300 580
2.3CuB-25(p) | 262* 330 563*
4.6CuB-25(p) | 244 350* 551*
2Cup-150(p) 210 377 525

2.2Cup-300(p) | 260 386

* Shoulder
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Three principal reduction reactions have been megdor copper exchanged

zeolites in the literature:

CuO+ H2 S Cu+ HZO Equation 3.9
Cu* + 0.5H2 S~ Cu +H" Equation 3.10
Cu' + O.5H2 S CUW+H? Equation 3.11

The reactions in Equation 3.9 and Equation 3.1kaoevn to occur at a similar
low reduction temperatures, while Equation 3.1h@e likely to occur at higher
temperatures. The three groups of reduction maxibserved in Table 3.5 are
similar to those reported in the literature (ToMereu et al. 1999). From this
work the low temperature peak in the range of 28D°Z may correspond to the
reduction of CuO to Clithe 300-386C peak to the reduction of €uto CU,
and the 525-586C peak to the reduction of Cuo CW (Torre-Abreu et al.
1999). From these assumptions it is possible tahes&@PR profiles to highlight
specific copper species by their reducibility. Teduction of Ciito CU can be
dependent on the products of the earlier reduatib@€U** to Cu, so only a
dominant high temperature peak would indicate that species exist on the

original sample.

The catalyst 2.1C@#25(p) exhibits two maxima which correspond to the
reduction of Cé" and Ci. The relatively larger high temperature peak @°68
suggests that both €uand Cu species exist on the zeolite. The 2.3525(p)
shows a relatively larger peak for Cueduction with a smaller shoulder before
it indicative of CuO reduction. The Cypeak is masked partially in this profile
but appears similar in intensity to that seen bC23-25(p). The relationship
shifts for the 4.6C(-25(p) where the probable reduction peak for Cu€atly
exceeds that for Gt The C3* and CuO reduction peaks commonly overlap,
however it is reasonable to say that when theséowmd low temperature peaks
exceed the high temperature*Gaduction peak that an excess of CuO is present
on the catalyst surface due to its single stepatémiu not impacting on the higher

temperature peak (Torre-Abreu et al. 1997a).
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The general trend appears to be that as the imitipper concentration in the
exchange solution is increased, there is an inecepsoportion of CuO species
on the zeolite. Rather than being cation excharigese species are most likely
simply deposited in the zeolite pore structure orfaxe. All three catalysts
shown in Figure 3.6 were pH adjusted during excbhatite result is likely to be
an increased presence of 'Qpecies. This is only immediately apparent on the
2.1Cup-25(p) catalyst as in the other samples it is clifti to tell due to the

enlarged low temperature peak.

The profiles in Figure 3.7 show three catalystshwdifferent silica to alumina
ratios. The 150:1 zeolite shows two similarly sizpeaks, with the lower
temperature one being somewhat larger. This caulicate that most of the
copper species are Ewvith a smaller quantity of CuO species. The smailier

maxima could be the CuO reduction peak but it issually separated and
examples have not occurred in the literature. Thleecentage exchanged
calculated for this catalyst (295%) suggests a Wegh level of over exchange
and large amount of copper species being depositedreas other than the
aluminium sites. This may indicate that a largepprtion of the low temperature
peak at 37°C is actually CuO reduction and not €wand that the higher
temperature peak is representative of the onerstiyction of Cili species. This

assumption seems to fit the profile of the 300dlimealso, where the aluminium
sites are even fewer, the maxima at°88& only slightly smaller than that for
the 150:1 zeolite and the high temperature peakrigally absent, this would

suggest that almost all of the copper is in thenfof CuO species.

125



Chapter Three Preparation and Chaigation of the Modified Zeolite

1000;
0.2Pt/B
LT e
— . ‘—‘_.‘.-.-""'“\_./’ o o 0o T Beame e o
2 800
> — 0.05PtB-25
- = 0.07PtB-25
S oo 0.19PB-25
£ "= 0.2PtB-25 0.19P08
<
D "
£ I8
E 4004 A
%2} ! 3
& AR
= 007U
](:\I 200 SOt tesocseses N M,..-m"
— o omteue
0 — e

0 100 200 300 400 500 600
Temperature °C

Figure 3.8 Temperature programmed reduction profile of four prepared catalysts with
varying platinum loading. (5% H4/N,, flow rate = 20ml/min, ramp rate =10C/min, 35 mg
catalyst).

Table 3.6 Relevant peak maxima temperatures observed the TPR profiles in Figure 3.8.

Catalyst Temperature of peak maxifi@)(
0.05PtB-25 226

0.07PtB-25 214 534
0.19PtB-25 315 556
0.2Ptp-25 360 488

Figure 3.8 shows the TPR profiles for four cataystith varying platinum
loading. The principal peak maxima are shown inl&aB.6. Two distinct
maxima are visible in the profiles, a small peaksbhoulder at approximately
220-340C and another at around 520 Ho et al. identified similar profiles on
platinum exchanged beta zeolites, and suggestedigsnothers that a peak at
around 256C corresponds to Pt platinum species and one between 430 and
530°C corresponds to Pt species which have coordinated with the silanol
imperfections on the zeolite surface as outline&guation 3.8. Other reducible
platinum species were observed at@QPtO) and 15 (P£") but these do not
occur in the profiles in Figure 3.8 (Ho and McK&99).
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The low temperature maxima corresponding {8 Bpecies, appears to occur in
each profile in similar levels. As the platinum glei increases, this maximum is
also observed at increasingly higher temperatuiié® high temperature peak is
virtually absent from the catalyst with lowest plain loading, but as exchanged
platinum is increased, this peak becomes more pr@mhi This seems to indicate
that as more platinum is loaded it will primarilg lsoordinated with silanol as
Pt-(O-SiE)yz‘y. The 0.2Pf3-25 catalyst appears to be the exception, and shows
greater balance betweerPéxchanged on aluminium sites and Pt-(@)ﬁiy.
This could be as a result of it having by far tighkst platinum concentration in

solution during exchange, giving greater opportufot the sites to be occupied.
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Figure 3.9 Temperature programmed reduction profileof four prepared bimetallic
catalysts with varying platinum and copper loading.(5% H,/N,, flow rate = 20ml/min,
ramp rate =10°C/min, 35 mg catalyst).

The TPR profiles for four bimetallic catalysts af@wn in Figure 3.9. In most of
the profiles copper loading is likely to be too ldw be detected, with the
possible exception of the catalyst 2.4Cu-0.08R8H, which has the highest
copper loading and has the characteristic coppeak miserved in previous
profiles at 298C. This may represent uor CuO species, the corresponding

high temperature peak may be masked by the disE?ltK(O-S;E)yz'y peak at
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55C0°C. The Pt-(O-S—rt)yz'y peak also occurs on the low platinum catalyst @:4C
0.04PtB-25 and possibly on 1.6Cu-0.08R#5 and 1.3Cu-0.09B25 to a lesser
degree. Since the peak for the reduction of @iso occurs close to this
temperature, there is a chance that only one ootiner is present or that they
occur in tandem. The low temperature peak af@3br 1.6Cu-0.08P#-25 has
been attributed to Ptor PtO for platinum beta zeolites, this may alsdte case
for the peak at 20C for 1.4Cu-0.04P% (Ho et al. 1998; Dalla Costa and
Querini 2010).
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Figure 3.10 Temperature programmed reduction profileof three prepared bimetallic
catalysts with different exchange orders and constd theoretical loading of 2%Cu and
0.4%Pt. (s) denotes simultaneous exchange (5%/MN,, flow rate = 20ml/min, ramp rate
=10°C/min, 35 mg catalyst).

Figure 3.10 shows the TPR profiles of three différexchange orders, two-step
copper followed by platinum exchange, two-stepiplath followed by copper
exchange and one-step simultaneous exchange. Tie lea temperature peak
representing Pt or PtO reduction is present in 1.6Cu-0.082% and 1.2Cu-
0.1Ptp-25. The catalyst, on which platinum was exchandest (0.04Pt-
1.2Cup-25), experienced the lowest platinum loading amtsequently no
visible low temperature peak. This may indicatetiplan leaching during the
second exchange step. The simultaneously exchacadlyst had a peak at

280°C which is reminiscent of the €uor CuO reduction peak typically
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observed on copper catalysts. A proportionate @aab40C suggests that the
two step reduction of Gtispecies is occurring. The two step catalysts bbtw
only a mild increase in Hconsumption at higher temperatures. This may be
associated with either Cir silanol coordinated Pt reduction or a comboratf
both.
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Figure 3.11 Temperature programmed reduction profileof three prepared bimetallic
catalysts with different exchange orders and constd theoretical loading of 5%Cu and
1%Pt. (5% H,/N,, flow rate = 20ml/min, ramp rate =1GC/min, 35 mg catalyst).

Figure 3.11 shows the TPR profiles for two bimétatlatalysts with different
exchange orders, this time with much higher thémaktplatinum and copper
loading. For the catalyst where copper was exchafige (2.4Cu-0.08P@-25),
the characteristic CuO/&uand silanol coordinated platinum reduction peaks
were found at 280 and 54& respectively. It is difficult to tell which coppe
species are present due to the high temperatut@pta maxima masking the
equivalent copper peak. The copper peak is sinmlartensity and shape to that
observed on the profile of 2.3@u25(p) in Figure 3.6 (which has a similar
copper loading) except that it occurs at a lowergerature. The peak in 2.4Cu-
0.08PtB-25 occurs at the same approximate temperature°q28@s its
counterpart on 1.2Cu-0.1B425(s) in Figure 3.10. Therefore the lower redutctio

temperature may be due to the presence of platinum.
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There is no apparent low temperature platinum pedk4Cu-0.08Pf-25, this
could indicate that most of the platinum on thealyat is coordinated with
silanol surface groups. For the catalyst in whptdtinum was exchanged first
(0.1Pt-2.4Cy3-25), the copper peak is also present at the samperature as in
2.4Cu-0.08Pf-25, however it overlaps partially with a low temgere
platinum peak. The peak maxima at Z8@nay indicate the presence of the high
temperature copper peak. If this is so, then itld@appear that copper is present
in both C3* and CU species, whereas most the platinum is presentarii/or
PtO. If this is the case, while copper seems tahsnged very little relative to
exchange order, platinum coordination changes fagnily with high silanol
coordination when exchanged in the second step lagd exchange on
aluminium sites as Ptor deposition as Pt oxides when exchanged firsis T
may be caused by leaching of silanol coordinatedimim during the copper
exchange, or possibly due to the increased coppesmtiig occupying more
available aluminium sites when exchanged first s forcing the platinum to
exchange at the silanol sites. The other bimetakiolites with lower copper
loadings in Figure 3.10 (1.6Cu-0.08Rf5 and 0.04Pt-1.2C+25) and Figure
3.9 (1.3Cu-0.09P25 and 1.4Cu-0.0425) show little to no evidence of high
temperature platinum peaks, where as the mono linepddtinum zeolites in
Figure 3.8 (0.07Pp£25 and 0.19P®-25) show a prevalence of high temperature
platinum reduction with little to no occurrencetbé low temperature peak. This
suggests that whereas platinum will preferentiatprdinate with silanol when
deposited on its own, it is more commonly foundRES or PtO species in
bimetallic zeolites, except where copper is ovechexged in the first step
preventing it from either occluding in the porescoordinating with aluminium
sites. It is also possible when copper is exchahagsgtdt covers the platinum or
otherwise prevents access to the surface. ThisduuaNe the effect of masking

platinum.

To summarize, copper was found to over-exchangenwité treated and as

either the amount of copper in solution was inceda®r the number of
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exchanged sites decreased. The result was to s&réda proportion of

monovalent and oxide copper species on the zeolite.

Platinum was found to exchange independently ofatbeninium exchange sites
when exchanged on its own, instead attaching tsitarol groups. However the
presence of copper appears to affect the locatiomhich platinum exchanges,

which may be a shift towards aluminium sites sueR# or as PtO.
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3.3.3 X-Ray Diffraction

X-Ray Diffraction (XRD) was performed on six difest catalysts in order to

possibly identify any metal particles on the cagaburface.

No significant difference was noted between th&aktograms of each of the six
catalysts examined, except for one minor peak erCiWPt catalyst at2= 40.5
(highlighted in Figure 3.12) which could possibpresent the platinum phase
(Rioux and Vannice 2005; Villegas et al. 2006).sTpeak is not present on the
Pt catalyst diffractogram which could indicate Hiedence in platinum dispersion
between the monometallic and bimetallic zeolitee Tverall similarity of the
diffractograms suggests that the metals are welpatsed and the zeolite

structure largely unchanged.

Counts

40004

30004

20001

1000

10 20 30 40 a0 B0 70

Fosition ["2Theta]

Figure 3.12 XRD diffraction pattern for the catalys 1.6Cu-0.08Ptp.
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3.4 Conclusions

The aim of the work in this chapter was to devebpprocedure for the
preparation of a range of metal exchanged zeoldaed to define the
characteristics of the exchanged metal using a eurob techniques. Copper,
platinum and bimetallic copper-platinum zeolitesrevprepared with repeatable
metal loading. The exchange of copper under nophlatonditions was found
to be inhibited with increasing silica to aluminatio. This corresponds
predictably to the decrease in aluminium excharigs svhich are characteristic
of high silica zeolites. When the pH of the exchasglution was raised to pH 7
however, copper loading was found to increase figmtly even in cases where
the amount of copper exceeded the expected quasftigxchange sites. This
over exchange was confirmed by the TPR profilese phofiles of pH treated
zeolites appear to have both?Cand Cu species exchanged on the surface, as
the copper loading increases and the amount oflad@i exchange sites
decreases, a larger proportion of exchanged coppenmes deposited in the
form of CuO . This trend is also apparent with @asing silica to alumina ratio.
pH treated zeolites under the same experimentatlitons will appear to
exchange similar amounts of copper, regardlessilmfasto alumina ratio.
However, the TPR profiles appear to suggest tharemter amount of this
exchanged copper is deposited as unexchanged @eOGurding for almost all
copper at SiQAI,03=300:1.

Platinum was found to exchange only in small ameun¢lative to the salt
concentration in solution) under normal conditiorend is suspected of
coordinating primarily with silanol groups. Howeven zeolites where both
copper and platinum was exchanged it was foundrtattre of platinum on the
zeolites changes to cation exchanget! Bt PtO species except in catalysts
where excess platinum is present. This shift innidweire of platinum species also
appears to be represented in the XRD results, wineraliffractogram for the
bimetallic zeolite shows a possible platinum phasak which is not present in

the diffractogram for the platinum zeolite.
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Both copper and platinum occur in different staiesthe catalyst depending on
the exchange technique. It is conceivable thaetihesy affect the adsorption and
oxidation of phenol. Copper has been noted to beeractive in [Cu-O-Cd
and Cd" species than as the CuO and Gbserved in over exchanged zeolites.
Similarly platinum is known to be more active irs iinetallic state than as
oxidized PtQ particles (Neyestanaki et al. 1994; Torre-Abrealei997a). Also
as the amount of exchanged metal is increasedeit$r@static interaction with
the frame work aluminium is weakened, and its thigtron on the zeolite surface
changes (Torre-Abreu et al. 1997a). For these nsasthe catalyst with the
highest metal loading may not be the optimal catafurthermore the bimetallic
copper and platinum catalyst may illicit differentalities than those exhibited in

their monometallic equivalents.
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4 Adsorption of Phenol onto Modified Beta Zeolite

4.1 Introduction

Copper exchanged zeolite beta has been shown &ppleable to a range of
different industrial applications. These includedigcarbon and ammonia
selective catalytic reduction for the treatmentndfogen oxides (Corma et al.
1997; Wilken et al. 2010), the desulphurisatiorgasoline (Gong et al. 2009),
the synthesis of diethyl carbonate (Zhang et @02@nd the gas phase oxidation
of ammonia (Lenihan and Curtin 2009). Functionaly beta (BEA) zeolites

possess similar redox properties to the widely ud8t-5 support, including

similar copper species, and an analogous respangentperature change and

oxygen content in SCR (Corma et al. 1997).

