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SUMMARY

THE UNIVERSITY OF ASTON IN BIRMINGHAM

AN INVESTIGATION OF THE DESTRUCTION OF ION EXCHANGE RESINS

PAUL ANTHONY HACKNEY
A thesis submitted for the degree of Doctor of Philosophy 1992

Ion exchange resins are used for many purposes in various areas of science and commerce. One
example 1s the use of cation exchange resins in the nuclear industry for the clean up of
radioactively contaminated water (for example the removal of 137Cs). However, during removal
of radionuclides, the resin itself becomes radioactively contaminated, and must be treated as
Intermediate Level Waste. This radioactive contamination of the resin creates a disposal
problem.

Conventionally, there are two main avenues of disposal for industrial wastes, landfill burial or
incineration. However, these are regarded as inappropriate for the disposal of the cation
exchange resin involved in this project. Thus, a method involving the use of Fenton’s Reagent
(Hydrogen Peroxide / soluble Iron catalyst) to destroy the resin by wet oxidation has been
developed. This process converts 95% of the solid resin to gaseous COg, thus greatly reducing
the volume of radioactive waste that has to be disposed of. However, hydrogen peroxide is an
expensive reagent, and is a major component of the cost of any potential plant for the destruction
of ion exchange resin. The aim of my project has been to discover a way of improving the
efficiency of the destruction of the resin thus reducing the costs involved in the use of hydrogen
peroxide.

The work on this problem has been concentrated in two main areas:-

1) Use of analytical techniques such as NMR and IR to follow the process of the hydrogen
peroxide destruction of both resin beads and model systems such as water soluble calixarenes.
2) Use of various physical and chemical techniques in an attempt to improve the overall
efficiency of hydrogen peroxide utilization. Examples of these techniques include uv
irradiation, both with and without a photocatalyst, oxygen carrying molecules, and various
stirring regimes.
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1.0 INTRODUCTION

This thesis represents an account of work carried out on methods of treatment prior to disposal
for spent, radioactive ion exchange resins, which are produced during nuclear power station
operation.

Ion exchange resins are used by the British nuclear reactor operators (Nuclear Electric, Scottish
Nuclear, Atomic Energy Authority) for water and effluent treatment, forming one of several
types of intermediate level radioactive waste arising from nuclear power station operation. One
type of resin, the strong acid cation exchange resin, ‘Lewatit DN’, was chosen for special study
because it is used by Nuclear Electric and Scottish Nuclear at several power generation sites.
Lewatit DN is primarily used by these companies to remove selectively 137Cs from aqueous
streams that also contain large quantities of other alkali ions such as sodium.

Asradioactive ions are trapped in the resin structure, the resin becomes increasingly radioactive,
and at the end of its life the resin is classed as Intermediate Level Waste (ILW) i.e., it has an
activity greater than 12 GBq.t'1 of B and 7 radioactivity. This radioactive contamination

necessitates careful consideration about the eventual fate of the resin.

1.1 Historical Perspective on Radioactive Resin Management

When the first nuclear stations in Britain were constructed in the 1950s and 1960s the waste
management policy of the time was accumulation of the ILW at the site of production. It was
envisaged that this would be followed by eventual retrieval, encapsulation and disposal of the
waste when a technically and economically viable disposal route became available. This policy
had the advantage of not foreclosing any disposal options, and by the early 1980s it had been
decided that sea dumping was the appropriate disposal method. A special waste packaging plant
was constructed at Trawsfynydd Power Station in Wales to encapsulate the waste in Dow vinyl
ester polymer, and then place it in special sea dump drums made of 'iron shot concrete' (encased
in a mild steel liner). 394 drums of waste had been processed in this manner before a British
Government moratorium on seadumping was announced, closing off this disposal option !. This

decision necessitated the development of an alternative waste management strategy.
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1.2 The Current Approach to Radigactive Resin Disposal

The current approach to resin disposal is that resins should be stored only temporarily at the
power stations, until they can be processed at the power station site. This resin processing
involves either direct encapsulation of the resin or use of a method to reducing its bulk, prior to
encapsulation. A consequence of this policy is that resin stores in recently constructed power
stations are much smaller than those in older stations. For example there are 25 to 30 years
storage capacity at the Magnox stations (constructed in the 1950s), but only about 1 year’s
storage cai)acity at Sizewell B (constructed in the late 1980s).

Processing the resin at the power station, rather than at a central location, is currently the
preffered option because of the difficulties and expense of transporting untreated resin to the
central processing plant. It would be possible to build a processing plant at each resin storage
site but this would also be expensive. It will instead probably be cheapest to build a mobile
processing plant which would visit each of the resin production sites in turn, carrying out a
treatment campaign at each location.

After processing the resin would be moved to a deep, underground repository operated by UK

N.LR.E.X Ltd. (UK Nuclear Industry Radioactive Waste Executive).

1.3Tw ions for the Di 1 of Radioactive Ion Exchange Resin

Although it is not currently the nuclear industry policy, it might be technically feasible to store
the radioactive resin permanently at the site of production. The other technical option available
is burial of the resin at a central location after initial on-site processing, which is the current

Nuclear Electric policy. Each of these options are discussed in the next section.

1.3.1 Permanen I f Radioactive Resin at Site of Pr ion

1.3.1.1 Description of the Technique

At present, due to the moratorium on sea dumping of ILW, the radioactive resin is still being
accumulated at the sites where it is being produced. It would be technically feasible to convert
the temporary store at each of these locations to a permanent storage location either as part of
the decommissioning programme, or alternatively by building a storage facility at each plant.

In any store the resin would be stored until the level of radioactivity had fallen to an
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environmentally harmless level, over a period of several hundred years. The resin could then

be disposed of cheaply in a shallow burial site.

1.3.1.2 Calculation of Necessary Storage Time

The main contaminant of Lewatit ion exchange resin is 137Cs, which has a half life of 30.17
years. ILW has a radioactivity level of at least 12 G.Bg. t-! of B and 7y, whereas the level of
radiation that is generally regarded as acceptable for release into the environment is 4 x 105 Bq.
t'1of Bandyl. Assuming that the resin had aradioactivity level of 12 G.Bq. -1 of Band vy, and
137Cs were the only radioactive ion present, it would take 540 years for the radioactivity level
to fall to a ‘safe’ level.

In practice however, the resin will be contaminated by low levels of radionuclides with longer
half lives than 137Cs, meaning that the resin would have to be treated as LLW for an indefinite

period of time.

1.3.1.3 Problems with the Technique

Regular monitoring of the storage area for leaks and defects in containment equipment would
be required for the whole storage period, at each storage location which could be very expensive
in the long term. There may also be a moral consideration to this technique: “Should we try to

minimise the financial and technical burden we leave to our descendants?”’.

1.3.2 Processing the Resin, Followe nderground Stora

There are currently two options for treatment of the resin prior to storage of ion exchange resins
underground. The first option is direct encapsulation of the resin in cement, while the second
option involves processing the resin to reduce its volume before it is added to the cement. In
both cases the cement is then generally enclosed in steel or iron drums, which are transported

to a central, permanent storage location.

1.3.2.1 Direct En lation of the Resin in Cemen
This storage technique is a very quick and uncomplicated way of producing a solid wasteform,

for disposal underground. It cuts out the extra processing step required if a volume reduction
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technique is used, with a consequent reduction in plant cost. Other advantages of the absence
of an extra processing step are areduction in the radiation dose to staff and public, and areduced

possibility of problems with equipment during the processing of the resin.

1.3.2.1.1 Problems with the Technigue

1) Mixing ion-exchange resin with cement substantially increases the volume that must be
stored underground, relative to the non-cemented resin. Itis likely that the cement : unprocessed
resin ratio will be not greater than 0.6 : 1 (0.6 m3 cement for every 1 m3 resin) 2. If the volume
of the radioactive resin could be reduced prior to cementation, there would be considerable cost
savings. This is because the cost of storage of radioactive waste in an underground repository
is a function of the volume stored (the radioactive content of the waste is the other major cost
determining factor).

2) There may be problems involved with the long term storage of certain types of organic

materials underground.

TABLE 1.0
P IBLE FAT R ATE INA DE D
NUCLEAR WASTE STORAGE FACILITY *
Type of Organic Likely fate in an underground repository
Material
Cellulosics Will degrade to form radionuclide chelating agents under
anaerobic, but not aerobic conditions. Conditions in the
repository will be reducing after the first hundred years.
Condensation Polymers This type of material is not currently thought to pose a
(e.g. Lewatit DN) problem under reducing conditions, but it is believed that

organic chelating agents will be formed under aerobic
conditions. Aerobic conditions will predominate for the
first hundred years after the repository is closed.

Addition Polymers, and It is believed that these will not produce chelating agents
other non-oxygen under either anaerobic or aerobic conditions.

containing organics

Itis believed that chemical, radiolytic, thermal, and microbial attack of organic materials would
be the main processes by which organic chelates would be released 34,5, Chelatingagents might

then increase the solubility of radioactive ions such as plutonium in water, thus increasing the
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risk of contaminated water reaching the biosphere. Another effect of chelating agents may be
to block metal absorption sites in the repository backfill and host rocks, again potentially
enhancing the mobility of radionuclides through these barriers. Microbial action and radiolytic
generation processes may result in the production of gases such as CO; and Hjy resulting in a
pressure build-up in the storage vessel. This would encourage rupture of the vessel, particularly
if it had become corroded, in turn releasing radioactive materials into the repository earlier than
otherwise would have been the case. Finally, it is possible that there will be future regulatory
action to ban completely materials that could produce organic chelating agents from nuclear

waste stores (because of the problems described above).

1.3.2.2 Using Resin Volume Reduction Techniques Before Cementation and Burial

These techniques have the advantages of giving significant volume reduction and removing
organics from the permanent burial site, (these issues are discussed in the previous section) but
have the disadvantages of adding extra processing stages. Extra processing stages increase

capital costs, and increase exposure of operational personnel to radiation.

1.3.3 The Decision on Direct Encapsulation .vs. Resin Volume Reduction Techniques

At the time of writing of this PhD no final decision has been made whether the resin should be
reduced in volume before incorporation into cement. However, some years ago, Nuclear
Electric, one of the main producers of radioactive ion exchange resins in Britain, decided to

instigate a research project to investigate potential resin volume reduction techniques.

1.4 Possible Resin Volume Reduction Strategies

All the treatment methods described in this section have the potential for meeting the aims of
Nuclear Electric’s research project. The benefits and problems of each technique are described,

and the decision made by Nuclear Electric as to which resin treatment method to investigate is

detailed at the end of the section.
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1.4.1 Incineration of the Resin

1.4.1.1 Description of the Technigue

The resin would be burned at high temperature, producing CO2, H2O and sulphur oxides and
leaving behind a radioactive ash. This process has the advantage of producing a large reduction
in waste volume. For example, an average volume reduction ratio of 75 is claimed by Studsvik
of Sweden for incinerated Low Level Waste (LLW) . This figure is arrived at by comparing
the volume of the ash-containing cement product with untreated, uncompacted waste. The
incineration process is also very swift, with the resin being destroyed within seconds of addition

to the incinerator.

1.4.1.2 Problems with the Technique

There are several serious problems with the incineration of radioactive ILW.

a) The treatment of the off-gases. When LLW is incinerated, there is often no requirement for
extensive off-gas treatment, due to the low level of radioactivity involved. When ILW is
incinerated, the off-gases need to be carefully filtered or wet scrubbed to stop gaseous
radioactive contaminants reaching the atmosphere. The gaseous radioactive contaminants are
a problem because the high temperatures involved in incineration cause vaporisation of volatile
radioisotopes. Examples of these radioisotopes would be tritium in the form of water or 14Cin
the form of COy. Other, non-volatile radioactive isotopes may also be carried over as solids in
smoke particles.

The requirement to scrub the off-gases adds significantly to the complexity, and therefore cost,
of the incineration plant. The filters or contaminated water used to remove radioactive materials
would then themselves have to be disposed of safely, reducing the overall volume reduction
factor i.e. a secondary waste problem has been created

b) The activity of the residue. With high volume reduction factors very radioactive ashes are
produced, which cause further disposal and handling problems.

¢) Transportability. It would be difficult to construct a mobile incineration plant to process ion

exchange resins at each power generation site, as incinerators tend to be large and complex.

d) Poor public image. Incineration has a poor public image, due partially to well publisised

accidents at conventional (non-radioactive material) incinerators. There is also extensive
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lobbying against incinerators by many environmental protection groups, who claim that the
technique is unsafe. This public opposition would cause problems in obtaining planning

permission for any proposed incinerator.

All these problems suggest that incineration is unlikely to be the best method for treatment

of ion-exchange resin.

1.4.2 Acid Digestion of the Resin

1.4.2.1 Description of the Technigue

It has been shown that it is possible to digest ion-exchange resins at high temperatures (between
200-260°C), using mixtures of concentrated acids such as HpSO4 and HNO3 7. The resin is
placed inconcentrated HoSOj4, the mixture heated up and the HNO3 is then added slowly, oxidising
the resin as it is added. After all the resin has been oxidised, more resin can be added to the

H»SO4 and HNO3 added to oxidise the new batch of resin.

1.4.2.2 Problems with the Technigue

A complex off-gas treatment plant is required to treat gaseous products such as NOx and SOx,
which substantially adds to the costs of the design. Additionally, the severe operating conditions
require that expensive acid and heatresistant materials such as tantalum be used to construct the
reaction vessel 8. Finally, treatment of the end reaction liquor is difficult due to its acidity,
requiring large quantities of neutralising agents that add appreciably to the bulk of the final
product. There are also difficulties in encapsulating the sulphates produced in the neutralisation
of the acids into cement 1. No precise volume reduction factor for this process has yet been

found, due to the absence of research data indicating how often the HoSO4 can be reused before

neutralisation of the reaction solution was necessary.

1.4.3 Biological Digestion of the Resin

1.4.3.1 Description of the Technigue

The resin would be used as the feedstock for the growth ofa cocktail of microbes, which would

ultimately convert the resin to CO, and water. This is potentially a simple and cheap process,

relative to other volume reduction techniques, due to the absence of complex equipment or
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expensive chemicals in this process.

1.4.3.2 Problems with the Technique

Very little research has been carried out on this approach to radioactive waste destruction and
many technical details of the process are unclear. Perhaps the major problem is that it is not
known which (if any) microbes could be used to degrade the resin 1. Plant sizes are likely to be
large and the whole resin degradation process would be a lengthy one. This would add
significantly to the cost of the process. Itis also not known what level of volume reduction that

would be achievable, nor how the secondary waste arisings would be treated.

1.4.4 Electrochemical Digestion of the Resin

1.4.4.1 Description of the Technique

In this process Ag2* ions in nitric acid oxidise organic matter at a temperature of between 55
and 95°C. The Ag2+ ions are generated by passing a large electrical current through the nitric
acid, which converts reduced Ag* ions back to Ag2*ions. This process has been successfully
applied to the destruction of several types of organic materials, including rubber, polyurethane,
epoxy resins, lubrication oil and solvents 9. Very good volume reduction ratios of up to 75 are

claimed for waste destroyed by this method.

1.4.4.2 Problems with the Technique

The plant required is bigger and more complex than the equivalent chemical oxidation plant.
This extra size is largely due to the production of nitrogen oxides, which have to be removed
from the off gas, which requires a large, expensive off-gas treatment system. The high electrical
currents used (around 10000 Amps) require that costly equipment is used, and the high energy
consumption of this technique makes the apparatus very expensive to run. Finally, due to the

high cost of Ag, the soluble Ag ions have to be recovered from the reaction solution, adding

another processing step to this already complex processing technique.
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1.4.5 Hydrogen Peroxide Digestion of the Resin

1.4.5.1 Description of the Technique

The resin is destroyed by the addition of Fenton’s reagent (hydrogen peroxide / iron catalyst),
which first solubilises the resin and then converts the dissolved organic material to CO, and H,O.
Since the reaction is carried out at comparatively low temperatures (95 to 100°C), and at
atmospheric pressure, equipment costs are kept reasonably low. The end reaction liquor can

then be neutralised, evaporated and incorporated into cement for long term storage.

1.4.5.2 Problems with the Technique

One problem with this process is the cost of the HyO7 used to oxidise the resin, as HyO2 is a
comparatively expensive reagent. This problem is made worse by a tendency for the HyO2 to
decompose to form HyO and O towards the end of the resin digestion reaction. This decomposition
is wasteful, as the preferred reaction in solution is the formation of hydroxyl radicals. The
oxygen thus formed is a fire risk and must be removed safely from the resin destruction
equipment. Finally, the HyO; itself requires careful storage and handling prior to use asitis a

powerful oxidising agent.

1.4.6 The Decision on Resin Volume Reduction Method

The factors that must be considered when deciding the best treatment method are summarised

in Table 1.1 (see overleaf) 10,
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TABLE 1.1
SELECTION OF RESIN TREATMENT METHOD

FACTOR TO BE CONSIDERED

PREFERRED SITUATION

Safety

Benign reagents (if applicable)
Readily controlled process design
Simple design

Ease of Engineering

Low temperature
Low pressure
Non-aggressive solvents (if applicable) |

Compatibility with existing disposal

Minimal secondary waste arisings

facilities
i
Economic Low energy usage and/or cheap reagents
Compact plant size
Favourable kinetic and thermodynamic
factors
L _ Low labour costs _ |
Robustness Plant simplicity

Availability and reliability
Absence of novel critical items

Tolerant to variations in waste

Proven technology

Plant scale trials, active testing

=

Transportability

Small and compact plant

After considering all technological, economic, and social factors, the Central Electricity

Generating Board made a decision to develop further the hydrogen peroxide digestion process.

(The CEGB’s nuclear generating and laboratory facilities were placed under the control of the

company ‘Nuclear Electric PLC’ in 1989. All references to my sponsoring body from this point

onwards will be to Nuclear Electric)

1.5 The Hydrogen Peroxide Digestion of Spent Ion Exchange Resins

1.5.1 The Chemistry of Fenton's Reagent

This reagent was discovered in 1894 by Fenton, who used it to oxidise a.—hydroxyacids and 0.~

glycols 11. Some40 years later, Evans showed that oxidations of this type involved the hydroxyl
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radical -OH 12, Two years later Merz and Waters proposed a mechanism for the action of

Fenton’s reagent and showed that it could be used to oxidise a wide range of organic

compounds 13.

1.5.1.1 Dissociation of the 0-0 bond in Hydrogen Peroxide

The bond dissociation energy of the O-O bond in hydrogen peroxide is around 200 kJ/mole 14,
This is a weak bond compared with an average C-H bond (400 kJ/mole) or saturated C-C bond
(300 kJ/mole). The bond may be dissociated by UV light, ionising radiation or thermal
vibration 15. However, in the presence of a catalyst, such as Fe2* or Fe3+, these uncatalysed
decomposition routes have only secondary importance.

The decomposition of HpO2 has a favourable enthalpy of reaction and there is also an increase

in AS during O formation. This drives the reaction in favour of the products.

2H,0, — 2H,0+0, AH’=-150 kJ/mole

1.5.1.2 The Catalysed Decomposition of Fenton’s Reagent

Two mechanisms have been proposed to explain data from kinetics experiments on the
decomposition of H2Op. These mechanisms are known as the “free radical” scheme and the

“complex” scheme.

1.5.1.2.1 The Free Radical Scheme

The following simplified reaction scheme, seen in Table 1.2 (see overleaf), has been developed

by various workers, mainly over the last 30 years 16,17,
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TABLE 1.2

T FRE 1
Reactants ’ Products Rate Constant (where
known)
k
H,0,+e= || —L 5 " ‘OH + OH — ki =1.2x 1010 dm3 mol-! -1
Fe’* + HO-OH|| —————3 [[Fe(m) 0,H)*
[Fe™® O,H* | ———> I Fe’* + HO,'
Fe2
* + HO-OH " _._.__»J Fe>* + OH™ + OH || k2 =7.6 x 10! dm3 mol-! s-1

2

OH+HO OH H,0 + HOy’ k4 = 1.2 x 107 dm3 mol-1 5!
HOy e “ ~ H +0, .
0y +Fe’t | —— “ 0, + Fe?*

This set of reactions may also be represented by a single electron transfer cycle for HyO,

decomposition, as shown in Figure 1.0. It can be seen that Fe2+/3* are simply electron carriers

that promote this cycle 18.

FIGURE 1.0

ELECTRON TRANSFER CYCLE

Fez+ F 3+
e
0, H,O
3+ -
Fe
F62+
HO,’ HO'
H,0,
Fe?' Fe’*
Fc3+ F62+
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1.5.1.2.2 Problems of the Free Radical Schem
a) It was suggested by Anbar in 1961 that the -OH radical would be in rapid exchange with
H,0, 19.

*OH +H,0, ~— OH+H,0y
Inresponse to this hypothesis, an experiment was devised in which Hy(160), and Hy(180); were
decomposed together in solution. However, no 160180 was observed, which would have been
formed from two different molecules of HoO5. This indicates that the -OH radical is not totally

free to move around in solution or alternatively, that rapid exchange does not occur.

b) Atlow ratios, assuming steady state concentrations for Fe2+,Fe3+,and -OH, the predicted rate

law is as follows:

d[H,O 3 1
t

However, the free radical scheme does not correctly predict the experimentally observed
kinetics at low [HyO9] / [Fe3+] ratios (although it does correctly predict the kinetics at high
[Hp03] / [Fe3+] ratios) 19.

Nevertheless, it may be possible to model the system at low concentrations more accurately, for
example by rejecting some simplifying assumptions about the steady state concentrations of

species in solution.

¢) The written reaction scheme suggests that HO™ or its daughter O3 are converted to O2 by

oxidation with free Fe3+. However, there is evidence that H-O, forms stable complexes with
Fe3+, e.g. [Fe(Hy07)(H20)4]3* or [Fe(Hp02)(H20)513* 20, This suggests that there is another

oxidising agent present in solution, such as [Fe(MDO,H]2+ or possibly [Fe(H202)(H20)6]3+ 21.