As highlighted in previous chapters, zeolite beta h large 12 membered ring
channel structure, forming two perpendicular straighannels and a third
mutually perpendicular torturous or sinusoidal crerformed when the straight
channels intersect. The large pore diameter noty ofdcilitates the
accommodation of larger molecules such as phenbpimyides full access to
cation exchange sites throughout the structure gA&nal. 2010). Considering
the zeolite framework consists of tetrahedral coated (T) atoms which are
usually either silicon or aluminium, the exchangessoccur where there is an
excess negative charge resulting from an aluminiuratom balanced by an
easily displaced cation. After heat treatment, éheschanged cations become
localized, and in some cases migrate from the serfato the pore structure
(Curtin et al. 1997; Delabie et al. 2002).

As highlighted in Chapter 3, ion exchanged coppeucs in Cii or Cf* species.

CU?* occupies two proximate alumina exchange sites; ithitherefore largely
dependent on the quantity and distribution of ahanT sites, in the zeolite.
Divalent copper species tend to cause local distwtin the zeolite framework
as they coordinate with lattice oxygen atoms (Queti al. 1997; Delabie et al.

2002). Cu species only occupy one exchange site and asuli begome more
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prevalent in high silica zeolites. Figure 4.1 shdawse possible instances of Cu
exchanged onto a single aluminium site.” Gpecies can also be increased by
raising the pH conditions during exchange. This Has effect of creating
hydrates and ammine copper species which upon Ireatment form
monovalent copper species or as dimeric oxygergbddCu-O-Cui* (Curtin et

al. 1997; Kazansky and Pidko 2005). This more igffituse of exchange sites is
referred to as ‘over exchange’ and leads to higbpper loadings.

Figure 4.1 Molecular diagram showing the optimizedyeometries of two possible
monovalent copper positions on beta zeolites (sitédd and T9) (Wang et al. 2010) .

Copper oxides are also known to exist on the zeslitface, they tend to form in
larger quantities at high copper loadings where &meessible exchange sites

remain and often have negligible catalytic actiyDg¢detek et al. 2001).

The zeolite pore structure also provides a suitabieronment for the formation
of nano-sized copper clusters within exchangeditesol These can also be
catalytically active (Petranovskii et al. 2005). &targe pore zeolite, the distance
between exchanged copper cations can be relalaglg at 4-6 A, this increases
with the silica to alumina ratio and in turn redsidbe chance of copper cluster
formation (Cedetek et al. 2001).

In Chapter 2 the adsorption of phenol onto betaliteeavas successfully
conducted. The hydrophobicity of the zeolite wa®mded to be the prime
limiting factor in this process, and the large psize was shown to be at least
theoretically able to accommodate the phenol mddeclihe latter conclusion
was also arrived at by Atoguchi et al. (Atoguchiaét2004) In Chapter 3 the
beta zeolite was modified with copper through catxchange to facilitate the
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oxidation of adsorbed phenol. However, it was obsgrthat in most instances
copper occupied the majority of available cationtenge sites and also possibly
deposited as oxides in the pore structure or seirdhche zeolite. As a result it is
possible that the adsorption characteristics ofBEé have changed relative to
the unmodified zeolite. The copper ions and otlpeccies have larger ionic radii
than the hydrogen cations they replace, when trmppy sites in the pore
structure or occlude in the pores the result isemasurable decrease in pore
volume and thus total surface area (Ene et al. 2020rtin et al. observed a
sharp decrease in surface area and pore volumghatzéolite copper loadings,
an additional result being that many of the copmecies will not participate in
catalytic reactions. If it is assumed that phenalyradsorb onto any part of this
surface area, then a reduction could cause a decieaadsorption capacity.
Additionally, the occupation of a significant amowf Brgnsted sites may alter
the zeolite surface chemistry and in turn its affifor the adsorbate. Also of
importance is the ability for the exchanged coppersurvive the aqueous

adsorption process.

The objective of the work in this chapter is toabdish whether the adsorption
capacity of Cu-BEA is comparable to its unmodifesgliivalent and also if it can
retain the exchanged copper throughout the adsaorpprocess. Without
significant loss to adsorption capacity or catalysital, it is envisaged that Cu-
BEA would be a viable material for concentrating thollutant (phenol) and

facilitating its destruction in the oxidation step.

4.1.1 Characterization Techniques

The techniques used to characterize the modifietitzenclude BET surface
analysis and atomic absorption spectroscopy. Barc&ground explanation of
atomic absorption spectroscopy, refer to Chaptarcsion 3.2.2.1, for

background on the BET surface area analysis, tef€hapter 2 section 2.1.6.
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4.2 Experimental

4.2.1 Adsorbent Preparation

The copper exchanged zeolites were prepared falpwie procedure in Chapter
3 section 3.2.1. Batches were prepared by mixinglitee Beta (Zeolyst
International) with an appropriate amount of aquewe@u(NQ),.3H,O (Fluka)
solution at a ratio of 1 g of zeolite to 50 ml afligion. The suspension was
stirred for 24 hours before removing the zeolitevlguum filtration. The filter
cake was washed with distilled water to remove amy-exchanged species and
then dried overnight in air to remove the bulk lné tadsorbed water. The dried
zeolite was then calcined in a Lenton thermal desigiuffle furnace at 45G
for 5 hours in air. Some solutions where broughttapH 7 at the start of
exchange using aqueous ammonia to increase coppding. Two silica to

alumina ratios were examined: 25:1 and 150:1.

4.2.2 Adsorption Studies

Adsorption isotherms were prepared for phenol gidsnr onto Cu-BEA using a
batch technique. 200 mg of dried modified zeolibevger was added to 50 ml
centrifuge flasks followed by 20 ml of phenol sadat (concentration range 10 —
3000 mg drf). The centrifuge flasks were attached to an Anato@rbital
shaker for 1 hour. Afterwards the flasks were dkrged in a Hettich Rotofix 32
centrifuge at 6000 rpm for 20 min to separate #aite from solution. 10 ml of
the supernatant was removed, the phenol concemtrati this solution was
determined using a Shimadzu UV-160IPC UV-Visibledpophotometer at 270
nm against a standard range of solutions with knptenol concentrations. The
thermodynamic parameters were determined by penfigrnthe adsorption
isotherm at different temperatures. The temperatagkept constant throughout

the residence time using an ice slush bath.
The ISOFIT Isotherm Fitting software was used toefiperimental data to a

range of isotherm models. ISOFIT supplies corredpanpredicted data as well
as two standard methods of ‘goodness of fit": thefiicient of determination and
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the Weighted Sum of Square Error (WSSE) from whieh Root Mean Square
Error (RMSE) can be derived through Equation 4rh) {s the number of

observations and (p) is the number of parametetitsimisotherm model.

RMSE= M Equation 4.1
(m-p)

4.2.3 Surface Characteristics

The samples were characterized by nitrogen gagp@tastvdesorption isotherms
using a Quantachrome Autosorb AS-1 gas sorptiotesys order to determine
surface area and pore volume. Samples were prdreader vacuum at 300
for 18 hours before analysis. The apparent surtaeas of the zeolites were
measured using the Brunauer-Emmett-Teller (BET)ufBuer et al. 1940)
method, the mesopore volume by the Barret-Joynégrtda (BJH) (Barrett et al.
1951) method, and the micropore volume by the OuoHRadushkevich (DR)
(Dubinin et al. 1947) method.

4.2.4 Aqueous Stability Studies

Initial aqueous stability tests were carried outdem normal adsorption
conditions. After ion exchange and before calcorathe 5 g filter cake was once
again placed in a beaker with 500 ml of distilleater and stirred for 1 hour. The
solution was filtered again and the process wasatepl 3 times. On each
instance as well as the initial filtration afteni@xchange the supernatant was
removed and examined for copper using a Variant&peA 220 atomic

adsorption spectrophotometer.

The calcined modified zeolite was also examinednfietal leaching in aqueous
solution under a pH range between 1 and 11. 10frdistilled water was pH
adjusted using hydrochloric acid or aqueous ammswoiiations followed by the
addition of 0.1 g of modified zeolite. The solutisras shaken for the typical

adsorption contact time of 1 hour. The solution tes centrifuged, filtered and
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diluted to within the copper standard concentratiange, followed by copper

analysis using AAS to detect the concentrationogiper in solution.

4.3 Results and Discussion

To examine the effect of modification of the zemliin phenol adsorption, a
number of modified zeolites were tested under #mesadsorption conditions as
the unmodified counterparts. The zeolites examenadl their characteristics are
summarized in Table 4.1. The surface area and \ytene were derived using

nitrogen adsorption desorption and the copper fapdias via AAS.

Table 4.1 Summary of the characteristics for the bet zeolites examined in this section

cu Surface | Total

SiO,:Al 03 _ Exchange | Area Pore
Sample ratio ~oading pH (m*g") | Volume

wt%
(cc g")

H-p-25:1 25:1 0 - 529 0.772
1.3Cup-25 25:1 1.3 5.4 559 0.683
2.1CupB-25(p) 25:1 2.1 7.0 565 0.548
H-B-150 150:1 0 - 541 0.964
0.7Cuf-150 150:1 0.7 4.2 513 0.821
2.0Cuf-150(p) 150:1 2.1 7 480 0.760

The surface area for the 25:1 Si81,0; zeolite slightly increased as a result of
the exchange process. In the case of the 150:itedéowever, the addition of
exchanged copper causes a noticeable drop in suaf@a. A drop in total pore

volume is common in both SYOAI,Osratios with increasing copper.
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A number of factors can contribute to a changenia@sorbents physical surface

characteristics as a result of cation exchangesé hreelude:
» Surface screening
» Pore Blocking
* Pore opening

Surface screening occurs when larger ions conaeak f the ‘roughness’ on
the adsorbent surface. This can result in a lossudfice area. Pore blocking
occurs where cations are exchanged or depositédhvat at the entrance of the
pore structure and are large enough to obstrugpdlssage of the adsorbate into
the internal structure. This results in a decreagmre volume and surface area.
Pore opening usually occurs where the exchangednchas a larger hydration
sphere, this may result in structural expansioth@épore openings (Huang et al.
2004). Larger cations in some cases are knowrnctease the adsorption affinity
to non-polar molecules such as, Nhis is due to their tendency to be less
shielded by the first adsorbate layer than smal#ions (Pillai et al. 2010).

The copper cation is larger than thé ¢ation on the native zeolite. Additionally
in solution Cu will have a larger hydration sphefdese two factors would
suggest that surface screening and/or pore blocdiadghe source of the decrease
in pore volume observed. The decrease in pore wlsmsimilar in both silica to
alumina ratios; this would suggest that the tremdargely independent of the
type of copper species present.

The nitrogen adsorption and desorption isothermse&xh zeolite retained the
same overall shape and hysteresis loop despifgrésence of copper. The shape
of the isotherm corresponds largely to a mixed Tiypéisotherm which reflects

a mixed micro and mesoporous adsorption system. Ayseresis loop is
representative of mesoporous adsorption/desorpiibe.loop appears closest to
a Type C hysteresis according to the de Boer ¢leason (de Boer 1958). This
type is usually produced by wedge shaped mesopotie®pen ends.
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4.3.1 Adsorption Studies

Figure 4.2 shows the adsorption isotherms for th@adified 25:1 beta zeolite
(H-B-25) with two variants with different copper loags (1.3Cu3-25 and
2.1CuB-25(p)).
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Figure 4.2 Phenol adsorption isotherms for three dfierent zeolites with varying copper
content @ 294K. Silica to alumina ratio 25:1. Inital phenol concentration range 10-3000 mg
dm™. A2.1Cu-25(p), ¢1.3Cu-25 andm H-p-25 .

The isotherms show a significant increase in phaasbrption capacity on the
modified zeolites, from the maximum of 32.3 m§ an the unmodified HB-25

zeolite to a maximum of 37.7 and 40.3 myfgr the 1.3Cy-25 and 2.1Cy@-

25(p) zeolites respectively. The Cu-Beta zeolités ashow a more defined
conformity to the Type | Brunauer isotherm modelthwa distinct plateau
representing saturation. The unmodified zeolitegthisrm however, shows a
continuing increase of phenol adsorption with iasieg equilibrium

concentration throughout the concentration randges Would suggest that not
only do the modified Cu-Beta zeolites have a highbserved adsorption
capacity compared to the unmodified zeolite, bat tihey also adsorb phenol

more efficiently at lower concentrations.
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Figure 4.3 Phenol adsorption isotherms for three dierent zeolites with varying copper
content @ 294K. Silica to alumina ratio 150:1. Inial phenol concentration range 10-3000
mg dm™. 2.0Cu/B-150(p),m0.7Cu/p-150 andeH-p-150.

Figure 4.3 shows the phenol adsorption isothermghi® unmodified and copper
exchanged beta zeolites with a 8#,0; ratio of 150:1. These exhibit a similar
trend in that the Cu modified zeolites show anease in phenol adsorption over
the unmodified counterpart. Notably in this caserée is less convergence at
higher equilibrium concentrations and the diffeenbetween the three zeolites
remain distinct up to 3000 mg dhinitial phenol concentration. i#-150 showed
an adsorption maximum of 45.1 mg,gvhere as a maximum of 54.1 and 66.1
mg g* was observed for 0.7GuA50 and 2.0C{#:150(p), respectively. Similar
to the 25:1 zeolites, the modified 150:1 zeolitesemble closely a Type |
isotherm with adsorption equilibrium at around 106@® dm® equilibrium

concentration.
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Figure 4.4 Plot showing the relationship of phenahdsorption to copper loading on beta
zeolites of two different silica to alumina ratios:#25:1 andm150:1. Initial phenol
concentration 150 mg drir.
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Figure 4.5 Plot showing the relationship of phenahdsorption to copper loading on beta
zeolites of two different silica to alumina ratiosm25:1 ande150:1. Initial phenol
concentration 3000 mg drit.

Figure 4.4 illustrates the proportionate increasepleenol adsorption as the
copper loading is increased. At lower concentratiadhe increase for both
zeolites (of different silica to alumina ratios)sisilar. It appears that copper has
a significant positive effect on the zeolites agson capacity. Figure 4.5 shows

the relative increase at 3000 mg dmhich is assumed to be at saturation. The
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effect of increasing copper on the 25:1 zeolitdsvsrelative to the 150:1 which
still shows a significant positive relationship Wween phenol adsorption and
copper content. It appears that although the metli¢opper zeolite with a silica
to alumina ratio of 25:1 has a similar maximum apgon regardless of copper

content, the increasing copper improves adsor@tidower concentrations.

As in chapter 2, the ISOFIT software was appliedthe phenol adsorption
isotherms for the four Cu modified zeolites featurm this chapter. The
goodness of fit measures: Root Mean Square ErmitSE® and the coefficient

of determination R are displayed in Table 4.2 for the four bestnfitisotherm

models.

Table 4.2 Table summarising goodness-of-fit measurés four representative isotherm
models for the adsorption of phenol onto zeolitesf warying copper loading @ 294K .
Phenol concentration range 10 — 3000 mg dfn

Isotherm Model Sample RMSE R?
1.3Cup-25  1.556  0.901
Langmuir 2.1Cup-25(p) 1.444  0.959
0.7Cup-150 2.510 0.821

2.0Cup-150(p) 4.106  0.943
1.3Cup-25  1.619  0.905
Langmuir- 2.1CuB-25(p) 1.508 0.959
Freundlich 0.7CuB-150 2.389  0.916
2.0CuB-150(p) 3.965  0.969
1.3Cup-25  3.593  0.864
Ereundiich 2.1CuB-25(p) 4.883  0.959
0.7Cup-150 4.373  0.772

2.0CuB-150(p) 5.875  0.878
1.3Cup-25  1.619  0.902
Toth 2.1Cup-25(p) 3.692  0.876
0.7CuB-150  2.566  0.907

2.0CuB-150(p) 4.052  0.959

The two 25:1 SiQAI,O3 copper zeolites show lower RMSE values for the
Langmuir model while the two 150:1 copper zeolgbsw a slightly better fit in
the generalized Langmuir-Freundlich model. The Tantkd Freundlich isotherm

exhibit a poorer fit. Figures 4.6 and 4.7 helpllisstrate this relationship.
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Figure 4.6 Plots of adsorption isotherms comparingbserved data to simulated data from a
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Figure 4.7 Plots of adsorption isotherms comparingbserved data to simulated data from a
range of isotherm models. 2.0C@-150(p) @ 294K . Phenol concentration range 10 — G0
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The 2.1Cui(p) zeolite shown in Figure 4.6 shows a more distifiype |
Brunauer relationship with a steep climb at low @amtrations as the surface of

the zeolite is covered and a clear plateau as atainris reached. This is
characteristic of the Langmuir model. For the 2.cLb0(p) zeolite shown in

Figure 4.7 the transition to the maximum is lesdidct with an interstitial zone
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approximately between 100 and 1000 mg>dequilibrium concentration before
the adsorption plateau. In this section the refastigp between increasing phenol
uptake and equilibrium concentration is still iresang but reduced relative to
the previous section between 0 and 100 mg.dih is important to note that the
lengthening of this interstitial phase appears tnade with the higher
adsorption maximum present in 2.08150(p), whereas at lower concentrations
the isotherm follows a similar trend to 2.18@5(p). For this type of curve, the
distinction between Langmuir and Freundlich typedsls is not as discernable,
So it is appropriate that the Generalized LangrRugundlich model fits slightly
better. The isotherm constants for the three reptative models as derived by
ISOFIT are shown in tables 4.3, 4.4 and 4.5.