1.5.1.2.3 The Complex Scheme

The following reaction scheme, shown in Figure 1.1 (see overleaf), wassuggested by Kremer

in 1967 22.
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FIGURE 1.1

THE COMPLEX SCHEME
ky
F* +HO,- - [F™oH™
19
I ks
[Fe™ 0,H** ---9 FeO +O0H~
3 k4 3
FeO’' +HO,” ---% Fe +0,+0H™

The complex scheme has been used to interpret the changes seen in the molar absorption of Fe3+
/ HyO2 solutions 23. Experimental data have been used to find the rate constants ki - k4. The
rate laws may be fitted to the experimental data over the full range of [HyO3] / [Fe3+] ratios.
Furthermore, there is strong evidence that the complex scheme is involved in haemoglobin and
cytochrome oxidation 24. It may be possible to draw an analogy between the two oxidation

and the Fenton’s reagent mechanism.
rocesses and the Fenton’s reagent h

1.5.1.2.4 Problems of the Complex Scheme

Three main defects in the complex scheme have been pointed out by supporters of the free
radical scheme. The most serious defect is

a) It has been reported that the rate of decomposition of HyO3 is altered by the presence of
organic molecules. The rate of inhibition was calculated for various molecules and attributed
to reactions between the organic species and the intermediates. These reactions compete with
the decomposition pathway. Walling and Cleary claim that the complex scheme cannot account

for the observed kinetics of competitive inhibition 23.

Other defects are

b) Using the rate constants produced by Kremer, it can be shown that a detectable amount of

oxygen should remnain in the form FeO3* when all the HyO2 has decomposed. No oxygen deficit

has been found 2.
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¢) It has been noted that the reaction rates between postulated decomposition intermediates and
substrate molecules are the same as the rates measured for radiolytically generated -OH radicals

and the same substrate molecules 25-26,

The complex scheme has been re-evaluated since Walling’s work, to explain the absence of an
oxygen deficit. However, no explanation has been offered by supporters of the complex scheme
for the correspondence between the rates of reaction of -OH and the rate constants for FeOQ3+ 20,
Finally, there is no evidence in the literature for the existence of the two species FeO3+ and
[Fe(IDO,H]2+. All spectroscopic work carried out to date on the reaction system has failed to

find any evidence that these two species exist 18.

1.5.1.2.5 A Summary of the Situation

Most workers in the area agree that free radicals are important in the Fe2+/ 3+ | HyOp
decomposition, but it is recognised that the -OH radical is not completely free to move through
the reaction mixture. It is possible that a ‘cage’ reaction is occurring and the -OH radical is not
free to diffuse away from its site of generation, the Fe2+/ 3+ jon 27.

Although the complex scheme has the advantage of fitting experimental kinetics data well, in
the absence of more supporting data it must be considered suspect. Thus, it will be assumed that

the -OH radical scheme is correct from this point onwards.

1.5.1.3 The Action of Fenton’s Reagent on Simple Organic Molecules

The first reaction between an organic molecule and -OH radical generally takes one of two

routes, depending on the type of organic molecule the -OH radical is attacking.

1) A saturated molecule: - a hydrogen atom is abstracted

; r
Rl—(lj—H +'OH H20+ RI—C'

R, R;

Ry, Ry, and R3 can be hydrogen or various functional groups. The rate of the reaction of the -OH

radical with the molecule can depend on many factors. However, in general the main factor
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affecting the reaction rate is the distribution of electrons in the molecule (which is affected by

the type and arrangement of the functional groups in the molecule) 28,

2) An unsaturated molecule: - a ring addition reaction occurs

H

The products eventually formed depend on the ensuing fate of the substrate molecule 24, Ttmust
also be remembered that there are several species in solution that can react with the substrate

radical.

1.5.1.3.1 Common Reactions in a Fenton’s Reagent / Organic Substrate Mixture

xidation by the Fe(IIl) ion

. 3 Hzo
R+ Fe’" ----9 R'+Fe’ ----» ROH+H"

Here the Fe3+ ion oxidises the radical. This is the most important oxidation process in the
Fenton’s reagent system. The Fe2+ ion generated in this reaction releases more -OH radicals

when it reacts with HyO».

2+ kl 3+ -
Fe“" + HO-OH ——» Fe” + OH™ + OH

b) Reduction by the Fe(Il) ion

R® + Fe2* --—-- » R +Fet ---%=- > RH+Fe’"+O0OH™

Many organic radicals are not easily oxidised to cations by Fe3+ due to the high energy barrier

when the radical electron is removed 18, This high energy barrier exists in two main types of

radical.

i) An aromatic radical - the radical electron is in a low energy molecular orbital, delocalised

around an aromatic ring, which stabilises the system.

OH
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ii) When a delocalised orbital includes an electronegative atom such as oxygen. For example,

the radical below would be resistant to further oxidation.

.

o
Q—0

O=
I
I—CI)—:
=
= —0O— X
Il

H
I
e
I
H

I

T —O—x
I
-

If a positive charge was formed by the loss of the radical electron to the Fe3+ion, it would have
to reside partially on the oxygen atom, which is energetically unfavourable. However, the

enolate anion formed when the above radical is reduced by Fe2* is known for its stability.

Enolate anion

The enolate anion subsequently abstracts a proton from solution to form the parent

molecule.
H O~ H ‘ H O H
[ H [
C|:=C—?—H — H_?—C_?_H
H H H H

Enolate anion

¢) Radical combination
R'+°OH ----9 ROH

Since the concentrations of the radicals -OH and R- in solution will be low due to their high
reactivity, this reaction will not occur very often, but it is an important mechanism for the

oxidation of various organic species, particularly those which are difficult to oxidise further 28.

e.g.
0 0
Il Il
R—C +OH ——>» R—C—OH
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d) Radical R angement

R* ----» A +B

Radical fragmentation is an essential part of all oxidation schemes because the chain of carbon
atoms comprising the substrate molecule must eventually break. This is the process that occurs
when an aromatic radical undergoes side-chain scission, and when a carboxylic acid is

decarboxylated 18,
e.g.

RCO,;, —>» R + CO,

¢) Self Coupling

R +Ry ----3 R;-R,

Due to the short lifetime of most radicals in solution, this reaction only occurs rarely. However,
if aromatic radicals are involved this process becomes more important due to the relative

stability (and therefore long life) of the aromatic radical 29.

e.g.
H OH
H H H
HO H OH

1.5.2 The Use of Fenton’s Reagent to Digest Radioactive Ion Exchange Resins

In 1957, Wood reported that sulphonated co-polymers of styrene divinylbenzene, the basis of
many types of cation exchange resins, could be degraded and destroyed by the addition of
Fenton’s reagent 30. Further work by Bibler and Orebaugh in 1976 confirmed the potential of

this technique 31. More recent work by the Nuclear Electric Laboratories showed that Lewatit
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DN could also be treated by this method 32.

1.5.2.1 Development of the Fenton’s Reagent / Resin Treatment System by Nuclear Electric
Extensive preliminary work was carried out at Nuclear Electric to find the optimum reaction
conditions of the Fenton’s reagent / resin treatment system. This work showed that Fenton’s
reagent was very effective at converting the solid resin to CO2, HoO and H2SO4. If the reaction

were stoichiometric, then it could be represented by the equation

C7HgO4S + 16H,0,—» 7CO, + 18H,0 + H,S0,

The work provided optimum values for catalyst levels and rate of hydrogen peroxide addition.
However, during the course of the research it became obvious that there was a major problem
with the process - a large drop in efficiency in the usage of HyO», after the resin had solubilised.
A collaborative project was set up with Aston University to look at this problem. The results

of this collaboration are described in this thesis.

2 2 The Efficiency of Hydrogen Usage During the Reaction

FIGURE 1,2
P ED E DI T1
5 Stoichiometric Equivalents Theoretical Hydrogen TOC Level _ <y
of Hydrogen Peroxide ¥— Peroxide Consumption (ppm)
Actual Hydrogen Peroxide -
Consumption
41 Total Organic Carbon - 4000
=@ 1 evel in Solution
34 - 3000
24 - 2000
Point where all
resin has dissolved
1- 1000
0

T T Y T T ¥ T ¥ T v T Y T T
0 10 20 30 40 50 60 70 80 90 100
Extent of Reaction, %
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As seen in Figure 1.2, the actual efficiency of hydrogen peroxide use initially approximates to
the theoretical efficiency until the resin has completely dissolved, releasing various organic
molecules into solution. It is after this point the reaction starts to become wasteful, with
increasing amounts of H,O, dissociating into O, and H,O, rather than following the desired
path in which hydroxyl radicals attack organic molecules in solution. Since HyOj is a major
price component of the Fenton’sreagent/resin destruction technique, this waste during the latter
part of the reaction is a significant extra cost in the destruction process. It was therefore decided

investigate methods for reducing or eliminating this inefficent use of H20».

1.5.2.3 Possible Methods for Reducing Inefficien fH n Peroxi

a) Stop or reduce the wasteful decomposition of HyO, into O, and H,O towards the end of the
reaction by use of physical or chemical techniques e.g. different agitation regimes, different
reaction environments. Research into this approach is detailed in Chapter 6 of this thesis.

b) Use an alternative organic molecule destruction technique to reduce the TOC (Total Organic
Carbon) level in solution during the latter part of the Fenton’s reagent / resin destruction
reaction. This could be done either in conjunction with HyO, addition or without the use of any

H,0, whatsoever. Research into this approach is detailed in Chapters 3.4.and 5 of this thesis.

To help evaluate each of these approaches for reducing the amount of Fenton’s reagent wastage,
the progress of the Fenton’s reagent / resin destruction reaction was followed using various
analytical proceedures (some of which were developed specifically for this work). The aim of
this analytical work was to provide data for further research on efficiency improvement and
TOC level reduction methods. The results of this analytical work are described in Chapter 7 of

this thesis.

The literature was searched to find information on various methods of removing organic
molecules from aqueous solutions. These techniques were then tested with the partly digested
resin solutions, to see if they would reduce the TOC level. Where this was the case, the method
was costed, and compared on economic and efficiency grounds with the Fenton’s reagent/resin
reaction. Details of the economic and technical aspects of the Fenton’s reagent reaction and any

potential TOC level reduction method are described in Chapter 8 of this thesis.
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CHAPTER TWO
EXPERIMENTAL
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2.0 EXPERIMENTAL

2.1 Chemical

All chemicals used were at least “AnalaR” grade and obtained from Aldrich Chemicals (unless
otherwise stated). Samples of “Lewatit DN” ion exchange resin were obtained from Nuclear
Electric PLC. On receipt, resin samples were washed with distilled water and then dried at 70°C
for 5 days.

Unless otherwise stated all “Ce#*” solutions consist of a solution of 0.01M cerium(I'V)sulphate

in 1M sulphuric acid. The decision to use cerium sulphate in sulphuric acid was made because

of the large amount of work carried out on this system by various workers.

2.2 Solvents

All solvents used were obtained from commercial sources. If further purification was required,
they were purified according to the literature method as described by Perrin 33. When a
deoxygenated solvent was required, the solvent was placed in a flask, purged through with
dinitrogen for at least 30 minutes, and the flask sealed. Distilled water was used for all aqueous

reactions, unless otherwise stated.

2.3 Physical Measurements

2.3.1 Visible and Ultra-Violet Absorption Spectroscopy

Visible and ultraviolet absorption spectra and kinetic studies performed at Aston University
were carried out using a Pye-Unicam UV-800 spectrophotometer. Spectra taken at Berkeley
Nuclear LaBératories were obtained using a Cecil Instruments CE505 Double Beam UV
spectrophotometer. The solution spectra were measured in the range 800-250 nm. The solution
and reference solvent were contained either in:-

a) Matched 1cm path length glass cells, or

b) Matched 0.5cm path length quartz cells.

The cell compartment of the spectrophotometer was equipped with a water jacket to enable
accurate temperature control by circulating water at the desired temperature through the cell

holder.
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2.3.2 Infra-Red Spectroscopy

Infra-red absorption spectra collected at Aston University were recorded on a Perkin-Elmer
1710 Infrared Fourier Transform Spectrometer. Infra-red absorption spectra collected at
Berkeley Nuclear Laboratories were recorded on a Nicolet SPC FT / IR spectrometer, with a
Compac Deskpro 286 as the data station. Four sample analysis techniques were used to obtain

IR spectra of organic materials:-

a) The sample was incorporated in a KBr disc.

b) An aqu;:ous sample placed on a CaF3 disc, and then the water was removed by heating in an
oven at 50°C.

¢) An aqueous sample was placed in a flow cell, between CaF; discs.

d) Horizontal ATR of aqueous samples

However, techniques (c) and (d) were ineffective, due to the masking of the signal from the

organic solute by that of the solvent, water.

2.3.3 Nuclear Magnetic Resonance Spectroscopy

The 1H and 13C NMR spectra were recorded in various solvents by a Bruker Spectrospin AC
300MHz FT-NMR instrument.

Special pulsing techniques such as water pre-saturation and 1,3,3,1 jump and return were
necessary to obtain !H spectra from samples of resin digestion mixture. These sequences were
necessary to avoid the organic H signal being drowned out by the water H signal. Signal
amplification techniques such as APT and DEPT were necessary to obtain 13C spectra of resin

digestion mixture, due to the low concentration of organic materials in these samples.

2.3.4 pH Measurement:

pH measurements were carried out by using a PTI-6 Universal pH meter.

2. Melting Poin

The melting points of all solid compounds were determined using a Gallenkamp melting points
apparatus which was heated electrically and the temperature recorded using a mercury

thermometer (calibrated at 100°C).
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2.3.6 Mass Spectra

Mass spectra on aqueous samples were carried out on an AE1 MS9 spectrometer at an ionising
potential of 70 eV. Mass spectra on non-aqueous samples were carried out by the SERC Mass

Spectrometry Service Centre on a VG Masslab Model 12-253 34,

2.3.7 Atomic Absorption

Atomic absorption spectroscopy on iron and cobalt ions in solution was carried out on a Varian

Spectra AA-40 with a DS-15 Data Station.

2.3.8 Magnetic State

ESR spectra were recorded at room temperature using a JEOL JES-PE-1 spectrometer. A Gouy
Balance, consisting of a Newport Instruments D104 magnet connected to a Stanton Instruments

SM12 Balance, was used to detect the presence of paramagnetism in solid samples.

2.3.9 Total nic on

The TOC level is a measurement of the amount of organic Carbon dissolved in water. The TOC
Jevels of aqueous solutions were found by using an Ionics Total Organic Carbon Analyser
Model 1270, which had an accuracy of plus or minus 2%. The TOC level results were output

in the form of parts per million (ppm) of carbon.

2.3.1 -Liquid Chrom aph

The gas liquid.chromato graph used was a Pye Unicam GCD Chromatograph fitted with a Flame
Tonization Detector. The column was composed of 25% Silicone Grease absorbed on diatomite.
The temperature of the column was varied between 100 and 225°C and the sensitivity between

4 and 4 x 103.
2.3.11 Particle Sizin
The diameter of particles suspended in water was found by using a Malvern Instruments Series

2600C Droplet and Particle Sizer.
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2.3.12 Hydrogen Peroxi ncentration

Hydrogen peroxide levels in aqueous solution were found by using the method of Hawkins 35,
1 cm3 of the solution to be analysed was added to 20 cm3 of 2M sulphuric acid, in a 250 cm3
conical flask. 2 g of potassium iodide and 2 g of sodium hydrogen carbonate were then
simultaneously added to the flask. The solution in the flask was then titrated with a solution of
0.1M sodium thiosulphate, using starch solution as an indicator.

2.4 Com ! ation

All data analysis was performed using the program Cricket Graph on Apple Macintosh
computers at Aston University. Graphs were created using a combination of the programs

Cricket Graph, MacDraw II, and Superpaint 2.0.

2.5 Analysis

Micro analytical data for carbon, hydrogen, nitrogen and sulphur were obtained from Butterworths
Laboratories Ltd, of Teddington, Middlesex, and also Medac Ltd, of Uxbridge, Middlesex.
The presence of sulphate in aqueous solution was determined by the methods described by
Vogel 36:-

a) Lead Acetate Test (Sensitivity limit - 1 part in 10000)

b) Sodium Rhodizonate Test (Sensitivity limit - 1 part in 10000)

c) Potassium Permanganate / Barium Sulphate Test (Sensitivity limit - 1 part in 20000)

A quantitative determination of sulphate in solution was obtained by adding BaCl solution to
the solution to be tested. If the solution to be tested was not already acidic, HCI was added to
acidify the solution. The precipitate formed was removed by filtration and dried at 130°C for
4 days. The precipitate was then weighed, heated by a bunsen burner for 15 minutes, and
reweighed to obtain the amount of precipitate left. The amount of precipitate left was related

to the amount of BaSQy4 precipitated from solution.
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2.6 Description of Experimental ipmen
2.6.1 UV Photochemical Reactor
FIGURE 2.0
UV PHOTOCHEMICAL REACTOR
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water
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mercury vapour lamps
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2.6.1.1 Start-up Procedure

1) The water jacket was connected either to the mains water supply or to a thermostated water
pump.

2) The two medium pressure UV tubes were turned on and left to warm up for 10 minutes. If
gas was being blown through the liquid then it was switched on at this point. The equipment
was then left for a further 10 minutes to allow the temperature of the UV reactor and contents

to stabilize.
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2.6.1.2 Operational Procedure
The reactants were placed inside reaction vessel. Manual stirring was performed using a glass
rod, or alternatively stirring was carried out by blowing a gas through a sintered glass tube

immersed in the reaction mixture.

2.6.1.31m nt Safety N

Intense UV light is produced by the two mercury vapour tubes, which have a peak emission
wavelength of 366nm. UV goggles must be worn whenever near the reactor. There must also
be no bare skin e.g. that of the hands, arms, exposed to the direct light of the tubes. Thus, thick

rubber gloves and material covering the arms are essential items of apparel.

2.6.2 Bolt-Top-Reactor ntact Thermometer

FIGURE 2.1
T B -T REACT
Control m
unit ——a——— (Gas
g Water
= condensor
=
=
| L=
=
=
=
=
=
=
Contact
thermometer
Reaction
solution
— Sintered glass
\_/
Magnetic stirring
\_ QQ bar

Magnetic stirrer / heater
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This equipment was used in all reactions that involved the use of Fenton’s reagent. The contact
thermometer was set at the desired temperature, and a feedback loop between the contact
thermometer and magnetic stirrer / heater maintained this temperature to within 2°C. A glass
tube with ap160 sintered glass disc at the end was used to bubble gases through the resinreaction
mixture. The three gases bubbled through the resin reaction mixture at various times were air,
07 and Nj. A standard set of conditions was defined for the resin digestion system to improve

the réproducibility of results.

2.7 The Standard Resin Digestion Reaction

10 g of dry Lewatition exchange resin is placed in the bolt-top reactor. 400 cm? of distilled water
is then added, together with 0.13 g of FeSO4.7H20. The mixture is stirred and heated until either
850C (occasionally) or 95°C (usually) is reached. 130cm3 of 30% w/v H2O2 s allowed to reach
25°C (room temperature) and is then quickly added to the contents of the bolt-top reactor. The
temperature is then maintained at a constant level until the end of the reaction. Samples taken
were labelled as follows.

A sample taken from the standard resin digestion reaction mixture (reacting at 950C) 140 minutes
after the start of the reaction would be labelled 140 minutes resin.

This nomenclature is used throughout this thesis when describing samples taken at various times

during the resin digestion reaction.

2.8 Stopping the Resin Digestion Reaction Prematurely

It was sometimes necessary to obtain large samples of resin reaction solution at a particular time
during a reaction. To stop the progress of the reaction at a specific point, the reaction mixture
was first cooled rapidly by placing the bolt-top reaction vessel in ice-water. Once the reaction
mixture temperature had dropped below 80°C, the reaction rate was negligible 2. The cooling
was continued until room temperature was reached, and then a powder of 5% platinum on
charcoal (supplied by Johnson Matthey Chemicals) was added. This catalytically decomposes
any HpO2 in the reaction solution, forming Hy0 and Op. After 4 hours of stirring the mixture
(4 hours was necessary to ensure that all of the H,0> had been decomposed), the platinum

catalyst was filtered outand the resin reaction solution stored in a glass vessel. It was found that
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if the resin reaction solution was stored in a plastic container, contamination of the resin solution
occurred after some weeks. It was also found that the resin reaction solution was slightly
photosensitive (it was affected over a time scale of weeks), so the reaction solution was stored

in the dark.

2.9 Experimental Techniqu ific To Chapter

2.9.1 Co(salen xygen / Resin Digestion Solution Experimen

29.1.1 Sy;lghgsis of Co(salen)

The method of Bailes and Calvin was used to synthesize Co(salen) 37. For further details of

Co(salen) please see p73/74.

29.1.2Th f n xidi ic Molecules in A lution

The resin digestion was stopped prematurely (as described in Section 2.8) to obtain a large
quantity of solution for further study.

Typically, 100 cm3 of this resin reaction solution was heated to 95°C in the bolt top flask / contact
thermometer combination. O was then blown through the resin reaction solution at the rate
of 0.1 cubic litre per minute (via a p160 sintered glass disc). Samples of the solution were taken
to determine the TOC level and Co concentration. Five minutes were allowed for the resin
solution to become saturated with O. 1 g of Co(salen) was then added to the resin solution, and
the mixture heated and stirred for 8 hours. At the end of this time, samples of the mixture were

taken to determine the TOC level and Co concentration.

2.9.2 Palladium 1.4.7 Triazacyclononane / Oxygen / Resin Digestion Solution Experiments

2.9.2.1 Synthesis of the Triazacyclononane Ligan
The method of Richman and Atkins was used to synthesize the triazacyclononane (tacn)
ligand 38. Once the tacn ligand had been synthesised, palladium (III) triazacyclononane was

made by adding PdCl to a slightly alkaline solution of the ligand, as described by McAuley 39.

59



2.9.2.2 The Use of Palladium 1.4.7 Triazacyclononane to Oxidise Organic Molecules in Aqueous
Solution

The procedure for these experiments was identical with that for the Co(salen) experiments
(Section 2.9.1.2), except that 0.04 g of palladium 1,4,7, triazacyclononane was substituted for

1 g of Co(salen).

2.10 Experimental Technigues Specific To Chapter 4

The resin digestion reaction was stopped prematurely (as described in Section 2.8) to obtain a
large quantity of solution for further study.

Typically, 100 cm3 of resin digestion solution was then placed in the photochemical reactor and
irradiated for 8 hours, with samples for TOC level analysis being taken regularly. If powdered
TiO, (Anatase form) was added as a photocatalyst, 0.1 g was used. Undisturbed, the TiOy
powder gradually settled out of solution, so every 30 minutes the mixture was stirred by blowing
air through it, via a p160 sintered glass disc. When TiO2 was used it was necessary to filter the
samples taken for TOC level determination before injecting them into the TOC analysing

equipment.