Table 4.3 Langmuir constants for the adsorption of phenol onto zeolite beta catalysts with a
range of copper loading and Si@Al,O; ratios.

Sample K@m’gh) AL@dm’mg"’) Qo (mg g’
H-B-25 0.0356 0.000731 48.646
1.3Cup-25 0.158 0.00373 42.312
2.1Cup-25(p) 0.231 0.00516 44.773
H-B-150 0.202 0.00412 50.267
0.7Cup-150 0.234 0.00381 61.270
2.0Cup-150(p) 0.221 0.00278 79.476

The Langmuir parameters for the modified and unfiredizeolites are shown in
Table 4.3. The Langmuir constants &hd A correspond to adsorption capacity
and the affinity or energy of adsorption respegtiividing K_ by A_ gives Q
the maximum adsorption (Yousef and El-Esweed 2009 modified 25:1
zeolites were shown in Table 4.2 to have a compafat good fit to the
Langmuir model. The unmodified 25:1 beta zeolitesvgaamined in chapter 2,
where it was found to have a better correlationhwvitie Freundlich model.
Despite this the Langmuir constants show a cledrm@nportionate increase in
adsorption capacity and the energy of adsorptionthas copper content is
increased. This relationship is characteristic ofprioved adsorption. The

predicted maximum adsorption {however shows no clear correlation.

Conversely the 150:1 ratio modified zeolites shaacarrelation with regards to

KL and an inverse relationship between aad increasing copper. It should be
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noted that the modified 150:1 zeolites showed agrdit to Langmuir relative to
other models. The adsorption maximum however shanvgcrease relative to

increasing copper, with values that are quite ctogbe maximum adsorptions in
the observed data.

Table 4.4 Freundlich constants for the adsorption ophenol onto zeolite beta catalysts with
a range of copper loading and SigJAl,O; ratios.

Sample K (dm? g?) 1/ry
H-B-25 0.148 0.712
1.3Cup-25 1.771 0.407
2.1Cup-25(p) 2,638 0.367
H-B-150 2.162 0.641
0.7Cup-150 2.892 0.391
2.0Cup-150(p) 2513 0.442

The Freundlich isotherm model parameters are showirable 4.4. Overall the
Freundlich isotherm performed worse in terms ofdy@ss of fit compared to the
Langmuir and Langmuir-Freundlich models. The Frdichdconstants are K
which is representative of adsorption capacity, gredheterogeneity factor 1/n
In this case there is little correlation betweea thhange in copper loading and
the Freundlich parameters, although the 25:1 siticalumina ratio zeolites do

show a proportionate increase ip. K

Table 4.5 Generalised Langmuir-Freundlich constantsdr the adsorption of phenol onto
zeolite beta catalysts with different copper loadig and SiQ/Al O3 ratios.

Sample Q(mggh b@dm®mgh 1/n
H-B-25 124.986 0.000126 0.790
1.3Cup-25 42.374 0.00371 0.999
2.1Cup-25(p) |  44.715 0.00519 0.999
H-B-150 48.957 0.00413 0.999
0.7Cup-150 68.705 0.00275 0.799
2.0Cuf-150(p) 90.701 0.00196 0.818

The Generalized Langmuir-Freundlich model showembad overall correlation

with all the examined zeolites. The parameterssa@vn in Table 4.5. As the
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heterogeneity factor 1/n approaches unity, thenesot approaches that of the
Langmuir. The zeolites 1.30u25, 2.1Cup-25(p) and HB-150 all showed good
correlation with the Langmuir isotherm as deterrdibgy the RMSE, in each of
these cases the heterogeneity factor has beentoldseThe other three zeolites
exhibited hybrid isotherms and as a result loweerogeneity factor. When the
isotherm approaches Langmuir it implies that theoggtion sites are largely
homogeneous and a single type of adsorption irtiera¢s taking place. The
0.7Cup-150 and 2.0C@#£150(p) zeolites had a 1/n value somewhat lowen tha
unity, indicating that more than one form of intgran is present, that different
adsorption sites are active or that some multilag@sorption is taking place.
This is a possible cause associated with the irgdiate phase observed in the

adsorption isotherms for the 150:1 zeolites.

The adsorption maximum £Qshows a proportionate increase for both silica to
alumina ratio samples with increasing copper logdirhe @ value for H-25
appears to be unaccountably high; this is likelg do the fact that it did not
reach an adsorption maximum in the concentratiogegaxamined. In all cases
the adsorption maxima as predicted by the Langmgcndlich model are

higher than those in the observed data within tmeentration range.

The adsorption energy/affinity b, seems to increfasethe 25:1 zeolites with
increasing copper, and decrease for the 150:1tr€hd and values are similar to

those observed in the related Langmuir parameteri(ATable 4.3.

Overall both the Langmuir and Langmuir-Freundlictodels show a good
quality of fit for the observed data with some wafion. The 1.3C(¥25,
2.1CuB-25(p) and HB-25 zeolites showed a greater tendency towards the
Langmuir model, where as the other adsorbents sthavalence of a more
heterogeneous system. The shift away from Langeurirelation when copper
was added to the 150:1 Si@I,05 zeolite, may suggest an additional adsorption
mechanism. This could be due to the exchanged cagperating as sorption

sites for phenol. Cuions exchanged on zeolites are known to farbonds with

154



Chapter Four Adsorptad Phenol onto Modified Beta Zeolite

organic molecules. In the case of benzene thesdsbwere found to be present
in low benzene concentrations and of moderate gitne(iKukulska-Zajc et al.

2006). If this type of interaction is present it ynexplain the change in the
isotherm profiles observed in the copper modifiedlites and the increase in

adsorption capacity.

An alternative cause of the increased adsorptipaaty of the modified zeolites
iIs the change in acid-base properties resulting fcation exchange. Larger
metal cations and those with higher valencies c@nease the basicity of the
zeolite and thus increase its affinity to acidiclecoles such as phenol. The
effect is caused by an increased electronegativitii increasing cation size
which in turn influences the amount of negative rghaon the frame work

oxygen. This effect should increase with metal logdand also with lower

framework alumina content (Correa and Mota 2003ltdvieet al. 2006).

The TPR profiles in section 3.3.2 suggest thatetlaee Clispecies present in the
2.1Cup-25(p) and 2.0C{#£150(p) which were both pH adjusted during the
exchange process. There is likely to be lessrélative to CG* species at lower
copper loadings and without pH treatment, but @osild not be confirmed

however as the TPR profiles for these zeolites wetesensitive.

The greater difference in adsorption capacity betwe.0Cus-150(p) and
0.7Cup-150 when compared to the 25:1 zeolites could be simply to the

larger difference in copper loading in the formase.

4.3.2 Thermodynamic Parameters

The thermodynamic parameters, enthali), Gibbs free energyzG) and
entropy AS) changes for a sample copper zeolite (2.826(p)) and its parent

zeolite (H$-25) for phenol adsorption are summarized in Tdkée
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Table 4.6 Thermodynamic parameters for phenol adsorpon onto a copper zeolite, in

comparison to its parent zeolite.

Sample AH (kJ mol™) AG (kJ mol?) AS (I K mor®)
283 K 294 K 283 K 294 K
H-B-25 -7.51 -1.42 -1.74 -21.53 -19.63
2.1Cup-25(p) -30.37 099  -057 -103.81 -101.38

Like the parent zeolite the enthalpy change forCRB-25(p) is negative,
indicating an exothermic adsorption process. Howewe has become
significantly more negative. While still in the g of physisorption, there is
likely to be a larger proportion of stronger intgtrans taking place as well. This

may be related to the larger adsorption capacityiaeg in the modified zeolite.

The Gibbs free energy remains negative, albeihgligess negative after the
cation exchange process. The reduced spontantyegpresents may be due to

the larger energy involved in bonding.

Entropy change is significantly more negative ia thodified zeolites. The cause
of this could be due to a reduction in the poremditer caused by the increased
ionic radius of the exchanged copper species. Asdistussed in Chapter 2, as a
molecule approached the size of the pore diaméieretis a corresponding

reduction in entropy as it becomes more confinesl.iiA Table 4.1, the pore

volume for the copper modified zeolites was showrdécrease, this could be
related to a reduction of pore diameter as expthai®ve and in turn correspond

with the increase in entropy.

4.3.3 Aqueous Stability

An important consideration when modifying the zeolio improve catalytic
performance is to make sure that the metal catalgst survive the aqueous
adsorption step. Catalytic deactivation can ocoamfsignificant metal leaching.

This can lead to a secondary issue due to the toxiare of copper ions in
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agueous environments. It is important that the arhdeached is within

environmental limits.

Figure 4.8 shows the percentage of initial coppading on the 1.3Ci/zeolite
lost as the pH of solution in changed. At neutitdl gnd above, the exchanged
copper appears to be relatively stable with a marintoss of 1.87% at pH 7. At
low pH the copper loss steadily increases with ximam at pH 1 of 98%
representing almost all of the copper exchanged iBhmost likely a result of
dealumination where the framework>Ais removed from the zeolite structure
and the associated charge balancing catiofi; @uCU', is released into solution
(Rokosz et al. 1997; Oumi et al. 2001).

100
90
80 -
70 4
60 -
50 1
40
30 +
20
10

0 T T T T T T T T + T
0 1 2 3 4 5 6 7 8 9 10 11 12

Copper Loss %

R d

Figure 4.8 The loss of exchanged copper from 1.3Quéxpressed as a percentage of initial
Cu loading, relative to the change in the pH of sation. Contact time 1 hour, temperature
294K, pH range 1-11.

From pH 9 onwards the colour of the copper zecli@nged to a bright blue and
no recorded copper was found in solution. The aodtiange is likely to be
synonymous with the conversion of copper ions agpper ammine species in
the presence of aqueous ammonia at high pH. An jgbeaof this is shown in
Equation 4.1.

Cu* + (NH4)+ - CU(NH3)2+ +H" Equation 4.1
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Schreier et al. (2005) noted that at pHs above 8ravbopper amine species are
formed, they exhibited a dual mechanism of inteoactwvith the zeolite surface.
Aside from the pH independent cation exchange etlspecies would also form
strong electrostatic interaction with silanol greupn the zeolite surface
(Schreier et al. 2005). It is possible that thisosel avenue of interaction which
occurs at high pHs helps to stabilize some of tbpper species that would

otherwise have leached under lower pH conditions.

The Environmental Protection Agency sets a typirait for copper in waste
water at 0.5 mg dm(EPA 1997). At pH 7 the maximum copper loss observ
was 1.87% which corresponds to approximately 2.7dmy in solution. This
would suggest that the copper does not reach aptatie level of leaching until

above pH 7.

In an attempt to reduce the amount of copper lognvironmentally acceptable
levels, a rinsing step was added to the preparationedure. Figure 4.9 shows
the relationship between copper concentration intiem and the number of
rinses. It shows a considerable decrease in theustnmod copper leached with
each step, it also falls below acceptable levelshigysecond rinsing step. This
could indicate that there is a finite amount of mapon the zeolite that will be
leached under pH conditions close to neutral, physsepresenting unbound or
weakly bonded copper species on the zeolite surtatkeis is the case it could
mean that dealumination is not significant at gt this is important due to the
potential negative environmental impact from thespnce of Aluminium in

wastewater streams.
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Figure 4.9 Graph summarizing the effect of repeatevashing on the concentration of
leached copper adjusted for standard adsorption catitions. 5 g of 1.8Cup(p), pH 6,
400ml, 294K, contact time 1hr. Line at 0.5 mg difirepresents EPA limit for copper in
wastewater.

4.4 Conclusion

In this chapter the copper modified beta zeolitesenshown to have improved
phenol adsorption characteristics relative to tatve zeolite. There was also a
smaller increase in adsorption relative to incregsiopper loading. The highest
observed levels of phenol adsorption were 39.4 thdog 2.1Cup(p) and 65.8
mg g* for 2.0Cup-150(p). These represent a 23 and 46% increaseatasgly,
from the unmodified zeolite. The difference betwdka two samples is most
likely due to the added hydrophobic character @&f liigher silica to alumina
ratio, giving it a larger base adsorption capafatyphenol.

The Generalized Langmuir-Freundlich proved to keigotherm model with the
best overall fit for these results. The modified125eolites were found to have
an affinity somewhat closer to Langmuir, where las 150:1 showed a better
relationship to the Langmuir Freundlich model, jlolys due to a more

heterogeneous adsorption mechanism.
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The Langmuir-Freundlich isotherms gave extrapolatdsiorption maxima (£
which were for the most part representative of timserved results. The
exception being the 2.0QA50(p) zeolite, which predicated an increase in
phenol uptake up to 91 mg'g

The thermodynamic parameters: enthalpy change atrdpy change became
significantly more negative for the modified zee]itreflecting the significant
increase in adsorption capacity in the copper nedlizeolite. Overall the

parameters suggested a spontaneous, exothermiptolsgrocess.

An examination of the surface characteristics shibavelifferent relationship for
the two silica to alumina ratios with increasingoper. In the case of the 25:1
zeolite, the total pore volume decreased, whileBEF surface area increased
with increasing copper. Conversely both surfaceaittaristics decreased when
the 150:1 zeolite was modified with copper. Thisswaossibly due to the
differing state of exchanged copper that occurthertwo silica to alumina ratios
and with pH treatment during exchange. Another eaghis disparity could be
the less even distribution of copper on the 15@dlites due to their decreased

number of aluminium sites.

The differing states of exchanged copper could elgiain the slightly different
adsorption mechanism that appears to be presetiteircase of the modified
150:1 zeolites, as observed in the adsorption ésoth and the isotherm model
constants. This could be as a result of the vargunace characteristics and/or
different interactions between the phenol and ckffié forms of exchanged

copper.

Overall the increased adsorption would appear todieentirely dependent on
the change in surface area and pore volume, dteasonsistently between the
two silica to alumina ratios. The nitrogen may algocadsorbing in locations that
the larger phenol molecule would not be able teesscHowever the different
surface characteristics of the two zeolites maysgmeway to explaining the
differences in the adsorption isotherms.
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A change in surface chemistry may also be a caritng factor. With more of
the Bransted sites occupied with copper the pglanitd acidity of the surface
may change and the exchanged copper in its diffesertes may provide new
adsorption sites for phenol. Increased electrastatteraction with copper

species may contribute to the increased affinityywhenol.

The copper modified zeolite experiences copper &t the initial exchange
process when the pH is lower than 7. Without aréfly raising the pH the
zeolite is usually slightly acidic and will loserse of the exchanged copper. This
is likely to be weakly exchanged or agglomerategpeno species, and after
several washing steps the copper leaching redocesvironmentally acceptable
levels. Lowering the pH further results in furtheopper loss due to
dealumination, culminating in 98% loss at pH 1.

Copper modified zeolite beta shows good adsorptubraracteristics and
acceptable stability under normal conditions. Thiwuld make it a viable
adsorbent as well as a catalyst and should maingagatalytic character for use

in the oxidation step.
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5 Catalytic Oxidation of Adsorbed Phenol

5.1 Introduction

The aqueous phase oxidation of phenol has beeniesdraxtensively. A wide
range of methods exist, suitable to a broad vamétgperating conditions and
costs, efficiency and reliability requirements. Sorof the most prominent
methods include: electrochemical oxidation (Cargaéit al. 2006), ozonation
(Wu et al. 2000), catalytic wet air oxidation (CWAQAlejandre et al. 1998),
chemical oxidation (e.g. Fenton process), photalgiit oxidation (Sykora et al.
1997), wet peroxide oxidation (Quintanilla et &007) and supercritical
oxidation (Pérez et al. 2004). These methods dem @bmbined, for example the
photo-Fenton process (a combined Fenton and phatgtia process), and in
many situations they can be augmented by the useipgorted heterogeneous
catalysts. Support or catalytic materials can idelwxides of titanium and
aluminium, silicates, clays, activated carbons aedlites. These are often
modified with transition metals. However, many ferof catalytic oxidation for
the treatment of aqueous phase pollutants haveaex@anmon disadvantages.
The reaction is usually achieved only under highgerature (125-32C) and
pressures (0.5-2 MPa) and requires the treatmeriargk volumes of raw
wastewater. In addition to this many techniquesuireqfeed chemicals (e.g.
oxidizing agents), oxygen enrichment, homogeneaitslysts and pH buffering.
Consequently there is a high associated cost edhniques such as WAO (Zhao
et al. 2004). Due to the oxidation taking placéigh temperatures and pressures
in the aqueous phase, catalyst leaching and ahbitiy is also a disadvantage.
Total decomposition of the pollutant is also netals possible and long reaction

times are common (Alejandre et al. 1998).

Dry air oxidation combined with aqueous adsorptieliminates a number of
these issues. The adsorption can occur under roidittons, minimizing the
damage to the adsorbent/catalyst. It also pre-cdrates the pollutant which
means a larger volume of water does not have tosumtained at high

temperatures and pressures. The only feed thatqgsired is air and organic
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pollutants can be oxidised completely into the taeahproducts of HO and
CO,. The oxidation simultaneously regenerates thelysitaunlike CWAO
systems which often require separate regeneratds. urhe milder conditions

involved result in an improved catalyst lifespai aeduced running costs.

To date most work on dry air catalysis systems ghenol treatment have
focused on activated carbon (Matatov-Meytal andirBheh 1997; Zhao et al.
2004) and mixed oxide supports often with impregddransition metal oxide
catalysts (Marc-Loudon 1995; Centi et al. 2000)erEhis however little research
on the use of cation exchanged zeolites, which laamamber of advantages as

outlined in Chapter 3 section 3.1.1.

In this chapter the second stage of the two steatrtrent will be explored
(illustrated in Figure 5.1). This step consiststlé simultaneous oxidation of
adsorbed phenol and regeneration of the catalyait.imhe aim of this step is to
convert the adsorbed phenol into its terminal potslulCQ and HO while

minimizing products of incomplete oxidation, usirgppper and platinum
modified H-Beta zeolites. Principal goals includsgtetmining the ideal catalyst
for minimizing oxidation conditions. Criteria inae: a fast reaction rate, a low

oxidation temperature and confirmation of compfgtenol removal.

presennessannennne » CO, + H,O
CeHeO + Catalytic Regenerated
Catalyst ' Oxidation ‘ ' Catalyst

a

Figure 5.1 Overview of the proposed catalytic oxid#on process

Two primary analytical methods will be used to enad the oxidation of phenol
on zeolite beta. The first is Temperature Prograch@gidation which will be
outlined in section 5.2.2 and the second is The@ravimetric Analysis.

167



Chapter Five Catalytic Oxidation of Adsorbed Phenol

5.1.1 Thermo Gravimetric Analysis

Thermo Gravimetric Analysis (TGA) is an experiméntachnique which
measures the mass of a sample as a function ofetatope in a controlled
atmosphere. Samples are heated at a constant rateld at a constant
temperature (dynamic and isothermal measuremesgectively) while the mass
changes are monitored. Alternatively, non-lineangerature programs can be
used for certain experiments. The change in masareas the sample loses
material. This loss can occur in a number of wayduding reaction with the
atmosphere (e.g. oxidation), thermal decomposiéind evaporation. The mass
measurements are usually represented as a TGA waitvéemperature or time
plotted on the x axis and mass or percentage masthe y axis. The plot
produces steps which represent specific speciegioiences of mass change.

The thermobalance can take a number of differemfigarations. Generally
however, they accommodate two crucibles for comspari one of which
contains the sample. The deviation from the nudiiggan or the restoring force is
then used to calculate the change in mass. Buoyaonaogction is used to
compensate for the change in density of the gasewmperature increases.
Without this correction the sample would appearirtorease in mass with
increasing temperature (Dodd and Tonge 1987; G&lfR)

5.2 Experimental

5.2.1 Catalyst Preparation

Copper and platinum zeolites were prepared usiognaentional ion exchange
technique. For the exchange step a known quarftityetal salt was dissolved in
distilled water and to this the zeolite was addéee zeolite to solution ratio was
kept at 1g of zeolite to 50 ml of water. The susp@mwas stirred for 24 hours
before removing the zeolite by vacuum filtratiorheTfilter cake was washed
with distilled water to remove any non-exchangeecgs and then dried
overnight in air to remove the bulk of the adsorbeder. The dried zeolite was
then calcined in a Lenton thermal designs muffimdice at 45T for 5 hours.
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The calcination step removes any traces of adsonsdr and decomposable
salts left over from the exchange process. The saéd were Cu(NgD.3H.O
(Fluka) and Pt(NB)4Cl..xH,O (Aldrich) for copper and platinum exchange,
respectively. Both are easily dissolved in watdre Exchange process was also
pH controlled for specific samples using MdH (ACS 30% NH) at the start of
exchange to bring the pH up to 7. The pH was mogdtaising a Thermo Orion
model 420A+ pH meter. All the zeolites used wergpdied by Zeolyst

International.

For the bi-metallic zeolites the standard processiun this work was to perform
all the exchange steps for copper and repeat tloemlétinum on the calcined
copper zeolite. The two metals where also exchamgéa@o other procedures,
with the platinum and copper steps reversed andh Wwith of the metals

exchanging in the same solution.

Accurately weighed amounts of each adsorbent wadedto phenol solutions
of 2000 mg drif to saturate the zeolite. They were then stirredofee hour to

reach equilibrium. Each sample was filtered usirguahner funnel and dried in
air overnight at room temperature. The phenol |dadedified zeolite was then

subjected to temperature programmed oxidation.

5.2.2 Temperature Programmed Oxidation Studies

The Temperature Programmed Oxidation (TPO) richws in Figure 5.2. The
principal components were a gas delivery systereaator and a detector. There
were three feed gasses (all gases were suppli®&Di3). Helium was used as a
carrier gas, it was mixed with 15%/Be. 15% CQHe was used as an internal
standard. A set of Tylan Model FC280/280A Mass flmwmtrollers regulated the
flow of each feed gas. These flow controllers weperated by a Vacuum
General Dyna Mass DM2600. The gas delivery systeed @ system of valves

to control the flow of the feed gases to the vasioamponents of the TPO rig.
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The feed gases were fed into the reactor whichistmusof a 560 mm quartz
tube with an 8 mm outer diameter and a 6 mm intedizaneter. Suspended by
quartz wool within the reactor was the sample gatdded. A thermocouple was
inserted into the ‘hot zone’ within the reactor.eTikeactor tube was surrounded
by a muffle furnace which brought the catalyst beg to the specified
temperature. The furnace was controlled by a Qitebi»416 furnace controller.
The exhaust gases from the reactor were continp@unsllysed using an Agilent
Technologies 5975C inert Mass Selective Detect@& DV

In a typical TPO procedure, 100 mg of phenol adsddatalyst was inserted into
the reactor. Before testing the catalyst bed wadneated in a 3% £He mixture
at 50 ml mift for 60 minutes at room temperature. After prettremt the
sample was subjected to an increase in temperatut€C min' up to 756C.
The temperature was held at this temperature fomitiutes before bringing it
back down to room temperature at the same rate. pfbducts leaving the
reactor were continuously monitored by the MSD antdsequently analysed
using a HP Compaqg dc7700 PC with the MSD Chemst&@Y5C software.
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v

Mass

Selective —p
Detector

Loop

To Fume Hood ———

Furnace
Controller Controllers

Furnace

Catalyst I \ Reactor

1. 3 way valve. Sends gases to fume hood or to MSD.
2. 6 way valve. Controls emptying and filling of G@op.
3. 4 way valve. Sends gases through reactor or byghesght to MSD

Figure 5.2 Schematic of the temperature programmedxidation setup.

In the MSD the products of oxidation are ionisede3e molecular ions can then
be separated in high vacuum by their mass to ch@ng®) ratio. The ionisation
causes the molecules to fragment into small graofpsharged particles as
opposed to a single ion. This mass fragmentatidteqmais unique to each ion,
thus a characteristic pattern can be identifiedg&seous samples some ion
intensities may overlap when they occur at the saromic mass, an example is
CO and N which both occur at m/e = 28. The mass fragmenplanol is
presented in Figure 5.3. Phenolic mass fragmergscharacterised by large
intensities in the molecular ion and minimal delaydm provided there is no
adjacent functional group. The loss of CO from mhelecular ion can create a

significant intensity at m/e = 66, additionally tless of CHO can create a peak
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at m/e = 65. The latter case only becomes moreaf@evin higher homologues

of phenol (Fahmey et al. 2001). Table 5.1 listsréievant ions to be monitored.

H
e
o \ ot
P 5 N xH
H -
- -0 > [ }LH

e BE

-CHO . @

rmfe 69

Figure 5.3 Principal mass spectral fragmentation ophenol (Fahmey et al. 2001)

Table 5.1 lons Monitored

lon H 20+ CO+ Oz+ COZ+ CsHe+ (:5H7+ CsH 50+ C5H50+
a.m.u. 18 28 32 44 65 66 93 94

5.2.3 Thermo Gravimetric Analysis

TGA was performed on a Labsys Setram TG-DTA/DSG@im Approximately
10 mg of zeolite was placed in 1@0 Al,O; crucible. The analysis consists of
three steps. The sample was first stabilized fom80utes at 3%, then the
temperature was raised at®COper minute up to 76Q, and finally brought back
down to 36C at 50C per minute. The TGA profile was generated frora th
weight loss observed during the second step (thedeature ramp) as a function

of increasing temperature.
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5.3 Results and Discussion

5.3.1 Temperature Programmed Oxidation

This section will report on the TPO studies perfedion Beta zeolite. Figure 5.4
represents the TPO profile for the unmodified HeBeeolite after saturation
with phenol. The most abundant ions have been septed. Given the
controlled nature of the adsorbate and feed gasptimeipal ions are easily

differentiated by their mass fragment.

1500008
1250004
1000008
7500064
500004

250006

Products Detected in Exit Stream
(Arbitrary Units)

0 100 200 300 400 500 600 700
Temperature °C

Figure 5.4 Formation of species as a function of tgperature from phenol saturated H$-25.
(100 mg sample, 50 ml min, 3% O, in He, 1°C min™).

The products detected were water, oxygen, carbaroride, carbon dioxide and
phenol. A number of trace components were alsactigte The @ profile occurs

at a mass fragment of 32 and represents the caor@tgmesent in the feed gas.
The abundance of {lecreases when consumed in oxidation. Immediatfidy

the temperature starts to increase, water is dstextaching a maximum at
100°C. This represents the adsorbed water that remaifted the drying step.
Phenol was observed between 263 and@16ith a maximum at approximately

300°C. This temperature is at a significantly highenperature than its boiling
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point of 182C. At 257C the oxidation of the organic component beginis, ith
represented by an increase in £&3 the terminal component of the oxidation
reaction and a corresponding decrease in the t#v@} as it is consumed by the
oxidation reaction. A significantly smaller amowitCO is formed representing
an amount of incomplete oxidation of the organimponent or a fragment of
CQO,. The CO profile shadows that of the £0he oxidation in this case is not
completed until 72 and achieves a maximum at &IGudging by the C®
profile. Since there is no catalyst metal on theslize this oxidation is most
likely a result of the acid sites on the zeoliteface. These acid sites consist of
the Brgnsted acid sites located at the tetrahgdwbrdinated and charged
balanced aluminium atoms on the external surfack pme structure, and the
Lewis acid sites which are located at the unsagdraluminium atoms created
from local defects in the tertiary building unitsat compose the zeolite. The
Lewis sites occur predominantly in the microporaigicture (Jansen et al.
1997). The respective donation or removal of aqgirddy these acid sites serves
to catalyse organic reactions by creating carbooatiintermediates (Correa and
Mota 2003).

At the same time as the phenol peak occurs, theotsg fragmentation products

of phenol produced smaller correlating profiles.eTprofiles for these mass

fragments are shown in Figure 5.5.
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Figure 5.5 Formation of the fragmentation productsof phenol as a function of temperature
from phenol saturated H$-25 zeolite. (100 mg sample, 50 ml miin3% O, in He, 10C min®
1

).
The mass fragments at 65sKG") and 66 (GH;) represent the two most
common intermediates outlined in section 5.2.2. abendance of 66 is slightly
larger than 65. This is a tendency expected foremdar phenol, where the ion
resulting from the loss of neutral CO is believedé& more prevalent in the mass
fragment (Fahmey et al. 2001). A trace amount oatwlh most probably the

phenolate ion is formed at a mass fragment of QBI{C").
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5.3.1.1 Copper Zeolites

Table 5.2 lists the copper exchanged zeolites @ithiG:Al,O3 ratio of 25:1,
examined by temperature programmed oxidation. Theco of adding copper to
the zeolite is to reduce the temperature at whigldadion takes place, to
eliminate the desorption of phenol and other ldrggments and to increase the

proportion of the adsorbed species that is oxidized

Table 5.2 Summary of copper zeolites examined in thisection

SiO2:Al,03 | Cu Loading | Exchange

Sample ratio wit% pH
H-B-25 25:1 0 -
0.9Cup-25 25:1 0.88 5.3
1.3Cup-25 25:1 1.3 5.4
2.1CuB-25(p) 25:1 2.1 7.0
3.0CupB-25(p) 25:1 3.0 7.0
4.6Cup-25(p) 25:1 4.6 7.0

Figure 5.6 shows a typical profile for the deconims of phenol on a copper
zeolite (in this case 2.1Q25(p)).

70000
5
o 60009
N
= 50000
W %
EE
< D 40000 H,0
g — COo
@®
£ £ 30009 — O
a g -_ C02
£ >~ 20004 — CeHeO
>
3
5 10000
0' T T T —_— T
0 100 200 300 400 500 600 700

Temperature °C

Figure 5.6 Formation of species as a function of tgperature from phenol saturated
2.1CuB-25(p) zeolite. (100 mg sample, 50 ml min3% O, in He, 1°C min™).
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In contrast to Figure 5.4, no mass fragment fornpher its fragmentation
products were detected. This could be becausedwidhtion to CQ occurs at a
lower temperature compared to the unmodified zzoknother possibility is that
the phenol adsorbs much more strongly to the exggtartopper zeolite, this
possibility was highlighted in Chapter 4 sectio3.4. The oxidation appears to
begin at 21%C and concludes at 6Z7. A clear maximum occurs at 485 The
water profile is relatively smaller than the unnf@ti zeolite; this could be due

to the larger proportion of adsorbed phenol omtloglified zeolite.

For comparison purposes a blank sample was prepénesiinvolved the use of
an adsorption solution containing only distilledtara The resulting profile is
shown in Figure 5.7
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Figure 5.7 Formation of species as a function of tgperature from water saturated 2.1Cuf-
25(p) zeolite. (100 mg sample, 50 ml min3% O, in He, 1°C min™).

In this case C®was detected and occurred at roughly the sameetetpe
range, except that it was no longer detected ab@%. This much smaller CO
profile most likely represented the product of aBmuantity of organic material
adsorbed on the surface of the zeolite. The COphiethol mass fragments were

absent, but the water peak was noticeably largtrarabsence of phenol.
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The MSD is subject to sensitivity drift giving dgffences in relative abundance
over time. As a result a GQulse of a known volume was used as an internal
standard. This served as a benchmark for comppgags from various samples.
When comparing the catalytic activity of differesalids, as the most pronounced
product of oxidation, C®was used as a representative indicator. A ran@x0pf
volumes were also injected into the gas assembloraer to establish a
calibration graph as in Figure 5.8. This was theeduto determine the amount of

CO, produced from the peak area in the TPO profiles.