2.10.1 Calculation of the Light Output of the UV Photochemical Reactor

A potassium ferrioxalate solution-phase chemical actinometer system was used to find the light
output of the photochemical reactor. In this system Fe3+ is reduced to Fe2+ by incident light in
a reaction with a quantum yield (9) of 1. The concentration of Fe2+ is found with a UV
spectrophotometer by adding 1,10-phenanthroline which forms a strongly absorbing complex
with Fe2+.
e.g. if the absorbance of the Fe2+ complex, in a 1 cm path length cell, was found to be 1 after
60 seconds
A=eCl
1=(1.11x10HxCx 1

rearranging this equation to find the concentration of Fe2+ we get

C=1/1.1x104

C=9.09x10°M
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C=9.09x10°°M
Since the quantum yield for the formation of Fe2* is 1, this means that during the 60 seconds

9.09 x 10-5 M of photons were incident on the contents of the photochemical reactor.

2.11 Experimental Techniques Specific To Chapter
All stock solutions of 0.01M Ce*+ were replaced every 2 months due to absorption of Ce4+ onto
the walls of the glass storage vessel. All kinetics experiments in this chapter were carried out

at 25°C in the absence of light unless otherwise stated.

2.11.1 Reactions involving Ce(IV) and an End of Reaction Resin Digestion Solution

A stock solution of 0.01M Ce4*+ was made up. Varying amounts of end of reaction resin
digestion solution (300 minutes resin solution) were added to 100 cm3 of cerium solution to
obtain different Ce4+ : Cin solutionratios. Samples were taken atintervals, diluted as necessary,
placed in the UV spectrophotometer, and their absorbance at 317 nm was measured. 317 nm
is the maximum absorption peak of the Ce+ ion in sulphuric acid. The absorbance data were
then converted to [Ce#+].

These reactions were also carried out under irradiation, in a UV photochemical reactor.

2.11.2 Reactions involving Ce(IV) and poly (sodium-4-styrene sulphonate)(PSS)

A stock solution of 0.01M Ce4* was made up. Varying amounts of PSS were added to 100 cm?
aliquots of cerium solution to obtain different Ce#* : polymer ratios. Samples were taken at
intervals, dilﬁt‘cd as necessary, placed in the UV spectrophotometer, and their absorbance at 317
nm was measured.

These reactions were also carried out under irradiation, in a UV photochemical reactor.

2.11.2.1 The Analysis of P xidation Pr:
In order to analyse the organic products of the Ce4+ / PSS reaction by IR it was necessary to:-
a) remove any Ce4*/ 3+ from solution.

b) neutralise the highly acidic reaction solution, to enable IR spectra to be obtained of the
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This was done by slowly adding 7.5M NaOH solution to the reaction mixture, until it
neutralised. This also had the effect of precipitating out all the Ce#+/ 3+ ions from solution
(Ce**/ 3+ ions are insoluble in neutral / basic solution). The precipitate was then removed by
filtration, and a sample of the remaining liquid was placed on a CaF disc. The disc was heated
at 50°C until all the water had evaporated, leaving behind the organic constituents of the liquid.

The CaF; disc was then placed in an IR spectrophotometer and a spectrum obtained.

2.11.2.2 The Detection of Any Gas Produced During the Ce(I1V) / PSS/ UV Reaction

The following equipment was set up to detect any gas produced during the UV irradiation of

PSS.
FIGURE 2.2
A EQUIPMENT
VA Gas Collection
5 Vessel
(e}
uv
Reactor G
Vessel » Bucket
Reaction -
Mixture Water

A solution of 0.01M Ce#+ was made up. 100 cm3 was placed in the UV photochemical reactor,
and 0.18 cm3 of PSS was added to the Ce#+ solution. The top of the UV reactor vessel was then
sealed, except for a tube leading to a gas collecting vessel held upside down in a bucket of water.

The volume of any gas released during the reaction was noted.
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2.11.3 Reactions involving Ce(IV) and calix]/&]arene-p-octasulfonate (CALIX

2.11.3.1 Synthesis of CALIX

The method of Gutsche was followed to produce the starting material, calix[8]arene (except for
a doubling of the quantities of all starting reagents) 40.
To produce CALIX, the method of Shinkai was adapted slightly, because the starting material

in Shinkai’s synthesis was calix[6]arene 41.

p-t-Butylcalix[8]arene (6.0 g, 6.18 mmol) was mixed with concentrated sulphuric acid (34.5 g).
To the stirred reaction mixture fuming sulphuric acid, “oleum,” (60%, 10.2 g) was added
dropwise. The temperature was maintained at 35-40°C, with the aid of a heating mantle and /
or a flask of icewater. From time to time an aliquot was withdrawn from the solution and poured
into water to monitor the progress of the reaction. The reaction was judged complete when no
water insoluble material was detected on addition of the aliquot (this occurred after 4 hours).
The reaction mixture was then poured into ice water (41 cm3), and the precipitate formed was
recovered by filtration. The precipitate was washed with a small amount of 50% sulphuric acid
andthendissolved in 82 cm3 of water. The solution was warmed at 60°C and granulated, activated
charcoal was added. After filtering the solution, a white precipitate was obtained by salting out
with NaCl. This precipitate was removed from the solution by centrifugation. The precipitate
was impure, so it was redissolved in water, forming a concentrated solution. Ethanol was then
added to precipitate out the product. Filtration using Whatman 542 filter paper then produced

a pure product (as shown by NMR spectra of the product).

2.11.3.2 Calculation of Ce(IV) : CALIX ratios

All calculations of the ratio between Ce#+ and CALIX were based on the ratio of Ce** ions to
the benzene repeat units in the CALIX molecule. Since there are 8 benzene units in the CALIX
molecule, a ‘2 :1 Ce4+: CALIX repeat unit’ ratio would represent 2 Ce?+ ions per benzene unit,

or 16 Ce4* jons per CALIX molecule.
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2.11.3.3.2 Start-up Procedures

1) The syringe water jackets were connected to a thermostated water pump and water run
through the equipment at the chosen temperature for 10 minutes to ensure thermal equilibrium
in the syringes.

2) The plungers were moved all the way into the syringes.

3) The two reservoirs were filled with the appropriate liquids.

4) The three way taps were opened, and the plungers pulled out slowly to draw the liquids from
the reservoirs into the appropriate syringe.

5) The liquids were left in the syringes for a time to enable thermal equilibrium to be achieved
throughout the syringes and their contents. This equilibrium time was dependent on the
temperature of the water flowing through the water jacket, typical times - 2 minutes for 30°C

water, 3 minutes for 40°C etc.

2.11.3.3.3 Operational Procedure

The three way taps were turned, and the plungers pushed rapidly into the syringes, being halted
at the appropriate point by the plunger stop bars. This action rapidly mixed the two liquids,
injecting them into and through a quartz flow cell in the UV spectrophotometer. The change in

absorbance of the reacting liquids at 317 nm was then followed over time.

A 0.001M Ce(S0O4); solution in 0.1M H2SO4 was made up along with a 6.6 x 10-5M solution
of CALIX (0.0175 g in 1000 cm3 water). These solutions were used as reservoir solutions for
the stopped-flow kinetics apparatus, givinga 15:1 [Ce#+]: [CALIX repeat unit] ratio. To obtain
a2 : 1 ratio the Ce#+ solution was diluted a further 7.57 times. The reservoirs were filled, and

the reactants injected into the flow cell in the UV spectrophotometer.

2.11.3.4 The St d Ce(IV) / CALIX Reaction IV) Variabl

A stock solution of 0.01M Ce#*in 1M HSO4 was made up and diluted to varying concentrations,
whilst maintaining the same total volume. A constantamountof CALIX (pre-dissolvedin 5 cm3
of water) was added to 229 cm3 of each Ce4+ solution and the mixture stirred vigorously. All
solutions were thermostated to 25°C.
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Volume of Volume of 1M Amount of Ratio (Ce(IV)
Ce(IV) stock H,SO0 4 dilutant, CALIX, g ions : CALIX
solution, cm3 cm3 repeat unit)

229 , 0 | 0.04 15:1

183.1 45.9 " 0.04 " 12:1

122.1 106.9 " 0.04 " 8:1

76.3 152.7 0.04 _” 5:1
| ——

30.5 198.5 0.04 WI 2:1

Samples of the reaction solution were taken regularly, and their absorbance at 317 nm measured.

The same dilutions and procedures were used for the UV irradiated Ce#* : CALIX reaction

mixtures.

2.11.3.5 The Standard Ce(1V) / CALIX Reaction. CALIX Variable

A stock solution of 0.00333M Ce#*in 1M H2SO4 was made up, and separated into vessels each

containing 229 cm3 of Ce** solution. Varying amounts of CALIX (pre-dissolved in 5 cm3 of

water) were added to each vessel and the mixture stirred vigorously. All solutions were

thermostated to 25°C.

TABLE 2.1
CE(AV) : CALIX RATIOS, WITH [CALIX] VARIABLE
Volume of Ce(1V) stock Amount of CALIX, g Ratio (Ce(IV) ions
solution, cm® CALIX repeat unit) |
229 ﬁ_ 0.08 | 5:2
229 “ 0.06 5:1.5
= — IL_ — = A—
229 “ 0.04 5:1
229 0.02 5:0.5
229 0.01 5:0.25
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Samples of the reaction solution were taken regularly, and their absorbance measured at 317 nm.
The same dilutions and procedures were used for the UV irradiated Ce#* : CALIX reaction

mixtures.

2.12 Experimental Techniques Specific To Chapter

2.12.1 Boiling the Resin in Dilute Mineral Acid

10 g of resin was boiled in 500 cm3 of 0.1M H2SO4 and, in a separate experiment, boiled in 500
cm3 of 0.2_M HNO3 (an equivalent H* concentration) for 8 hours. The acid solutions were then
checked for TOC level and, for the HNO3 solution, the presence of S042- (by addition of BaCly).
The acidity of the acid was measured by titration against a 0.2M solution of NaOH before and
after the resin had been boiled in acid. The resin was then dried at 70°C for 5 days and elemental
analysis for C, H, O, and S carried out on a sample of the resin. 30 cm3 of HyO7 was then added
to 4 g of the HpSO4 and HNO3 boiled resin, and also to 4 g of the unaltered resin, and the final

TOC level of the solutions measured when all the HyO7 had been consumed.

2.12.2 Reducing the Concentration of Free Iron in Solution

It was decided to reduce the concentration of free iron in the resin digestion solution after all the
resin beads had dissolved. This was done by adding various combinations of the chelating
agents sodium silicate, sodium tungsten silicate, and MgSOj to a standard resin / Fenton’s
reagent solution, immediately after all the resin beads had dissolved. Half the normal quantities
of reagents were used in the standard resin / Fenton’s reagent reaction, i.e. 5 g of resin, 0.065

g FeS04.7H20, 65 cm? of HyO», 200 cm3 water.