600006

400000

Peak Area

200000

0.0 0.1 0.2 0.3 0.4
Volume CO, ml

Figure 5.8 CQ, calibration graph

Figure 5.9 shows the profile of G@roduction during phenol TPO on a range of
different zeolite samples with different copper doms. The origin of each

profile is close to zero but has been staggered|éoity.
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Figure 5.9 Formation of CQ, as a function of temperature from phenol saturatedd-g-25
zeolite with varying copper loading. (100 mg samp|és0 ml min?, 3% O,, 1°C min™).

Each of the C@profiles reaches a distinct maximum point, thee@tion being
4.6Cup-25(p) which exhibits what appears to be a splikpat 320 and 378.
This split could be a result of the increasing prtipn of CuO in the surface
copper as highlighted in Chapter 3 section 3.2.A2.the copper loading is
increased, there appears to be a clear shift terle@mperatures in terms of the
start, maximum and end of G@roduction. In order to illustrate this Figure ®.1
compares the temperature at maximuny @€tection to the copper loading. The
result is a clear trend of temperature reductidatice to increasing copper.
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Figure 5.10 Comparison of the temperature of maximon CO, detection during TPO versus
copper loading.

The CQ peaks have a tendency to occur over a shorterg&tyse range as
copper loading is increased despite an increasieeimmount of C@produced.
This appears to indicate improved catalytic actidhd a faster oxidation rate,
with the length of time C®was produced reducing from 44 to 32 minutes.
Overall there is a continuous reduction in the terafure marking the start of
oxidation, with increasing copper. In each casderwtthan the unmodified
zeolite, the CQ profile envelops the temperature range where tleng mass
fragment was observed in the unmodified zeolite maghenol mass fragment
was observed. Table 5.3 shows the relative amdu@Os produced, as derived
from the CQ calibration shown in Figure 5.8. The amount of naiieoxidized

was then predicted from this and adjusted reldatwve blank sample.
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Table 5.3 Summary of CQ production as a function of zeolite mass and theoaresponding
amount of adsorbed phenol needed to produce it. Bhol loading was adjusted with a blank
TPO profile.

CO;produced Oxidized Phenol

Sample 1 4

(mg g) (mg g’)
H-B-25 91 25
0.9Cup-25 83 23
1.3Cup-25 87 24
2.1CuB-25(p) 126 38
3CuB-25(p) 136 41
4.6Cup-25(p) 127 37

The results show a significant increase in the arhofi phenol oxidized on the
pH modified zeolites. Outside of this relationstiiiere is no distinct trend of
increasing CQ@ production or phenol oxidation relative to incriegscopper

loading.

Figure 5.11 shows the profiles for the CO massnfixgt. In each case the

profiles broadly match the start and end pointstief CQ mass fragment.
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Figure 5.11 Formation of CO as a function of tempeature from phenol saturated H$-25
zeolite with varying copper loading. (100 mg sampl&0 ml min?, 3% O,in He, 1°C min™).
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As shown in Table 5.4 the CO peak area is in gémdoae to 5% of the peak
area of the corresponding ¢@rofile. The exception is the unmodified beta
zeolite which produces somewhat more CO relativ@@. This may be a result
of a less complete oxidation in the absence of enpgpQ commonly forms the
fragments CO and £n the same proportions each time upon electrgraghn
lonisation. The comparable Qf@oportion in each of the copper zeolites would
suggest that the CO observed is a consequence gr&fmentation as opposed

to incomplete combustion.

Table 5.4 Comparison of the relative peak areas ohé CO peaks as a percentage of the GO
peak area.

Sample Relative size of CO to
CO, peak (%)
H-B-25 9.0
0.9Cup-25 5.3
1.3Cup-25 5.0
2.1Cup-25(p) 4.4
3CuB-25(p) 4.7
4.6Cup-25(p) 5.1

To summarize the modification of the zeolite witition exchanged copper has
the following effects:

* The temperature of oxidation is significantly reddcboth in the case of
the start temperature and the temperature at whkieh maximum
oxidation was observed.

* The time it took for all the adsorbed phenol todadised during the
TPO experiments was reduced.

* The relative amount of CO produced as a resulkifadion was reduced.

* No phenol fragments common to phenol or any inteiaies were

detected.
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The first two effects also become more pronouncedha copper loading is
increased. However, the TPO profiles do not chapggportionately with
increasing copper throughout the range of sampless. is illustrated by Figure
5.12
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Figure 5.12 TPO performance summary for Cu modifiecbeta zeolites. Showing CO and
CO, peak maxima. (100 mg sample, 50 ml mih) 3% O,, 1°C min™).

The graph summarizes the abundance at the peaknmaxon each of the TPO
profiles. There is a clear difference between thst et of samples and the pH
treated copper zeolites (denoted by (p)), withaeably higher peak maxima on
the latter. We can see also from Figure 5.9 thatdimape of the TPO profile
changes significantly on the pH modified zeolitése reduction in oxidation
temperature appears to be more proportionate tpecagontent, as observed in
Figure 5.10. The increase in the abundance of twitgproducts at the peak
maxima could be a result of an increased proportbmdsorbed phenol. In
Chapter 3 it was noted that the copper exists fferéint species on the pH
treated zeolites, there is also evidence that thgsecies exhibit unique
interactions with phenol or change the overall atefchemistry of the zeolite as
noted in Chapter 4. For example exchangetli@us present in over exchanged
zeolites can formx bonds with aromatic molecules (Kukulska-eagt al. 2006).
The over-exchanged zeolites are likely to coverenairthe aluminium exchange

sites with copper species which would in turn dasee surface acidity and
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increase the affinity for phenol. In addition tastthe pH modification could also
result in increased copper exchange on the sikeidlsites, which would further

enhance this effect (Schreier et al. 2005).

5.3.1.2 Platinum Zeolites

Platinum was also examined for its capacity tolgatally oxidize the adsorbed
phenol. As a catalyst, platinum is known to be a@dyoxidizing catalyst on
zeolites at relatively low temperatures (Traa etl809). The platinum zeolites

examined are summarised in Table 5.5.

Table 5.5 Summary of platinum zeolites examined irhis section

SiO,:Al 03 Theoretical Pt Loading
Sample ratio Loading wt% wt%
0.05Ptp-25 25:1 0.2 0.05
0.07Ptp-25 25:1 0.4 0.07
0.2PtB-25 25:1 1 0.2

The TPO profile for the beta zeolite loaded witd0wt% Pt is shown in Figure
5.13. Unlike the Cu zeolites the g@rofile appears to suggest that the oxidation
takes place in two steps. The first starts at #latively low temperature of
approximately 17%C followed by a sharp increase in £€@roduction up to
265°C where the level of COproduced begins to fall. A second broader,CO
peak emerges in the temperature range of 288c576 this example there are
two maxima at 244 and 3%98.
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Figure 5.13 Formation of species as a function oémperature from phenol saturated
0.07Ptp zeolite. (100 mg sample, 50 ml mih 3% O,, 1°C min™).

This apparent two step oxidation is ubiquitous linoathe Pt zeolites studied.
Mass fragments at 54, 65, 51 and 94 were obseiviek same time as the low
temperature oxidation peak. The first three repreagments of phenol and the
last is phenol itself. 54 and 51 m/e are possibipdrtant as they were not
present in the desorbed phenol fragments from tineodified H$-25. They are
also both likely to be aliphatic fragments e.gHE for 54 m/e and ¢Hs" for 51
m/e. While these may be the result of normal fragaten of the adsorbed
phenol, considering that they occur at the sameéeature as a significant GO
peak they may also be a product of some incompbetdation due to the
presence of platinum. In addition, these fragmemtsur earlier than the
temperature at which phenol desorption was observédgure 5.4 for H3-25.
The low temperature COpeak appears to represent the partial oxidation of
phenol, while the bulk of the oxidation takes platethe higher temperature

peak.
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Figure 5.14 shows the relative amount of,Gfetected from the TPO of phenol
over zeolites with several different platinum laagh.
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Figure 5.14 Formation of CG as a function of temperature from phenol saturatedd-p-25
zeolite with varying platinum loading. (100 mg samfe, 50 ml miri*, 3% O,in He,
10°C min™).

It is immediately apparent that the platinum loadedlites exhibit oxidation at
significantly lower temperatures and over shortniqus than in the case of the
unmodified zeolite. 0.05%25 and 0.07P#25 both showed the desorbing
phenol fragments listed previously in this sectibowever they were absent
from 0.2Pt-25. This catalyst had 65% more exchanged platithan the next
highest, this probably helped to reduce the amaintiesorbing phenol by
increasing oxidation at this point. This is alsog@gested by the noticeably
broader low temperature peak for 0.BF2b. A summary of the parameters of

the CQ profiles shown in Figure 5.14 are presented ind ats.
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Table 5.6 Summary of CQ mass fragment production on a variety of platinunzeolites.

Start Max Max End Temp  Temperature
Sample
Temp{C) 1(°C) 2(°C) (°C) Change{C)
H-B-25 257 - 594 697 440
0.05PtB-25 225 286 486 550 325
0.07Ptp-25 205 244 397 531 326
0.2PtB-25 205 244 397 531 326

Increasing platinum loading from 0.05 to 0.07 wtésulted in a slight decrease
in the temp associated with the first oxidationkyeacreasing the loading above

0.07 wt% did not improve the performance of thedakbn in terms of lowering
temperature.

A summary of the C@produced and the predicted quantity of adsorbesh@h
Is shown in Table 5.7.

Table 5.7 Summary of CQ production as a function of zeolite mass and theocresponding

amount of adsorbed phenol needed to produce it. Bhol loading was adjusted with a blank
TPO profile.

CO;produced Oxidized Phenol
Sample " 4
(mg g’) (mg g’)
H-B-25 91 25
0.05PtB-25 114 34
0.07PtB-25 104 30
0.2PtB-25 117 35

Although the amount of phenol oxidized is notabligher in the platinum
zeolites when compared to the unmodifie@425, there is no significant overall
trend relative to increasing platinum loading. ®dF-25 and 0.2Pg-25 had
almost identical temperature characteristics.
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Figure 5.15 shows the respective profiles for tli@ i@ass fragment. The peak

area comparison is shown in Table 5.8.
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Figure 5.15 Formation of CO as a function of tempeature from phenol saturated H$-25
zeolite with varying platinum loading. (100 mg samfe, 50 ml miri*, 3% O,in He, 1°C
min™).

Table 5.8 Comparison of the peak area of the CO pealas a percentage of the C{peak
area.

Sample Relative size of CO
to CO, peak (%)
H-p-25 9.0
0.05PtB-25 4.7
0.07Ptp-25 5.7
0.2PtB-25 4.6

As in the case of the copper zeolites, the platizewiites exhibit a similar ratio
of the CO mass fragment at around 5% of,Clhe slightly higher amount of
CO produced in the 0.07Btzeolite accounts somewhat for the lower mass of

CO, detected (shown in Table 5.6).
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To summarize, the platinum modified zeolites exibifavourably low phenol
oxidation temperatures relative to the unmodifiedlite. This low temperature
oxidation was achieved using a considerably lowetamnloading than with
copper. The Pt catalysts exhibit what appears ta théerent oxidation pathway,
which possibly involves a partial oxidation at laviemperatures or oxidation of
a particular fraction of the surface phenol. The temperature peak could also
be due to the oxidation of desorbing phenol andr&gments, which occur at a
similar temperature. Alternatively the low tempaerat peak could represent the
oxidation of the phenol that is in close proximitythe platinum. Similar profiles
are present in the literature. For example the messe oxidation of methyl-
isobutyl-ketone over platinum zeolite, where theated organic was observed
to first oxidize into coke at lower temperaturesl at higher temperatures the
less reactive coke was oxidized (Tsou et al. 2005all the platinum zeolites a
quantity of phenol and its fragments were detestadndem with the initial C®
peak, however these were smaller than those olzbertbe unmodified zeolite.

Copper zeolites of a loading of 3 wt% or higherjd@ed phenol at lower
temperatures than any of the platinum zeolites @x@an In addition to this the
over exchanged copper zeolites also appear to doma@e phenol into CO
either through increased adsorption or oxidatiotemkal. In light of this and the
detection of desorbed phenol in the TPO profile thog platinum zeolites, it
would appear that the over-exchanged copper zeaslitee better catalyst for the
oxidation of adsorbed phenol.
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5.3.1.3 Bimetallic Zeolites

In this section the zeolites with both copper atatipum are examined. The
materials used are shown in Table 5.9. The mondicematinum catalysts
exhibited oxidation at comparatively low temperasjrhowever when compared
to the pH modified copper catalysts the amount 6 @roduced was smaller
and a number of samples produced evidence of inletetp oxidized organic
chemicals in the exit streams. By introducing coged platinum to one zeolite,

it may be possible to produce a catalyst with theaatages of both metals.

Table 5.9 Summary of the bimetallic zeolites containg both copper and platinum
examined in this section

_ Theoretical _
SiO,: Al O3 Load % Loading wt%
oading wt”
Sample ratio J (CulPY)
(Cu/PY)
1.4Cu-0.04Pg-25 25:1 2/0.2 1.4/0.04
1.6Cu-0.08Pg-25 25:1 2/0.4 1.6/0.08
1.3Cu-0.09Pg-25 25:1 2/0.6 1.3/0.09
2.4Cu-0.08Pf-25 25:1 5/1 2.4/0.08

Figure 5.16 shows the G(rofiles for three bimetallic zeolites with vargin
platinum loading. Each was prepared from a stockapper zeolite with 2.1
wt% of exchanged copper (2.1Bt25(p)) with the exception of 2.4Cu-0.08Rt/
25 which was prepared using 4.6@25(p). For comparison the GQ@rofile of
the zeolite with only platinum exchanged (0.0pFf5:1) and the base copper
zeolite (2.1Cyi-25(p) were included. As noted in Chapter 3 sec8dhl, the
copper content decreases, most likely due to theergoH during platinum

exchange.
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Figure 5.16 Formation of CGQ as a function of temperature from phenol saturatedd-p-25
zeolite with varying platinum and copper loading. {00 mg sample, 50 ml mit}, 3% O,,
10°C min™).

Each of the bimetallic zeolites exhibits a low t@rgiure peak characteristic of
the monometallic platinum zeolites, although thpseks appear less intense.
The broader high temperature peak is also prestawever in the bimetallic
zeolites it is consistently larger, therefore itpgssible to conclude that these
profiles contain characteristics of both metalshieir monometallic equivalents.
The exception is 2.4Cu-0.08p4#25, where no low temperature peak is present
and the profile is almost indistinguishable fronattlof a monometallic copper
zeolite. This is probably due to the excess coppasking the platinum or
impeding access to certain sites. No phenol fragsnehere detected in any of

the samples.
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Table 5.10 summarises the temperature ang data from the profiles in Figure
5.16. Despite using the same initial copper zedtitethree of the samples, the

final copper loading (as examined in Chapter 3jegabetween 1.3 and 1.6 wt%.

Table 5.10 Summary of CQ mass fragment production on a variety of bimetalk zeolites.

Start Max 1 Max 2 End Temp Temperature
Sample
Temp {C) (°C) (°C) (°C) Range {C)
2.1CuB-25(p) 244 - 455 601 357
0.07PtB-25 205 244 397 531 326
1.4Cu-0.04Pg-25 235 273 452 541 306
1.6Cu-0.08Pf-25 183 252 403 511 328
1.3Cu-0.09Pg-25 225 263 436 550 325
2.4Cu-0.08Pg-25 220 - 402 531 311

The phenol oxidation temperatures appear to be whatehigher in general for
the bimetallic zeolite when compared to the zesliteat only contain platinum.
However they are notably lower than both the oafgjicopper zeolite (2.1Cg/
25(p)). In terms of temperature reduction the Ipestorming zeolite in this set
appears to be 1.6Cu-0.08Rf5. It would appear that the extra copper as
opposed to the small increase in platinum contebumore to a reduced
oxidation temperature when compared to 1.3Cu-0/9F%. 2.4Cu-0.08Pjt25
has as similar oxidation range to the other bintietaolites, however the excess
copper does not appear to contribute further tgeature reduction. This could
be because the platinum appears to be no longentiluting factor at this
copper loading.
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Table 5.11 Summary of CQ production as a function of the mass of the indidad bimetallic
zeolites and the corresponding amount of adsorbechgnol needed to produce it. Phenol
loading was adjusted with a blank TPO profile.

CQO,produced Oxidized Phenol
Sample 4 4
(mg g’) (mg g’)
1.4Cu-0.04Pf-25 117 35
1.6Cu-0.08Pg-25 129 39
1.3Cu-0.09Pf-25 109 31
2.4Cu-0.08Pf-25 97 27

Table 5.11 shows the G@etected and the estimated amount of oxidizedglhen
for the bimetallic zeolites. There is a perceivabhiend of increasing CO
detection with increasing copper loading. Howevbis increase appears to be
independent of platinum loading. The sample 1.6@&®tB-25 was the best
performing bimetallic zeolite overall. It exhibitddwer oxidation temperatures
and greater phenol oxidation than any of the monaliie platinum samples.
This sample also has a comparable amount of ph@ndation to that of the
original copper zeolite (2.1CQi25(p) see Table 5.3). The increased phenol
oxidation is likely to be due to an increased amairadsorbed phenol brought
on by the improved adsorption affinity of coppeoltes (see Chapter 4 section
4.2.2). The 2.4Cu-0.08BtR5 sample seems to show a point of diminished
returns as the increased copper masks any behefif@at from the Pt and gives

it the poorest performance of the bimetallic zesliand less phenol oxidation

than copper zeolites of similar loading.

In Chapter 3 a number of bimetallic zeolites weyatlsesised with different

exchange orders. TPO experiments were conductemtder to ascertain any
change in catalytic activity corresponding to tlamge in synthesis procedure.
The first study is shown in Figure 5.17. The sah@s®otetical loading of 2wt% Cu

and 0.4wt% Pt was used in each sample.
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Figure 5.17 Formation of CG as a function of temperature from phenol saturated
bimetallic H-B-25 zeolite prepared using different methods. Theotieal loading 2wt% Cu,
0.4 wt% Pt. (100 mg sample, 50 ml mih, 3% O,, 1(°C min™).

In Figure 5.17 each zeolite exhibits the same t®p profile characteristic of the
Pt and bimetallic catalyst. The lowest temperatuwese observed in the zeolite
where copper was exchanged first with a start teatpes at 183C however the
difference between the two profiles is slight; treak areas of both profiles are
almost identical. The 1.6Cu-0.08R25 sample had the highest average loading
of the two metals; exchanging platinum first appdarresult in an overall lower
yield. Despite this, the exchange order appealat@ a very minimal effect on

phenol oxidation.

To summarize the combination of copper and platireakohange onto zeolite
beta produces a GQrofile somewhere in between that of the platinumd a
copper monometallic zeolites. With the presenceogper the low temperature
peak associated with platinum becomes less promimvenle the high
temperature peak becomes larger. The bimetalliditeeoexhibited lower
oxidation temperatures than monometallic coppea similar loading (2.1Cg#
25(p)) and in certain cases (for example 1.6CufP&5) comparable to
platinum zeolites. This would suggest that platinbas a favourable effect on
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temperature reduction when added in even smalltgiggnto the copper zeolite,
where as increasing the copper loading can lowertemperature further. This
effect appears to have a point of diminishing meguss was observed in 2.4Cu-
0.08PtB-25 where the platinum was masked by the high le¥elopper and in

TPO was virtually indistinguishable from a monontietaopper profile.

The bimetallic zeolites also show a larger mas€0% production relative to
platinum zeolites, this could be due to the enhdramsorption effect of copper

zeolites meaning more available phenol.

For the exchange order, the procedure seemed vy little influence on the

oxidation of phenol, with almost identical profitlemperature and peak area.

5.3.1.4 Effect of Silica to Alumina Ratio

Beta zeolites with varying silica to alumina ratie®re also modified with
copper to examine their effects on the TPO of phenhwe results of this study

are shown in Figure 5.18.
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Figure 5.18 Formation of CQ as a function of temperature from phenol saturatedH-p-25

zeolite with varying silica to alumina ratio and c@per loading. (100 mg sample, 50 ml mif
3% O,, 1°C min™).
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All the copper zeolites were synthesised using shee theoretical copper
loading (2wt%) and exhibited a similar ability tocorporate copper with pH
treatment, however as was examined in Chapter 3ttte of the exchanged
copper changes greatly due to the reduction inlaai aluminium exchange
sites. A summary of the GQprofiles resulting from the TPO experiments are
shown in Table 5.12 and Table 5.13. Phenol fragesnesetre not detected in any
of the samples except for 2.2G«B00(p) which showed mass fragments at 65
and 94. Unlike previous examples these occurredsadhe whole temperature
range of CQ production.

Table 5.12 Summary of CQ mass fragment production on a variety of zeolitewith varying
silica to alumina ratio, with and without copper.

Start Maximum  End Temp Temperature
Sample
Temp{C) Temp {C) (°C) Range {C)
H-B-25 257 594 697 440
2.1CuB-25(p) 244 455 601 357
H-B-150 438 649 700 619
2.0CuB-150(p) 238 479 568 330
2.2Cuf-300(p) 225 320 570 345

Table 5.13 Summary of CQ production as a function of zeolite mass and theoeresponding
amount of adsorbed phenol needed to produce it. Bhol loading was adjusted with a blank
TPO profile.

COy produced Oxidized Phenol

Sample 4 4

(mg g’) (mg g’)
H-B-25 91 25
2.1CuB-25(p) 127 38
H-B-150 72 18
2.0Cup-150(p) 128 38
2.2Cup-300(p) 109 31

The unmodified H3-150 beta zeolite shows considerably poorer oodati

performance than the zeolite (425, the minimum temperature required for
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oxidation was 48% and the overall production of G@vas low (123 mg g).
The likely cause of this is the large reductiorihia catalytically active Brgnsted

acid sites that would result from the lower alumpoatent of HB-150.

The addition of copper to the zeolites resultea ireduction in the temperature
required for phenol oxidation and a considerabgjhbr level of CQ production.
However, from Figure 5.18 there is a differenceneen the copper exchanged
zeolites with different Si@AI,Os. In the sample 2.0CgH150(p), there is an
abrupt increase in GQproduction at 23& followed by a plateau from 388.
This leads into a peak which is reminiscent of toaind in 2.1Cy3-25(p). A
similar effect occurs in 2.2CR4300(p), except that there is a larger low
temperature C@peak. Comparison with the TPR results in Chaptevoald
appear to go some way to explaining this. 2. p&%(p) was shown to have the
majority of its exchanged copper in the form of Gpecies (indicated by a large
high temperature peak of;Honsumption) with some &y where as 2.0Cp/
150(p) showed a probable mixture of“Cdue to a two step oxidation) and
CuO. In the case of 2.2Q4B00(p) the late Cupeak was absent altogether and
most of the copper was believed to be in the fofrf@wO. This could mean that
the lower temperature shoulder in the gPofile present in the copper zeolites
with a higher SiQAIl,Os ratio is as a result of increasing CuO and ther lagéak

is representative of oxidation occurring at theiatatexchanged Cuor Cuf*

species.

5.3.2 Thermo Gravimetric Analysis

In this section, the phenol saturated zeolites vex@mined under TGA. The
purpose of this was to confirm proportionately kbgs of adsorbed components
on the zeolite surface due to oxidation and alsextamine the temperatures at
which oxidation takes place. A comparison of theAT&d TPO results for 2.1
Cu Beta 25:1 (p) is shown in Figure 5.19.
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Figure 5.19 Comparison of TGA and TPO profiles for fnenol saturated 2.1Cup-25(p).
TGA performed under air, 10°C min™* 10mg sample.

The initial weight loss from approximately 50 to0f8 observed in the TGA
represents the loss of physically adsorbed watgisamirrored by the desorption
of water in the TPO profile. At approximately 200in the TGA profile, the
weight begins to drop again, this occurs conculyenith the CQ profile from
the TPO. This weight loss is likely to represerd txidation of surface phenol.
The TGA curve is quite steep until approximatelp)4Bwhere it begins to level
out, this point also matches the maximum,@@tection observed in the TPO. It
is clear that the TGA and TPO results closely maimth other. The total weight
loss from the oxidation and desorption of the adlsdrcomponents represents

11.5% of the total mass.
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Figure 5.20 compares a copper zeolite under diffesonditions: in air, in

nitrogen and in air without phenol.
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Figure 5.20 TGA profiles for 2.1Cuf-25(p) with phenol in air, with phenol without air and
without phenol in air. 10°C per min™ in air.

The TGA profile in the presence of oxygen showstihpcal two step weight
loss. The first loss is associated with the desampdf water and the second at
approximatly 258C with the oxidation of the adsorbed organic congmin
When phenol is absent the second weight loss steptipresent. However, the
weight loss associated with water increases to b2%otal weight. Since the
total weight loss is the same as the sample widnph it can be concluded that
phenol and water occupy the same adsorption cgpacitl that the two
components are in competition. The TGA profile ttoe phenol saturated sample
without air, shows the water desorption weight llossno second step as there is

no oxygen to oxidize the adsorbed phenol.
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Figure 5.21 TGA profiles for four different phenol saturated zeolites with varying copper
and silica to alumina ratios. 16C per min™* in air.

TGA results for a range of zeolites are examinedrigure 5.21. The 150:1
zeolite shows a continuous fall in mass from 200°65ollowing the desorption

of water amounting to only 5% of total mass. Thiatches the TPO profile in
Figure 5.18 which shows a relatively weak LCfeak occurring at a high
temperature with no distinct peak in oxidation. Ttae® copper zeolites show
similar profiles to each other. However the 2.Q821%0(p) zeolite shows a
greater weight loss which is consistent with iteaer phenol adsorption
capacity. Unlike the profiles in Figure 5.18, thes@o apparent difference in the

shape of the profiles of the two catalysts.

As the most hydrophobic zeolite, the unmodified:15shows the least water
uptake, the copper zeolites are both notably highessibly due to an increased
surface polarity resulting from the larger catigmgreasing the zeolites affinity
with water (Walton et al. 2006).

The TGA profiles shown in Figure 5.21 correspondl wth their respective
TPO profiles regarding the temperature of maximur®, Gletection and
regarding the estimated proportion of oxidized mhe@verall the TGA data
confirms the improved oxidation ability of the ceppnodified catalysts.
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5.3.3 Mass Balance

Where available the phenol uptake during adsorpti@s compared to the
quantity of phenol oxidized, as derived from the,Gfiass fragment peak area
from the TPO studies, and the organic weight lesshe TGA studies. This

information is summarized in Table 5.14.

Table 5.14 Comparison of oxidized and adsorbed phehonto a range of copper zeolites.
Phenol oxidized as determined by TPO and TGA. Adsoia phenol as determined by batch
adsorption studies. Phenol concentration 2000 mg dn

Sample Phenol Oxidized/Adsorbed(m'gl)_g % Oxidized
TPO TGA Adsorption in TPO
H-p-25 25 30 o -3
2.1Cup-25(p) 38 38 40 95
H-B-150 18 1 45 20
2.0CuB-150(p) 38 39 66 58

For each of the methods studied there is a clearease in phenol
oxidation/adsorption for the copper modified zesdjtand there is only a small
disparity between the estimated phenol oxidatiothen TPO and TGA studies.
This difference is probably due to TGA not diffetiating between different
desorbing components such as CO. Of the two unmeddieolites, H3-25
performed the best when compared t@-#50 due to its greater number of acid
sites, oxidizing 28% more adsorbed phenol. Howewdien approximately the
same amount of copper is exchanged onto each eethlé amount of oxidized
phenol is almost identical at 38 mg.grhis would seem to suggest that the acid
sites play less of a part in catalytic oxidatioreoeopper zeolites. On 2.1Qu/
25(p) this amount of oxidized phenol represents 9&%the total adsorbed
phenol, where as due to the much greater adsorpdipacity of 2.0C@#-150(p),
only 58% of surface phenol is oxidized. This coptisibly suggest that 38 mg
g* of oxidized adsorbed phenol represents an upmerfior this copper loading.
However, since the phenol is almost completely needdn the case of 2.1/
25(p) at saturation, it cannot be confirmed thahé&re were more surface phenol
that there would be no further oxidation. In aduitito this the TPO profile for
2.0Cuf-150(p) was noticeably different when compared tbC23-25(p) (see
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Figure 5.18), and the TPR profiles discussed inp@ra3 revealed a greater
proportion of CuO in 2.0CA#150(p). It is possible that this species has poore
access to the adsorbed phenol due to a propensityorm crystallites
(Bartholomew 2001).

5.4 Conclusion

The temperature programmed oxidation studies exaanim this chapter showed
that the oxidation of adsorbed phenol to the neddi benign products of carbon
dioxide and water was possible over copper andhpiliet modified Beta zeolites.
It was also shown that a high proportion of theoalolsd phenol was oxidized on
the over exchanged copper zeolites, up to 95%arcdse of 2.1CR/25(p).

The introduction of copper to the parent Beta zeolvas shown to cause a
considerable reduction in oxidizing temperaturecfdase of over 206Q), a

factor which increased as the copper loading irsge@aCombined with improved
adsorption characteristics and the absence of iegomolecular phenol and its
usual fragments, the pH treated copper zeolite @ppeto be a viable and

adaptable catalyst for the oxidation of adsorbeshph

The platinum zeolites caused a further temperatedeiction over the copper
equivalents; however this was coupled with a changbke relationship between
carbon dioxide production and temperature. Theirmlat zeolites appear to
oxidize in two phases, with part of the organic poment oxidizing at
approximately 25%C and the remaining part oxidized at a higher teatpee of
400PC. The low temperature peak may represent a lessgy adsorbed organic
component and/or the proportion of the adsorbatelase proximity to the
exchanged platinum. The high temperature peak cdeldan intermediate
organic component such as coke which may be mdfieulli to oxidize. The
disadvantages of the platinum zeolite are the dichéffect of changing the metal
loading and the presence of desorbing phenol dmer @rganic mass fragments.

The platinum zeolites also had smaller peak arbas the copper zeolites,
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indicating either a poorer adsorption affinity drat not all the phenol was

oxidized.

Bimetallic zeolites offered temperature charactesssimilar to the platinum

monometallic zeolites; in that a two step oxidatwas observed. However, the
greater the copper loading of the bimetallic catlthe lower the oxidation

temperature. It was also observed that the relaize of the high temperature
peak grew compared with the lower temperature pak the peak areas of
carbon dioxide production became comparable to metallic copper zeolites

of a similar loading. By approximately 2.4 wt% Chetplatinum becomes
masked by copper and the profile is almost indigtishable from that of a

copper zeolite. Another positive effect of the &iddi of copper is that unlike the
monometallic platinum zeolites, no desorbed phéagiments were detected.

For the bimetallic zeolites it was revealed thatetkler platinum or copper is

exchanged first, it makes little difference to thedation of phenol.

Silica to alumina ratio was also found to have &ecé on oxidation. This

appears to be as a result of an increase in dedoSuwO or its location. This is
likely due to the lack of exchange sites and resuitsome of the oxidation
taking place at lower temperatures. The overalk@aas of the 150:1 and 25:1
copper zeolites were similar despite the increasttrption noted in Chapter 4,
so this could be an indicator of less complete atkioh taking place on the higher

silica to alumina ratio.

This study has shown that dual purpose adsorbéal/sts can be used for the
extraction and oxidation of adsorbed phenol and thaimple ion exchange
procedure on a commercial zeolite can vastly retlue¢emperature of oxidation
and the increase the amount of surface phenolzeddi
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6 Regeneration and Reuse of the Catalytic Adsorbent

6.1 Introduction

In Chapters 4 and 5 the adsorption and catalytidaton of aqueous phenol
over copper modified beta zeolites was establiskea@ credible technique for
treating phenol contaminated wastewaters. This step method successfully
transferred the pollutant to the solid phase aed ttompletely eliminated it from
the surface of the solid. However, in order toyfudissess the viability of this
technique the issue of regenerability must be adack Ideally the catalytic
oxidation step should be sufficient to regenerate adsorbent/catalyst, but it

should also retain its characteristics so thatay toe reused.

6.1.1 Catalyst Deactivation

All heterogeneous catalysts are subject to dedmdivaver time and as a result
of continuous use. The primary mechanisms of deaotn can be broken down
into several categories including: Thermal deghadatfouling, poisoning,
attrition/crushing and leaching. (Bartholomew 200Mqulijin et al. 2001; Shim
and Kim 2010).