2.12.2.1 Usin mbination of sodium tun nilienMSO_sSeu ring Agen

0.428 g of commercial grade sodium tungsten silicate, and 0.07 g of MgSO4 were added to the
resin / Fenton’s reagent solution 70 minutes after the reaction had started. The quantities of
sodium tungsten silicate and MgSO4 added were based on work carried out by Bambrick 42, TOC

level and HyO7 concentration were monitored throughout the reaction.
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2.12.2.2 Usin mbination of sodium sili nd M as Sequestering Agents
0.15 g of commercial grade sodium silicate and 0.07 g of MgSO4 were added to the resin /

Fenton’s reagent solution 70 minutes after the reaction had started. The NaSiO3 was added to
the reaction mixture as a 27% solution in 14% NaOH. 0.291 cm3 of this mixture was added to

the resin / Fenton’s reagent solution.

2.12.3 Makin Resin Digestion Solution More Alkalin

It was decgided to make the resin digestion solution more alkaline by addition of solid NaOH.
Solid NaOH (in pellet form), rather than a concentrated aqueous solution, was used to minimise
any volume changes when the NaOH was added to the reaction mixture. In total, 2.5 g of solid
NaOH was added intermittently from 2 minutes until 67 minutes into the reaction. TOClevel,
H»O» concentration and Fe concentration were all measured throughout the reaction by the
standard methods. However, the resin reaction solution was too acidic to obtain accurate pH
measurements by using a pH meter so an alternative method was devised to measure the pH of
the reaction mixture.

1 cm3 samples of the resin reaction solution were taken and immediately placed in 100 cm3 of
distilled water. The pH of the distilled water was monitored before and after sample addition,
and the change in pH enabled the original pH of the reaction mixture to be calculated (on the

assumption that the activity coefficient of H* remained at 1.0 throughout).

2.12.3.1 Example Calculation of pH
pH = -log [H]

pH of distilled water before sample addition = 5.34, therefore [H*] = 4.57 x 10-6 mol / dm3
pH of distilled water after sample addition = 4.10, therefore [H*] =7.94 x 10-5 mol / dm3

Thus 1 cm3 of resin solution added 7.48 x 10-5 moles of H* (7.94 x 105 - 4.57 x 10) to the

distilled water solution.

In 1000 cm?3 of the resin reaction solution there would be 1000 x (7.48 x 10-5) moles of H*

= 7.48 x 10-2.moles H*
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Substituting into pH = -log [H*], we get

2.12.4 Making the Resin Digestion Solution More Acidic

It was decided to make the resin digestion solution more acidic by addition of concentrated
H2S0O4. Concentrated H)SO4 was used to minimise any volume changes. Normally the pH of
the resin digestion solution rises as soon as all the resin has dissolved, so drops of H2SO4 were
added after all the resin had dissolved, with the aim of maintaining the pH at the same level
throughout the reaction.

TOC level, HyO7 concentration and Fe concentration were all measured throughout the reaction
by the standard methods. pH was measured by the method described in the previous section

(Section 2.12.3.1).
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3.0 INTRODUCTION

From a thermodynamic viewpoint, oxygen is capable of oxidising any organic molecules in the
partially digested resin solutions. However, at standard pressure and temperature (25°C, 1
atmosphere) the oxidation of organic molecules by oxygen is very slow. This is mainly because
oxygen has a triplet ground state and therefore its direct combination with singlet organic
molecules is a spin-forbidden process 43. This problem can, under certain circumstances, be
overcome by using transition metal ions or transition metal complexes to catalyse the
reaction 4;1 Transition metals can catalyse these types of reaction because their multiple spin
and oxidation states can readily interact with dioxygen, even to the extent of forming oxygen
adducts that can be isolated 43.

It was decided to investigate two catalytic systems involving the use of transition metals. The
first system involved the use of a dioxygen-transition metal complex. The second system was

based on the use of a variable oxidation state transition metal-ligand complex.

.0.1 Dioxygen-Transition Metal Complex
Many biologically produced oxygen carrying molecules are known, for example haemoglobin
and haemocyanines. These biological molecules are based on a transition metal centre, which
facilitates reversible oxygen binding to the molecule. Synthetically produced oxygen carrying

molecules, generally based on a transition metal centre, have also been produced in great variety

4546

There are three main oxygenated forms of transition metal - oxygen complexes. The type of
complex present in a system depends on the metal type and its oxidation state, as is shown in

Table 3.0 (see overleaf) 43,
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Y F
| Name J’ Shape Example of Metal
] 0
Peroxo M | Col, Irl, Rull, Rh!
\

(0)

0
Superoxo (I) Fell, Coll

| M |
-0

IL-peroxo ]’ M \0’ M ’> Fell, Col!

where M = Metal and O = Oxygen

Once the complex forms, the metal acts as a reducing agent and can also polarize the dioxygen
bond, facilitating its cleavage. It can also simultaneously bind the oxygen molecule and the

substrate, thus creating favourable conditions for the oxidation of the substrate.

.0.1.1 Anticipated Method of Use of a Transition Metal - Dioxygen Complex

The desired mode of operation would be that, when added to a solution of partly digested resin,
the transition metal-O, complex interacts directly with an organic molecule in solution, adding
oxygen to it. The deoxygenated transition metal molecule would then form another complex
with O, from the reaction solution, and then add O, to another organic molecule. This catalytic
cycle would continue until some or all organic molecules had been oxidised partially or
completely to CO,. Several workers have described the use of transition metal-O2 complexes
to oxidise organic substrates, so it was known that this behaviour could occur 47:48:49,

Figure 3.0 shows the catalytic cycle that occurs when an organic molecule is oxidised.

72



TRANSITION METAL - DIOXYGEN COMPLEX
0,+Tr —= Tr-0, (1)
Tr_()2 +Or —>» Tr+ OI'-OZ (2)

where Tr = Transition Metal
Tr-O, = Transition Metal - Oxygen Complex
Or = Organic Molecule

3.0.1.2 Cobalt Based Oxygen Carrying Molecules

The use of cobalt as the transition metal centre in synthetic oxygen carrying molecules has been
widely investigated for many years. One of the earliest known complexes was a cobalt complex,
[(NH3)10C02072]4+, which was first described in 1893 50. However, this research was not
followed up until 1938, when Tsumaki published a paper on the properties of the cobalt(II)
chelate of Bis(salicylaldehyde)ethylenedi-imine, otherwise known as Co(salen) or
“salcomine’ 31. Further work was carried out on this compound by Calvin and Bailes in
1947 37,

Much of the initial work on Co(salen) and derivatives was carried out with the aim of developing
a mechanically simple method for separating O from the atmosphere. However, this aim was
not achieved until 30 years after Calvin’s work, when a fluorine-substituted Co(salen) chelate
was developed as the basis of a successful oxygen supply system 52 Other work on cobalt
dioxygen complexes has used them as models for binuclear oxygen carrying and oxygen storage
proteins 53, Work has also been carried out on the use of complexes for the direct reduction of

dioxygen to water in homogeneous solution and on electrode surfaces 50,
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3.0.1.2.1 Co(salen)

It was decided to study the insoluble (in water) dioxygen complex Co(salen) because of the ease
with which it can be synthesised, and the large quantity of research that has already been carried
out on the complex. This research indicated that the Co(salen) molecule can be reversibly
oxygenated and deoxygenated many thousands of times before the molecule eventually
degrades 4.

Co(salen) is a perfectly planar compound, crystallising out in a layer lattice.

F1 E
ELECTRON MICROSCOPE PHOTO OF A CO(SALEN) CRYSTAL

The oxygen uptake occurs in the ratio Co:Oz = 2:1, in the solid state, and it is thought that the
O, molecule is bound between two layers of cobalt atoms, with one atom attached to each layer.
In organic solvents, the Co:O3 ratio can either be 1:1, as in (A), or 2:1, as in (B) (see Figure

3.2) 55,
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COSALEN)-OXYGEN CONFORMATIONS
N O N O 0
\/ \|
L—ﬂ) + 0—0 = L_IC{)_O (A)
NO NO
N O ON
0 ON
M7 \/ NO O-——(\Z(/)—L
L_IC{"‘O + C{)—-L — \l /7 N\ (B)
NO OIN R0 N
N O
N O
\/

where L = Ligand and 'C{) = Co(salen)
N O

Factors thatinfluence whethera2:1 or 1:1 complex is formed include the relative concentrations

of Co(salen) and O3 in solution, temperature and solvent 30,

3.0.2 Variable Oxidation State Metal-Ligand Complexes

The presence of two or more stable oxidation states in transition metal ions is common
e.g. Ce#/3+ Another example of this is the Pd ion, as part of the macrocyclic complex
‘palladium 1,4,7 triazacyclonane’. The effectof the 1,4,7 triazacyclononane ([9]aneN3) ligand,
when complexed with a Pd!! ion, is to stabilise the Pd!!l oxidation state. As a consequence of
this stabilisation, O will oxidise the Pd! ion to the Pd!!! ion. This Pd!!! jon is then capable of

acting as an oxidising agent. It was hoped that a catalytic system could be developed based on

this property of the ([9]aneN3) ligand when complexed to palladium.

3.0.2.1 Palladium 1.4.7 Triazacyclononane

The macrocyclic ligand 1,4,7-triazacyclononane ([9]aneN3) has received attention recently for
a variety of reasons, including its ability to stabilise unusual oxidation states, such as Nilll 56,
The small size of the ring induces a facial disposition onto an octahedral structure, thus all the

simple complexes involving first-row transition elements exhibit an MNg geometry 3.
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However, the elements of the second and third transition series have increased crystal field
stabilization energy and so are not always predisposed towards octahedral geometry. For Ptll,
the d® configuration exhibits almost exclusively a square planar geometry 57. This d8
configuration has been seen in the [Pt-([9]aneN3),]2+ complex. When this complex is then
oxidised by molecular oxygen to [Pt-([9]aneN3)2]4+, octahedral co-ordination is observed 57.
It is the ([9]aneN3) ligand that facilitates the oxidation of the Pt centre.

The synthesis of the [Pd-([9]aneN3)2]2+ complex was reported by McAuley in 1988 58, It was
found that this complex could also be oxidised by oxygen, like the equivalent platinum complex,
but to the III oxidation state rather than the IV oxidation state. The E° for the Pd!!V/I couple,
at pH 1.5, 15 0.53V (vs. NHE).

The crystal structure of the Pd!l complex has the ligand coordinated in a bidentate, square-planar
manner (isomorphous with the Ptllion) 57. However, there is some steric strain in this molecule.
The axial lone pairs on the non-coordinated nitrogen atoms perturb the orbital energy levels,
which encourages the formation of a Pd!l complex, which has a strain free octahedral
geometry 39, The [Pd-([9]aneN3)7]3+ complex was the first example found of a monomeric
Pd! jon that is stable for long periods in aqueous solutions (pH = 3-8). The Pd!V ion has also

been found, but it is far less stable than the PdI ion.
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3.0.2.1.1 The Anticipated Method of Use of Palladium Triazacyclononane
The anticipated method of use for the [Pd-([9]aneN3)2] would be the addition of [Pd-

([9]aneN3)2]3+ to apartially digested resin solution. The complex would then oxidise an organic
molecule, being itself reduced to [Pd-([9]anc:N3)2]2+ in the process. Oxygen blowing through
the solution would reoxidise the complex back to [Pd-([9]aneN3)2]3+, creating a catalytic cycle

for the partial or complete oxidation of organic materials in solution, as shown in Figure 3.4.
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FIGURE 3.4
THE CATALYTIC OXIDATION OF AN ORGANIC MOLECULE BY A

ARIA AT TATE METAL-LIGAND
1l O, I
P& ————— Pd (1)
PdM+Or —— P4 + oxidised Or ()

where Pd = Palladium

Or = Organic molecule

3.1 RESULTS
3.1.1 The Addition of Co(salen) to Resin Digestion Solutions

Co(salen) crystals were added to partly digested resin solutions and the mixture was then stirred
and heated while Op was blown through the solution (Co(salen) is a heterogeneous catalyst in
water). TOClevel and Co concentration were monitored at the start and end of each experiment.
Control experiments were carried out by blowing oxygen and nitrogen through the solutions

under the same conditions, but in the absence of Co(salen).