The physical processes associated with thermalfjuded degradation are
usually referred to asintering The two principal forms of deactivation resulting
from sintering are 1) the loss of catalytic surfacea due to crystallite growth
and 2) the loss of support area due to supporausd and of catalytic surface
area due to pore collapse on active crystallitegeBng is more likely to occur
in reaction temperatures in excess of®Dand in the presence of water vapour.
The process is usually irreversible, but kineticalow. The mechanisms for
sintering centre on the growth or redispersion @ftahcrystallites. Crystallite
growth occurs through crystallite migration, atormaigration and vapour
transport. These mechanisms cause the smaller mptdies and existing

crystallites to coalesce on the surface and fomgelacrystallites. These three
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dimensional particles have a lower available s@facea than the smaller
particles and thus can lower activity. Redisperstgpically occurs in the
presence of Cl or £ the metal forms chloride or oxide species whiahses
them to break into smaller crystallites upon redurct Sintering depends on a
number of factors, including temperature, the gjtierof the metal interactions
with the support, the thermal stability of the sopipand the pore size (non-
porous supports tend to exhibit more sintering {Bdomew 2001). The
migration of particles also becomes more likelynantetals with lower melting
points. The Tamman and Huttig temperatures arestinio melting points and
represent the temperatures at which atoms becomglendNell reported
examples for some Cu catalysts show that sintecag be problematic at
temperatures above 28] however this was found to be related to small
amounts of chlorine present in the feed formingadite copper phase (Moulijin
et al. 2001). In the case of zeolites, at tempezatin excess of 560 and in the
presence of water vapour, dealumination can ocganssens 2009). Thermal
degradation can occur in all stages of a catalifsetspan, including calcination
during synthesis, reaction and thermal regenerghtmoulijin et al. 2001).

Fouling is the physical deposition of species dhtosurface of the catalyst. This
has the effect of blocking the active sites ancepoffwo of the more common
deposits include carbon which is usually producethfthe disproportionation of
CO (see Equation 6.1) and coke which is producenh fthe decomposition or

condensation of hydrocarbons onto the catalysasarfForzatti and Lietti 1999).

ZCO - C + C02 Equation 6.1

Coking leaves a layer of hydrogen deficient cariaich covers the active sites
of the catalyst and blocks the micropores of thepsu, while carbon deposits
can encapsulate supported metal catalysts or ccedb@naceous deposits under
the metal crystallites which form filaments The#anfients can lift the catalyst
metal from the surface (Moulijin et al. 2001). Nait forms of carbonaceous
material build up cause deactivation, for exampébon filaments do not

necessarily cause deactivation unless a sufficier@ss of carbon has
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accumulated in the free surface area between thAmdnts or to cause pore
blocking. Typically, the base metals Fe, Co andak# more prone to coke
production than noble metals and other transitiogtals such as Cu. The
addition of noble metals to base metals can greatluce coke formation
(Bartholomew 2001). Fouling also covers other daépam the catalyst surface
including ash, soot, dust and various chemical foghpcts such as the formation

of ammonium(bi)sulphate in SCR (Moulijin et al. 200

Poisoning is the strong adsorption of feed impesitonto the catalyst surface.
This strong adsorption hinders the adsorption dfs lestrongly adsorbing
components. If the latter components are reactdms this could reduce
catalytic activity. Poisons can also obstruct tbéva site or react directly with it
e.g. basic compounds on an acid site (Forzatti laatti 1999). Since many
oxidation procedures take place in air, the ambaénttself can be a source of
impurities that gradually build up and reduce thgalytic activity. Aside from
strongly chemisorbing impurities such asSHpoisoning can also be caused by
metals or compounds reducible to metals. Theseatlay with the catalyst
metals on the surface creating species with leggitgc(Moulijin et al. 2001).
Poisons are sometimes defined as reversible aedeisible by the strength of
their adsorption in the reaction conditions. ReNdespoisoning can usually be
regenerated by removing the impurities from thelfgas. Irreversible poisoning
is a result of bulk changes to the catalyst whiehret easily reversed and often

involve permanent damage (Forzatti and Lietti 1999)

Mechanical deactivation arises most commonly fromshing and thermal
shock. Crushing is the physical damage which maguroduring loading and
transport of the catalyst, while thermal shockhis physical stress from thermal
expansion and contraction as the catalyst is heatet cooled. Mechanical
strength is to an extent based on the shape afafadyst support. Catalysts with
macropores are generally weaker than a non-ponghesrisal catalyst (Moulijin
et al. 2001).

Leaching is another form of deactivation which ikey factor in process design

for catalysts that operate some part of their fiégs in the agueous phase.
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Supports such as alumina are prone to dissolvirexiremely high (>pH 12) or
low (<pH 3) pH conditions, where as activated carbends to be more stable

under these conditions (Moulijin et al. 2001).

As mentioned above, the most common forms of destatn for supported
copper catalysts are sintering (in excess of’Gp@&nd HS poisoning, both of
which can be accentuated by the presence of cbladowever, copper catalysts
are generally more resistant to carbon formatiah @king (Twigg and Spencer
2001).

6.1.2 Catalyst Regeneration

Typically if a catalyst becomes deactivated it magher be disposed of or
regenerated, the first option leads to additiomairenmental impact from waste
disposal and the added cost of replacement (Kial. @007a). Regeneration can

take many forms, some of which are outlined in FegiL1.

Spent Adsorbent
I
| I
Desorption Decomposition
|
[ |
Thermal Non-thermal
I I
I I I I I I
Inert  Steam Hot Solvent Surfactant Supercritical
gas water extraction  enhanced  fluid extraction
Chemical Microbial Electrochemical
Oxidation Reduction
| |
! ! ! Catalytic
Thermal Catalytic Photocatalytic Y

hydrodechlorination

Figure 6.1 Summary of available techniques for regeration of spent adsorbents
(Sheintuch and Matatov-Meytal 1999)
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Adsorbent regeneration techniques can be dividedtmo principal categories:
Desorption and Decomposition. Desorption techniguneslve the removal of
the adsorbate from the adsorbent through thermaloorthermal (extractive)
techniques. Desorption techniques have the addeantabe of preserving the
adsorbate, this allows for the possibility of reegvand reuse where applicable.
However the strongly acidic and steam conditionat thre often used can
physically damage the catalyst and cause metal llosgldition to this, any feed
chemicals used must either be recovered or tresited use. Milder desorption
conditions may also not be sufficient to removeorsgty adsorbed species
(Sheintuch and Matatov-Meytal 1999). Decompositimethods involve the
complete mineralisation or transformation of the@abate. These include using
microorganisms, electrochemical cells or catalgh@ation to break down even
strongly adsorbed organic pollutants and regenetiage catalyst. Catalytic
oxidation in the presence of air can completelynelate the adsorbed organic
with only relatively benign gaseous waste producigrder to minimize thermal

degradation however, it is important to minimize dperating temperature.

Activated carbons are a common adsorbent for trgaphenols and other
organics due to their high adsorption capacity, év®v regeneration can be
difficult. Conventional methods include offsite th&l treatment in rotary kilns

or furnaces, reducing the adsorption capacity bi5% each time through
thermal degradation and oxygen attack (Sheintuch Matatov-Meytal 1999).

Solvent or surfactant regeneration can still ledneadsorbent with over 50% of
the original adsorption capacity but the pollutsninerely transferred rather than
destroyed (Bhummasobhana et al. 1996).

Zhao et al. used a two step adsorption/catalytyc akidation system using a
copper modified activated carbon for the treatmeinphenol. The oxidation
temperature was 180, but this resulted in a decrease in adsorptigacity of
50% (from 140 to 70 mgy after nine cycles (Zhao et al. 2004). In this ea
the durability of the copper modified beta zeoliteder oxidation conditions will
be determined, with a focus on maintaining adsonptapacity and catalytic

activity over a number of cycles.
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6.2 Experimental

6.2.1 Catalyst Preparation

An over-exchanged copper zeolite (1.8€85(p)) with a theoretical loading of
2% was selected as a representative adsorbengitatiilwas prepared using a
conventional ion exchange technique. For the exghastep 0.776 g of
Cu(NGs)2.3H,0 (Fluka) was dissolved in 500 ml distilled waterthis the 5 g of
H-B-25 (Zeolyst) was added. The pH of the suspenstias adjusted to 7 by the
addition of an 8% solution of ammonium hydroxideC@®). The pH was
monitored using a Thermo Orion model 420A+ pH metére suspension was
stirred for 24 hours before removing the zeolitevaguum filtration. The filter
cake was washed with distilled water to remove raoy-exchanged species and
then dried for 24 hours in air to remove the bulkhe adsorbed water. The dried
zeolite was then calcined in a Lenton thermal desigiuffle furnace at 45G
for 5 hours. The calcination step removed any gagkadsorbed water and

decomposable salts left over from the exchangegssoc

Phenol saturated samples were prepared by plaangf3.8Cup-25(p) to a 500

ml aqueous solution of phenol (2000 mg Ynit was then stirred for one hour to
reach equilibrium. This was followed by filtratiarsing a Buchner funnel and it
was then dried in air overnight at room temperatliree phenol loaded modified

zeolite was then subjected to temperature prograhoxelation.

6.2.2 Atomic Absorption Spectroscopy

The copper zeolite was analysed by AAS to deternténeopper metal loading.

The procedure is the same as that outlined in @h&ptection 3.2.2.1.
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6.2.3 Temperature Programmed Oxidation Studies

The TPO set up and procedure was described inl de@hapter 5 section 5.2.2.
100 mg of phenol adsorbed 1.8@25(p) was inserted into the reactor. Before
testing the catalyst bed was pre-treated in a 3#démixture for 60 minutes at
room temperature. After pre-treatment the sample subjected to an increase in
temperature at £ min® up to 350, 500 or 70%C. The temperature was held at
this temperature for 10 minutes before bringingbdck down to room
temperature. The maximum temperature was varieddiore experiments but the
general procedure remained the same. The prodeatsnf the reactor were
analysed by the MSD using a HP Compaq dc7700 PG wie MSD
Chemstation 5975C software.

In the repeat adsorption/oxidation studies the phesaturated zeolite was
calcined in 10 g batches in air using the same éeatpre program as the TPO in
order to approximate the effect of repeated oxmfasteps. 1.8Cp/25(p) was

subjected to six adsorption and oxidation cyclescheinvolved a 1 hour
adsorption step in 2000 mg dmphenol solution at 294 K, followed by
calcination in air up to 70C at a rate of 1T per minute. Samples were
removed for AAS and TPO analysis after each adsor@nd oxidation step

respectively.

6.2.4 Thermo Gravimetric Analysis

The TGA procedure was similar to that discusse@hapter 5 section 5.2.3. In
this case 10 mg of phenol saturated catalyst watetat a rate of 26 min® in

air up to three different maximum temperatures:, 380 and 70(C.
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6.3 Results and Discussion

Table 6.1 presents the copper contents of the I38Z5(p) zeolite after repeated
adsorption/oxidation cycles. The copper contenthef unused calcined sample
was 1.8wt% (cycle 0). This sample was subjecteahtadsorption step followed
by an oxidation step up to 74D Following this oxidation step the copper
content of the sample fell to 1.7wt % which corsged to an overall copper
loss of 6%. A significant further loss of coppeasvobserved in subsequent
cycles and this loss continued until the fifth e/alhere the copper remains

steady at about 0.5 wt%, approximately 26% ofiitgioal weight.

Table 6.1 Summary of the effect of multiple adsorptin/oxidation cycles on the copper
content of 1.8Cuf-25(p).

Number of Copper Loading Copper Leaching Copper Leaching
Adsorption/Oxidation wit% % (incremental) % (cumulative)
Cycles

0 1.84

1 1.73

2 1.26 27 31
3 0.9 29 51
4 0.68 25 63
5 0.48 24 74
6 0.49 0 74

This level of copper leaching was not found in Weeshing study performed in
Chapter 3, and since it only occurs after the fagtle, it is likely that the
leaching occurs as a result of aqueous adsorptbowing exposure to high

temperatures as opposed to the oxidation stes @wih.
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6.3.1 Temperature Programmed Oxidation

Figure 6.2 shows the TPO profiles for £€volution from a number of the repeat
adsorption and oxidation cycles. It is clear tH&draa small decrease in the peak
height following Cycle 1, the oxidation of phenelmains reletively constant up
to 6 adsorption/oxidation cycles. In addition, rfreepol or phenol fragments were
detected in the exit stream even after six cydis. quantity of adsorbed phenol

derived from the C@peak areas are shown in Table 6.2.

700008
600008
500008
£ 400004

S 300004

200004

CO, Detected in Exit Stream
(Arbitrary Units)

100004

0 100 200 300 400 500 600 700 800
Temperature °C
Figure 6.2 Comparison of CQ mass fragment detected from the TPO of copper 1.8p-

25(p). after the indicated number of adsorption/oidation steps. 2000 mg dri phenol, 3%
0,, ramped to 700C at 10°C/min.

Table 6.2 Adsorbed phenol determined from the peakraa of the CO, mass fragment
detected in the exit stream, over a number of adsption/oxidation cycles

Number of Adsorbed Phenol
Adsorption/Oxidation (mg g%
Cycles
1 64.38
2 60.30
3 58.55
6 62.47

From table 6.2 it is clear that there was onlyighslreduction in the amount of

phenol oxidised with increasing adsorption/oxidatioycles. This is in stark
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contrast to the significant reduction in exchangedper as a result of leaching
shown in Table 6.1. The limited effect of coppeadeing on the catalytic
oxidation step would suggest that a relatively $raatount of the exchanged
copper is responsible for the catalytic activityisT active copper would also
appear to be more resistant to leaching comparettheiobulk of the copper

present.

Supported copper catalysts are known to exhibistsuitial change under higher
temperature. In alumina supported copper, prolorgdcnation at temperatures
above 608C can drastically increase the proportion of tegthahlly coordinated
copper ions to octahedral copper. Another posgilbeess resulting in a change
in copper species could be sintering. On silicgpsus the Cti" ions have been
observed to crystallize into bulk CuO at tempeeguabove 70 and as low as
500°C in over exchanged zeolites. This formation of Curgstallites has also
been observed in the gas phase under increasimggtatare and in the presence
of water for zeolites such as ZSM-5 and Y. Whers¢hkarge CuO crystallites
form it can damage the zeolite crystallinity ands Haeen known to cause
deactivation in the case of HC-SCR. This CuO or eogper aggregates that
may have formed on the surface are likely to be Eable than the isolated
copper ions or polynuclear species. In SCR thesepoaents have also been
observed to be less catalytically active due taeksed access to surface copper
in the aggregates (Centi and Perathoner 1995).

A number of studies into the deactivation of coppeolite catalysts have been
performed. Kharas et al. and Tabata et al. exam{@edSM-5 catalysts for
deactivation in hydrocarbon SCR. In both cases tdedion was observed at
high temperatures 600-8@ and 500C, respectively. In both cases the
formation of CuO crystallites from sintering wasriduted as the main cause of
deactivation, and no significant carbon growth,lgieénation or poisoning was
observed. Kharas et. al also observed damage taeblte crystallinity and
micropore volume. However no micropore deterioraticas observed in Tabata
et al. (Kharas et al. 1993; Tabata et al. 1994)teBing is often affected by
porosity (micropores and mesopores) as they impadace migration. Since the

micropore diameter is larger in Beta zeolite tha@Z$M-5, it is possible that the
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extent of sintering is reduced. Marquez et al. lggted the formation of CuO
aggregates on copper modified zeolite Beta, amtthieir formation to the larger
proportion of reduced copper in SCR at high tenmpeea (506C) (Marquez and
Palomares 2001).

The maintenance of most of the catalytic actiuityhie current work may be due
to a species which is less easily mobilised (higheiting point), has stronger
interactions with the zeolite or resides withing®or part of the structure where
sintering does not take place. As observed fromTiRR studies in Chapter 3
section 3.3.2, the zeolite 2.1@t25(p) was found to both contain €wnd Cu
species and relatively little CuO. Considering titn&t majority of oxidation takes
place by approximately 430, it is possible that the &i species which reduces
at lower temperatures is responsible for the béike catalytic activity. If this is
the case then it may be part of the over-excham@édspecies (possibly those
that don’t form stronger polynuclear species orndeswithin the pores) that
migrates and forms CuO aggregates, without sigmtly effecting oxidation.
After oxidation, the CuO aggregates formed remairih@ zeolite until the next

adsorption step where they are leached into solutio
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6.3.2 Effect of oxidation temperature

In the case of 1.8Cp/25(p), the oxidation begins at approximately ZD@&nd
reaches a maximum at around #50The bulk of the oxidation takes place well
below the 708C upper limit used in the TPO experiments. It ipaent that
complete phenol oxidation can be obtained at lomadation temperatures.
Sintering has been observed to be temperature depgncausing greater
crystallite growth and activity loss with highentperatures (Kharas et al. 1993).
If the higher oxidation temperature causes a losgdtalyst stability, then

reducing it could alleviate the copper leachingeoted in Table 6.1.

To examine the effect of oxidation temperature loa $tability of copper, the
zeolite 1.8Cyi-25(p) was applied to a full adsorption/oxidatiorcle, followed
by another aqueous adsorption step with phenok st step should remove
copper that has become unstable after the firstadxin cycle. This experiment
was performed at a number of different temperatuvéth the same
adsorbent/catalyst, a residence time of 10 minfdewed after the target
temperature was reached. The copper content ofL®€uf-25(p) after the

various treatments are shown in Table 6.3.

Table 6.3 Copper leaching exhibited after one adsotipn/oxidation step and followed by a
further adsorption step.

Oxidation Temperatur€C) | Copper Loading wt%  Copper Loss %
Original sample 1.78 -
350 1.76 1.1
500 1.75 1.7
700 1.61 9.6

The results show minimal copper leaching after atiah at 356C and 500C,
however at 70C the leaching approaches 10% of total copper. $higests
that the copper species become considerably moséahle when treated at

temperatures between 500 and [0
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Thermogravimetric analysis was also performed 8€Wp-25(p) after oxidation
at each of the three temperatures in order to mbéter if the phenol was
completely oxidized, by comparing the weight loaseiach case to a zeolite
without adsorbed phenol. The results are shownguarg 6.3.

Temperature °C
0 100 200 300 400 500 600 700

Original
350°C
500°C
700°C

Weight Change %
(o)}

-12

Figure 6.3 TGA of 1.8Cuf-25(p) after 1 adsorption and oxidation cycle at thee different
oxidation temperatures. Adsorption conditions: Phenl concentration 2000 mg drit for 1
hour. Oxidation conditions: 3% O./He, ramp rate 10C/min, 10 minute residence time.

The sample labelledriginal is the TGA of 1.8CW@-25(p) zeolite without
adsorbed phenol. As the temperature increases thex sharp drop in weight
between 30 and 200, this is associated with the evaporation of dosbwater.
After this point the profile levels out with a dtigdecrease in mass observed up
to 700°C. This is most likely associated with teenoval of trace organics or
dehydroxylation of the zeolite. The other three gla® were saturated with
phenol and calcined at three different temperatufée TGA of the sample
oxidized at 358C presents a clear weight loss between approxignatsd and
60C°C. This can be associated with the oxidation ofigmificant amount of
organic material that remained follwing the oxidatistep at 35C. The samples
that were treated at 500 and 70Ghow almost identical weight loss profiles, the
only significant difference being the larger weiditds observed between 80 and
200°C associated with the desorption of water in treeaa the catalyst oxidized
at 500C. This would suggest that the organic componeetisally oxidized in

both examples, but that the 3Q0sample retained more water. Overall it would
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appear that complete oxidation can be obtainedmpératures as low as 500
but lower temperatures would not completely regateethe zeolite or would

require longer oxidation times to do so.

Since complete oxidation appears to occur at teifgiantly lower temperature
of 500°C, the copper zeolite was subjected to a numbadsbrption/oxidation
cycles at both 50C and 708C to determine whether the reduced temperature

had an effect on copper leaching. The resultsisfate shown in Figure 6.4.

Number of Cycles

-10 1
-20
-30 m
-40 - ¢ ’
-50 m
-60 -

Total Copper Loss %

-70 -
-80
-90

-100

Figure 6.4 Comparison of copper leaching after 6 abrption/catalysis cycles at two
different oxidation temperatures on1.8Cup-25(p). ¢ 500C and m 700°C.

The results of the leaching study show that at°60the amount of copper
leaching is reduced significantly from 74% to 40%em6 cycles. Although

much reduced however, the copper loss is stillisggmt as illustrated in Table
6.4. It is also important to note that the amountapper in solution still greatly
exceeds the EPA emission limit value of 0.5 mg*¢as mentioned in Chapter 4)
until the 6" cycle (EPA 1997).
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Table 6.4 Copper concentration in adsorption solutio exhibited after multiple
adsorption/oxidation cycles with varying oxidationtemperature

Number of Cu concentration in solution (mg &n
Adsorption/Oxidation
Cycles 500°C 700C
1 0.8 1.2
2 1.9 4.8
3 1.9 3.6
4 14 2.3
5 0.8 2.0
6 0.2 0.0

6.3.3 Effect of adsorption pH

In Chapter 4 section 4.3.3 the exchanged copperfatasd to be stable under
solution pH of 5-11. The phenol solution containihg zeolite has an average
pH of 5. In Chapter 3 it was noted that the coppeake increased significantly
during the ion exchange procedure when the pH waseased to 7. The
adjustment of pH during the aqueous adsorptionehaesy also have the effect
of decreasing copper leaching and maintaining puvemating the character of
the copper species. To this end, a study was peeidr over 4
adsorption/oxidation cycles at ZAwith each adsorption step pH adjusted with
agueous ammonia. The results are shown in Table 6.5

Table 6.5 Copper leaching exhibited after multiple dsorption/catalysis cycles with varying

adsorption solution pH, on 1.8Cup-25(p).

Number of Copper Loading Copper Loading
Adsorption/Catalysis Cycles wt% pH 5 wt% pH 7
0 1.8 1.8
1 1.7 1.8
2 1.3 1.8
3 0.9 1.8
4 0.7 1.8
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The zeolite exposed to adsorption at pH 7 exhibit@épparent copper leaching
after four cycles. Higher pH during cation exchamge cause over exchange
yielding larger proportions of CuO particles on &hdernal surface if there is a
lack of exchange sites, however it also resultsthi@ formation of copper

hydroxide molecules which can be cation exchangetae contiguous to the
formation of stable and often catalytically actpelynuclear copper species in
the zeolite channels (Centi and Perathoner 1995 ansformation may be

responsible for the increased stability of the exged copper after multiple
cycles. If this is the case the copper that isesatt during oxidation can be

restored through pH treatment in this manner.

6.4 Conclusion

Regeneration and reuse of the copper zeolite aslsorbent/catalyst was shown
to be viable under certain conditions. The princigsaues that can arise from
successive catalyst reuse include: loss of adsorptapacity, incomplete
oxidation of the absorbed component, and loss t&gnty due to successive
leaching of the catalytic component.

The TPO studies showed that after six adsorptitalyas cycles, there was little
change in the amount of G@roduced as a result of adsorbed phenol oxidation.
This would suggest that neither adsorption nor atkoh is greatly affected.
However analysis of the reused copper zeolite bysAhowed severe leaching
of the exchanged component, which appeared to &rrmapper limit at 74% of

total copper after five cycles.

It was discovered that both the temperature ofatiott and the pH of adsorption
had a substantial effect on the degree of coppehlag. A possible cause of this
was crystallite formation through sintering in theidation phase, followed by

leaching of this component during the adsorptioaseh
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It was found that when the maximum oxidation terapee was reduced to
500°C complete oxidation of the adsorbed phenol wadkathieved. This was
confirmed by TGA on copper zeolites which underweridation at several
different temperatures. The only noted side effieeing an increase in the

remaining proportion of adsorbed water.

Repeat cycles at 500 showed much lower copper leaching than aGpat
approximately half the level on each cycle. Howevee amount of copper lost

is still significant until the § cycle.

Aside from oxidation temperature, the pH of theaapBon solution also appears
to affect the amount of copper leaching. Adjustthg pH to 7 resulted in no
detectable copper leaching after 4 successive syelen at 70C.

In summary, the 1.8Cg425:1(p) beta zeolite proved a stable and viable
adsorbent and catalyst for sustained reuse, provits the pH of the adsorption
solution is maintained. It also appears that evighout pH control; the oxidation
and adsorption capacity is largely maintained, sstigg that a smaller more

stable proportion of exchanged copper is activedsorption and catalysis.
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7 Conclusion

The purpose of this research was to develop a rabserd method for the two
step adsorption and catalytic oxidation for thatimeent of organic pollutants in
wastewater streams. Importantly, the oxidation sitepst be capable of
simultaneously regenerating the catalyst. The maubdlutant selected was
phenol and the adsorbent/catalyst was to be trangmetal supported zeolite
Beta. Zeolite Beta was selected based on its lsugace area, pore size, three
dimensional structure, hydrothermal stability aatian exchange capacity. The
final material is required to: adsorb phenol, oz&it under moderate conditions
and remain stable in an aqueous environment antheattemperature of

oxidation.

The aqueous adsorption of phenol onto zeolite Bemfound to be fast, mostly
occurring in the first 10 minutes and an adsorptibaximum was reached
within an hour. The adsorption rate was found tefaon strongly to the pseudo
second order kinetics. The adsorption of phenol feasd to be functionally

independent of pH.

When the temperature was varied between 283 andK38&% adsorption of
phenol was found to increase with decreasing teatpey with an observed
maximum of 26.8 mg§at 10C (SiOxAl;,0s= 25:1). The enthalpy change was
found to be negative; indicating an exothermic tieacwhich suggests the
presence of energetically heterogeneous adsorpties on the zeolite surface.
The values for entropy change suggested a predacenaf physisorption. The
Gibbs free energy was shown to be negative, whiggests a feasible and
spontaneous adsorption process. The entropy chaagesignificantly negative
suggesting a significant reduction in surface dlsorand the possibility of

adsorbate confinement within the zeolite structure.

The adsorption of phenol was examined on four Betalites with differing
silica to alumina rations (SEAI,O3 = 25:1, 75:1, 150:1 and 300:1) with
adsorption maxima between 17 mg ¢5:1) and 36 mg ' (150:1). The
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adsorption of phenol was found to increase withraasing silica, suggesting
that hydrophobic interaction was an important faatothe uptake of phenol.
The zeolite with the highest silica to alumina @atB00:1, exhibited lower
phenol adsorption (22 mg'gthan the 75:1 and 150:1. It was noted that this
zeolite appeared to have different surface chaiatits than the other three
zeolites, most notably a considerably lower messpaiume. The Toth and
Generalised Langmuir-Freundlich models were fouadbé the best fitting
isotherm models overall, although the Langmuir hsoln became more

prominent amongst the poorer adsorbing zeolites (@6d 300:1).

The 25:1, 150:1 and 300:1 beta zeolites were nextlifior the catalytic
oxidation phase using an adapted cation exchangeeg@ure with copper and
platinum. A range of catalysts where created wihying levels of copper and
platinum loading and combinations of each metale Topper loading was
found to increase when the pH was raised to 7.g¢Jgirs technique the copper
could become significantly ‘over exchanged’ witlgler copper concentrations
during exchange. Copper loadings ranged betweerto0A6 wt%. Through
Temperature Programmed Reduction (TPR) studieptasence of Cii and
Cu" species were identified on under exchanged zspliwwever as the
number of aluminium exchange sites were reduceghémi SiQ: Al,O3 ratio)
and the amount of copper ions in solution weregased; copper oxide species
became more prevalent. This could represent a propoof un-exchanged
copper deposited on the surface.

In the case of platinum, it was found to primagdfordinate with silanol groups
on the zeolite surface as opposed to cation exehalige exception was where
platinum and copper were exchanged onto the santerialaln this case the
TPR results suggested that cation exchang&€doPtPtO species were present.
The copper content in the bimetallic zeolites wasfl to be less compared to

the monometallic copper zeolites.
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The copper zeolite was stable between the pH ranfigésnd 11. However with
a three part washing step added into the exchargpequre, the leaching was
reduced to environmentally safe levels at pH 5 el w

The 150:1 and 25:1 silica to alumina ratio coppenlires were also examined
for their phenol adsorption capacity. It was foutéht the cation exchange
significantly increased phenol adsorption by up 4% at the adsorption
maximum. Specifically to 39.4 mg'dor the sample 2.1Cg{p) and 65.8 mg§
for 2Cuf-150(p). This increase may be a result of changauiface acidity or
interaction between phenol and the copper spedesin the Langmuir-
Freundlich isotherm model proved to have the bestall fit with the 25:1

zeolites showing slightly greater Langmuir affinity

The catalytic oxidation of the adsorbed organic ponent on the surface of the
copper zeolite was performed up to %0and the products were examined
using a mass selective detector. The findings stotliat up to 95% of the
adsorbed phenol could be oxidized by copper matlifieolites resulting in the
relatively benign products of water, carbon dioxidée carbon monoxide
produced was low enough to be a fragment ot.Clhe complete destruction
was confirmed by examining G@eak area and by thermogravimetric analysis.
When compared to the unmodified zeolite, the preseri copper considerably
reduced the temperature of maximum oxidation fr@#’6 to as little as 37€

for the catalyst 4.6Cf(p). It was found that the temperature reductiors wa
proportionate to increasing phenol. The TPO prdbiethe oxidation of phenol
on the unmodified zeolite also revealed the desmrpdf a proportion of the
adsorbed phenol and its fragments at approxim&e@/C, in the case of the
copper zeolites however no phenol desorption weectisl.

The platinum zeolites were noted for a distinct paot oxidation represented by
two peaks in the TPO profiles, one at approxima2&§fC, the other at close to
400°C. The first peak possibly represents a more \elatiless strongly bonded
component being oxidized first. No significant charin oxidation temperature

was found upon changing the metal loading. Althoagklatively small loading
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of platinum is required to reduce the temperatdrexadation significantly (as
little as 0.05wt%). The peak area was noticeabielothan the copper zeolites,
possibly indicating poorer adsorption or incompletedation. In addition to
this, some phenol and organic fragments were dmteat the oxidation

products.

Bimetallic zeolites containing both ion exchangepmer and platinum were
also examined for the oxidation of adsorbed phehmty were found to behave
similarly to the monometallic platinum zeolite, hewer it was noted that as the
proportion of copper was increased; the high teatpes peak became
proportionately larger and the profile began toemskle that of the

monometallic copper zeolites.

The oxidation of phenol on the copper modified 158nd 300:1 showed very
similar temperature characteristics to the 25:1hwi slightly lower start and
end temperature but a peak maximum at higher teatyrer The C@profile for
the higher silica zeolites differ from the 25:1 mbkely due to the increasing
proportion of CuO due to the lower quantity of dablie alumina exchange
sites. This trend causes what appears to be dlgligiwver temperature peak or
shoulder overlapping with a higher temperature pedlich becomes more
prominent with increasing silica. The 2.0@1/50(p) sample exhibited an
almost identical C® peak area to the equivalent copper loading on.25:1
However, due to greatly increased phenol adsorptiois amounted to only
58% of the total adsorbed phenol.

After repeated adsorption and catalysis step itfeasd that the copper zeolites
exhibit severe copper metal loss, up to 74% of dhginal loading after 6
cycles. However TPO studies showed very little otidm in oxidation as a
result of this leaching. When the temperature veasiced from 700 to 500 it
was found that the copper leaching was reducedppyoaimately one half.
Total oxidation of phenol was confirmed at the lowemperature using TGA.
In light of this, the cause of the leaching is lysthe sintering of surface

copper at high temperatures into CuO crystallitdsclv may be more easily
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leached in the adsorption stage. It was also fdbatlincreasing the pH of the

adsorption solution up to pH 7 could eliminate aapleaching almost entirely.

The findings in this study suggest that copper fiedizeolite beta is a suitable
material for the adsorption of phenol between pHELSand that this copper
zeolite can facilitate the subsequent completeaiiad of phenol in gas phase
catalytic oxidation. The best performing catalystthe pH modified over
exchanged beta zeolite with a silica to aluminérat 25:1. This combination
gives a good balance of adsorption capacity, lowdaion temperatures,
consistency of surface characteristics after exgpband a high capacity for the
exchange of copper ions due to its increased akrsites. One encountered
problem was the leaching of copper after high teatpee oxidation, however
this can be alleviated by reducing the oxidatiangerature and/or altering the

pH of the adsorption solution.
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