3.1.1.1 TOC Level Changes

Over the course of several experiments, it was shown that the TOC level in the partly digested
resin solutions was on average lower after O or Ny had been blown through the solution. ATOC
level drop was also seen when O was blown through the resin solution in the presence of

Co(salen). Table 3.1 (see overleaf) presents a summary of the series of experiments carried out:-
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On initial inspection of the experimental data shown in Table 3.1 it would seem that the
Co(salen)-Oy complex causes little or no further oxidation of organic molecules in aqueous
solution. This is suggested by the 10% drop in TOC level when either O or N7 is blown through
the resin solution, compared with a 4% drop in TOC level when O3 is blown through the resin
solution in the presence of Co(salen). The identical TOC level drop irrespective of whether N2
or O3 is blown through the resin solution, suggests that this TOC level drop is due to residual
CO, and / or volatile organic molecules being swept out of the solution by a combination of the

gas passing through the solution and the elevated temperature of the solution (95°C).

3.1.1.2 Further Analysis of Data from Table 3.1

Although the raw experimental data would suggest that the Co(salen)-O2 complex is having
little or no effect on the TOC level of the 75 minutes resin solution, (4% TOC level drop .vs. 10%

drop for Np or Op) it was decided tore-analyse the data. This was done as aresult of experimental
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data obtained on the concentration of Co in solution.

AA analysis of the resin solution before and after Co(salen) use showed thata very large increase
in Colevel had occurred during the experiment. Using typical experimental data (see Table 3.2)
it can be seen that the Co concentration in solution increases from 1.5 ppm to 105 ppm, an
increase of 70 times relative to the original concentration. Since the only possible source of Co
in this system is the Co(salen) catalyst, it must be assumed that this Co increase is due to the
Co(salen) crystal partially dissolving or degrading under the conditions used in the experiment.
If this is happening then an increase in the TOC level of the resin solution due to the contribution
of the carbon skeleton of the Co(salen) molecule can be expected.

To check whether the Co(salen) was in solution in the above system or alternatively in the form
of fine particles, the resin solution was filtered through a p160 sintered glass disc. No change
in Co level before and after was seen, indicating that the Co was in solution, and that parts of

the Co(salen) crystals had degraded or dissolved into aqueous solution.

TABLE 3.2
P RESI LUT T EVEL AND
BALT ENTRATION DATA
TOC level before = 3720 ppm TOC level after = 3320 ppm
Co level before = 1.54 ppm Co level after = 105.4 ppm

Using the figures in Table 3.2 to calculate the effect on TOC level of Co(salen) dissolving
or degrading into solution:-

a) The total ppm of Co in solution increases by 104 ppm, which represents an increase of
0.014 g of the Co loading in the resin solution (which has a constant volume of 100 cm3).

b) Since the relative molecular mass of Co(salen), (molecular formula C16H14N202Co) is 325,
this increase in Co level equates to the addition of 0.045 g of C into the resin solution (450 ppm
C). This would increase the TOC level of the resin solution to 4120 ppm from its initial level
of 3720 ppm, i.., degradation of the Co(salen) crystals during passage of O3 through the resin

solution releases 0.045 g of C into solution.
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¢) If the total TOC level fall during passage of Oy through the resin solution is calculated from
4120 ppmrather than 3720 ppm, a total drop of 20% is observed, compared with an average drop
for O3 alone of 10%.

If the data for all other non-Co(salen) experiments is analysed similarly then it is found that the
average TOC level drop in the presence of Oz and Co(salen) is 19.4%, whereas in the presence

of O alone the average TOC level drop is 10%.

This woul t that 9.4% of th n in solution h n oxidi b and Hy
o(salen), while a further 10% ha n physically removed from solution h in
through.

.1.2 Blowing Oxygen Through a Resin Solution in the Presence and Absence of alen) an
Its Effect on Subs nt H en Peroxi ilisation
Another series of experiments was carried out, in which the progress of a conventional Fenton’s
reagent / resin digestion reaction was again arrested 75 minutes after its start, to produce a large
batch of *75 minutes resin solution’. The HpO» concentration in this batch was found, and then
the 75 minutes resin solution was splitinto 3 equal portions. The H2O7 in solution was removed
from two of the portions by adding platinum catalyst. The final, unaltered portion was then
allowed to react again by heating it to 95°C, to create a control experiment. O was then blown
through each of the other two portions of 75 minutes resin solution via a sintered glass gas
bubbler, one portion in the presence and the other in the absence of Co(salen). The resin
digestion reactions were then resumed from the points at which they had been stopped (after
removal of Co(salen)) by addition of an amount of HyO7 equivalent to that removed by the
platinum catalyst. The final TOC levels were found after the reactions had been completed.
The aim of this series of experiments was to find out whether the presence of Co(salen) in
solution (after using Co(salen) / O3 to oxidise organic molecules in solution - see Section 3.1.1)

would affect the later progress of the Fenton’s reagent / organic molecules reaction.

1.2.1 The Results of th len) / Fenton’s Reagent Combination
The TOC level of the unaltered 75 minutes resin solution was found to be 3450 ppm.
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Experiment

Final TOC -
standard
digestion reaction

Final TOC - 02
blown digestion
reaction

Final TOC -
02/Co(salen)
digestion reaction

WI_‘ 850 ppm

|

1 - -

2 IL 790 ppm ]r - " -

3 | - l 630 ppm -

4 | - " 770 ppm | -

> " - - " 720 ppm
Summary of Data H 820 ppm 700 ppm " 720 ppm

The result of Experiment 5 (Table 3.3) shows that the presence of Co(salen) in solution has no
adverse effect on the subsequent progress of the Fenton’s reagent/ resin reaction, after Co(salen)
has been used mid-way through the reaction to oxidise organic molecules in solution. In fact,
the final TOC level in this experiment was found to be 12% lower than the averaged final TOC
level of the standard resin digestion reaction. Since the margin of error in TOC level
measurements is about 2%, this TOC level fall is statistically significant. The final TOC level
of 720 ppm represents a 79% drop in TOC level from the TOC level of the original 75 minutes
resin solution.

The use of O alone mid-way through the reaction, in Experiments 3 and 4, also had the effect
of lowering the final TOC level of the resin solution relative to the standard resin digestion
reaction. The final, averaged TOC level in these experiments was 15% lower than the averaged
final TOC level of the standard resin digestion reaction. The final TOC level in this solution,
700 ppm, represents an 80% fall in TOC level from the 75 minutes resin value.

The final TOC level of the standard resin digestion solution, 820 ppm, represents a 76% drop

in TOC level, relative to the 75 minutes resin.
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3.2 Discussion of the Results
2.1 TOC Level Reduction by Gas Purging Alone (S tions 3.1.1.2 and 3.1.2.1

It seems that blowing either N or O through a heated solution of partially digested resin reduces
the TOC level of that solution by removal of organic volatiles and CO7. However, in the context
of the Nuclear Electric project, this method of TOC level reduction may not be of any practical
use, for two reasons.

The first reason is that at the end of any industrial process based on Fenton’s reagent digestion
of ion exc_hange resin, the end resin reaction solution would first be neutralised by addition of
a base, and then heated until all water was lost (see Chapter 8, Section 8.6). It would be expected
that any volatile organic molecules or CO2 would be lost from the solution at this point, negating
the beneficial effect of any earlier gas sparging of the solution. Secondly, I have suggested that
air blown through the resin solution should be used to stir the reaction mixture in the full-scale
industrial resin processing plant (see Chapter 8,.Section 8.3.1.2). This air would have the

secondary effect of removing any volatile organic molecules or CO; from solution as soon as

1t was created.

.2.2 TOC Level Reduction se of mbination of Co(salen) and Dioxygen ection
3.12)
In my experiments, when O was blown through the solution in the presence of Co(salen), there
was a lower TOC level reduction than when O3 alone was blown through the resin solution (4%
against 10%). However, when the contribution of degrading Co(salen) molecules is taken into
account, it sc;,c;ms that oxidation of the organic molecules in the resin reaction solution to CO2
is occurring. The TOC level reduction due to Oz / Co(salen) use might well be increased if the
conditions of reaction were altered. If a large enough increase in the quantity of organic
molecules oxidised were obtained, then the adverse increase in TOC level caused by dissolving
Co(salen) would be counteracted, creating an overall reduction in TOC level through use of the
0, / Co(salen) system. Alternatively, ways could be investigated of stabilising the Co(salen)
crystals, to stop the addition of organic compounds to the resin solution by crystal degradation.

If either of these approaches was successfully implemented, less H2O2 would be required to

83



oxidise the remaining organic molecules, resulting in savings in the use of this reagent. As
shown by Table 3.3, the presence of Co in solution (from the dissolving Co(salen)) does not

appear to have any adverse effect on the Fenton’s reagent / resin reaction.

In summary, this area of research could be promising from an economic viewpoint because it
seems that the use of the Co(salen) / O7 oxidises some organic molecules present in the resin
solution. Co(salen)isaneasily and cheaply produced catalyst, and its use part of the way through
the resin digestion reaction does not adversely affect the subsequent Fenton’s reagent / organics
reaction. Opisafairly cheap gas, although the economics of using a Co(salen)/ O system would
be greatly improved if it was found that air could be used instead of pure Op. Unfortunately, it

was not possible to perform further work on this system due to lack of time.

3.3 The Use of Palladium 1.4.7 triazacyclononane to Oxidise Resin Reaction Solutions

Palladium 1,4,7 triazacyclononane was added to partly digested resin solutions, which were
then stirred and heated while O was blown through the solution. The TOC level was monitored

at the start and the end of the experiment.

3.3.1 Changes in TOC level

No significant change in TOC level values at the beginning and end of the experiment was seen
in either 70 minutes resin solution or 300 minutes resin solution. However, the colour of the 70
minutes resin solution changed from light brown to dark brown / black during the experiment.

This may indicate that some organic molecules in the resin solution are being partially oxidised.

4 Discussion of the Results

The TOC level results suggest that there is no conversion of aqueous organic molecules to CO2
and water by palladium 1,4,7 triazacyclononane, in the presence of Op. However, it might be
that only partial oxidation of specific organic molecules is occurring, without complete
oxidation of organic molecules to CO7 and water occurring. This hypothesis may be supported
by the colour change of the 70 minutes resin solution during the experiment. In fact, the colour

change of the solution is an indication that partial oxidation of at least some of the organic
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molecules in solution has occurred. Forexample, when phenols (likely components of the resin
digestion mixture at this point) are oxidised there is a colour change from colourless to dark
brown / black as variously coloured quinones are formed 5.

This hypothesis could be also investigated by analysis of the resin solution before and after the
addition of palladium 1,4,7 triazacyclononane. Alternatively, subsequent HpO2 consumption
could be measured, to find if it had been affected by use of palladium 1,4,7 triazacyclononane.

These experiments were not carried out due to lack of time.
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4.0 INTRODUCTION

UV irradiation of aqueous solutions, often in association with photocatalysts such as titanium
dioxide, has been shown to be a very effective method of removing a large variety of organic
compounds from solution 60.61,

It was suggested that irradiation of the partly digested resin solutions (with or without a
photocatalyst) might produce a significant TOC level drop in the resin solution by conversion
of the organic molecules to CO2 and H7O. This hypothesis was tested by irradiating two
solutions ;)f partly digested resin. The first sample solution irradiated was taken from a point
just after all the resin had solubilised. The second sample solution irradiated came from the end

of the reaction, after all the HpO» had been consumed.

4.0.1 The Effects of UV Irradiation on Organic Molecules

If an atom or molecule absorbs UV light, it becomes energetically excited through the promotion
of at least one electron to a higher energy orbital. Molecules in excited states are usually more
easily oxidised than the equivalent ground state molecule due to the promotion of electrons to
the higher energy, often anti-bonding, orbital (in which electrons are more weakly held).
Excited states are also more easily reduced, because the photoexcitation generates an orbital
vacancy in a low-energy orbital making the excited state highly electrophilic in the presence of
an appropriate electron donor 62.

In aqueous solutions the excited state species often creates in turn a free radical, either by direct
photolytic cleavage or by a photo-induced charge transfer reaction with another reagent. A

major product of these reactions in water is the -OH radical, which in turn initiates organic auto-

oxidation 60,

OH*+RH —>» R°*+HOH
R*+0, —>» ROO°®
ROO°+RH —>» ROOH+R°®

or, for aromatics

AI'.+02 —_— ArOO"°

ArOO*+ArH ——> ArOOH + Ar°®
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Auto-oxidation produces cleaved aromatic rings and small highly oxidised organic fragments
such as low molecular weight carbonyl compounds ©3. Organic molecules which are particularly
susceptible to auto-oxidation include phenols, compounds with electron rich centres, and

molecules with easily oxidised functional groups 4.

Photoassisted heterogenous catalysis has been the focus of much research over the past 15 years,

since it was shown that this technique could remove hydrocarbon and chlorocarbon contaminants
from water 65. For example, chloroform, benzene, phenol, poly-chlorinated biphenyls, and the
herbicides atrazine and s-triazine can all be completely mineralised by a UV / semiconductor
combination 66,67,

Various semi-conductors such as metal oxides (e.g. ZnO, WO3) and metal sulphides (e.g. CdS)
have been used as photocatalysts in the past. However, the semi-conductor TiO2 was chosen
forinvestigation as a catalyst for the destruction of organic molecules in the resin solution. This
was because the UV / TiO7 system has been studied by many workers and some of its properties
and reactions are therefore well documented 6869, TiQ; also has the benefits of being non-toxic,

insoluble, and relatively cheap (all important factors to consider in an industrial process).

4.0.2.1 Chemistry of Semi-Conductor Photocatalysts

When photons of UV light fall on the semiconductor catalyst, they cause electron excitation
within the solid. This excitation forms electron-hole pairs, some of which migrate to the surface
of the semi-conductor 70. Interaction of these conduction-band electrons and valence-band
holes with water and oxygen in solution forms hydroxyl and other oxygen containing radicals.

These radicals then attack and oxidise any organic molecules present 67:69,



FORMATI A T THE K

02 +e- —_— 02—
electron
The surface of the
semi-conductor
H,0+h" — 5 *og+H*
hole

20H"+h" —» *OH+OH"

positive hole on
surface of semi-conductor

where h' =

For example, Okamoto suggests the following reaction pathway for radical addition to

phenol 67,

FIGURE 4.1
THE ADDITI F D T
OH OH OH OH
OH OH OH
H H
+'OH —>» —> — > +HO;
0, 0,
H H
OH OH OH
O
——2* — + HOZ.
H H
0,
OH H OH H OH

If irradiation is continued, eventually the phenol is completely converted to CO; and HO, in

a process known as mineralisation.

C¢HsOH + 70, —» 6C0, + 3H,0



4.1 RESULTS
4.1.1 The Irradiation of Resin Digestion Solutions by UV Light

In ‘Experiment 1’ solutions of 75 minutes resin were irradiated in a UV photochemical reactor
at room temperature while first oxygen, and then air was blown through the liquid. The TOC
level was monitored throughout the reaction period.

In ‘Experiment 2 ‘ the Fenton’s reagent / resin reaction was halted at 75 minutes, part of the
reaction mixture taken as a sample, and the reaction in the main part of the solution continued.
The sample had its [HyO5] determined, and then all the HyO; was removed from the sample,
which was subsequently irradiated in a UV photochemical reactor for 1 hour. An equivalent
amount of HO3 to that originally removed was then added to the irradiated sample and a normal
Fenton's reagent reaction continued until no HyO; was left in the sample.

In ‘Experiment 3 ‘ a solution of 300 minutes resin was irradiated in a UV photochemical reactor

for 7 hours. The TOC level was measured at the start and end of the reaction.

4.1.1.1 TOC Level Changes

Experiment 1

TOC (ppm) TOC (ppm) after || TOC (ppm) after || TOC (ppm) after
starting value 300 minutes UV 350 minutes UV 330 minutes UV
irradiation irradiation + O , || irradiation + air
3720 3650 3750 3770

No statistically significantchangein TOClevel was observed during the 5-6 hours the 75 minute

resin solutions were irradiated with UV light. However, the colour of the solution did change

from light brown to dark brown / black during the period of irradiation.
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Experiment 2

THE STANDARD RESIN DI I I
TOC (ppm) at TOC (ppm) || TOC (ppm) of 75 TOC (ppm) of UV
75 minutes after Fenton's minutes resin irradiated 75 minutes
reaction after 1 hour UV resin after Fenton's
completion || irradiation reaction completion
4170 1900 ][ 3930 1350

The sample that had been irradiated with UV and then reacted with Fenton’s reagent had a final

TOC level 29% lower than that of the unirradiated resin solution.

Experiment 3

TOC (ppm) starting value TOC (ppm) after 420
minutes UV irradiation

940 930

No statistically significant change in TOC level was observed during the 7 hours the 300 minute

resin solution was irradiated with UV light.

4.1.1.2 Discussion of the Results

4.1.1.2.1 A Discussion of Experiment 1

Irradiation of the aqueous solution with UV light has no effect on the TOC level of the solution.
However, this does not necessarily indicate that oxidation of organic molecules in solution is
not occurring, only that any oxidation of organic molecules has not converted them to CO; and
H5O. In fact, the colour change of the solution is an indication that partial oxidation of at least
some of the organic molecules in solution has occurred. For example, when phenols (likely

components of the resin digestion mixture at this point) are oxidised there is a colour change
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from colourless to dark brown / black 59.

In Chapter 3 it was described how, when gas was blown through a partly digested resin solution
heated to 95°C, aTOC level drop of about 10% was noted. No similar TOC level drop was noted
inExperiment 1 (75 minutesresin/ gas sparge/UV light) indicating thata TOC level drop occurs
only when the resin solution is heated. Heating the resin solution would be expected to reduce
the solubility of volatile organic molecules in the solution, thus allowing some of the volatile

organics to be removed by a gas stream.

4.1.1.2.2 A Discussion of Experiment 2

Assuming the results of this single experiment are reproducible, this experiment would tend to
support the suggestion made above, in Section 4.1.1.2.1, that partial oxidation of the organic
molecules in the resin solution is occurring. There appears to be a significant improvement in
efficiency of the Fenton’s reagent / resin reaction when the resin solution is irradiated for a time
part of the way through the reaction. This improvement may be due to the UV light producing

oxidised molecules which can be more easily oxidised by Fenton’s reagent.

4.1.1.2.3 A Discussion of Experiment 3

Irradiation of the aqueous solution with UV light has no effect on the TOC level of the solution.
However, this does not necessarily indicate that oxidation of organic molecules in solution is
not occurring, only that any oxidation of organic molecules has not converted them to CO2 and

H>O.

4.1.1_.;5 Conclusions

Although UV irradiation appears to have no direct effect on the TOC level of resin digestion
solutions, it appears that oxidation of organic molecules does occur. It also appears that these
molecules, once oxidised by UV light, are much less resistant to subsequent oxidation by
Fenton’s reagent. This could have important commercial implications, as UV irradiation of the

resin mixture for one hour, just after resin solubilisation, eventually resulted in a large reduction

in the final TOC level.
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4.1.2 The Irradiation of Resin Digestion Solutions by UV Light, in the Presence of Titanium

Dioxide

Solutions of 75 and 300 minutes resin were irradiated in a UV photochemical reactor in the
presence of a suspension of TiO; (anatase form). The TOC level was monitored throughout the
reaction. In Experiment 4, 10 second bursts of oxygen were blown through the irradiated resin
solution every 15 minutes to purge the solution of any CO; formed by organic molecule
degradation. In Experiment 5, oxygen was blown continuously through the resin solutions. In
Experiment 6, 75 minutes resin was filtered prior to use to remove any suspended organic

material, in an otherwise identical experiment to Experiment 5.

4121T vel Chan
4.1.2.1.1 Experiment 4 - with 75 minutes resin

TOC (ppm) starting value " TOC (ppm) after 540
minutes UV irradiation

3800 3690

When 75 minutes resin was irradiated no statistically significant change in TOC level was
observed after 9 hours irradiation. However, the colour of the solution did change from light

brown at the start of the period of irradiation to dark brown / black at the end of the period of

irradiation.
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4.1.2.1.2 Experiment 4 - with 300 Minutes Resin
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Figure 4.2 shows that when 300 minutes resin is irradiated, a smooth fall in TOC level is seen
during the period of irradiation. When the logarithm of each of the points from Figure 4.2 is
plotted against time, the points fall on a straight line, indicating that the rate of loss of carbon

from solution is first order in carbon, this being shown in Figure 4.3.

4.1.2.1.3 Experiment 5 - with 75 Minutes Resin
TABLE 4.4
IRRADI 1 E PRE
F ID D TI PURGE

TOC (ppm) starting value I TOC (ppm) after 540
minutes UV irradiation

3500 3400

When 75 minutes resin was irradiated no statistically significant change in TOC level was
observed after 9 hours irradiation. However, the colour of the solution did change from light
brown at the start of the period of irradiation to dark brown / black at the end of the period of
irradiation.

4.1.2.1.4 Experiment 5 - with 300 Minutes Resin
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Figure 4.4 shows that when 300 minutes resin is irradiated a smooth fall in TOC level is seen
during the period of irradiation. When the logarithm of each of the points from Figure 4.4 is
plotted against time, the points fall on a straight line, indicating that the loss of carbon from
solution is first order, this being shown in Figure 4.5. The gradient of this line is nearly the same
as for the experiment in which Oy was not constantly passed through the resin solution (6.3 x
10-4 .vs. 6.9 x 104). This indicates that the progress of the reaction is not affected by the

saturation of the resin solution with Oz i.e., O is notinvolved in the rate determining step in this

reaction.
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4.1.2.2 Experiment 6 - Pre-Filtering the 75 Minutes Resin Solution

TOC (ppm) starting value TOC (ppm) after 540
minutes UV irradiation

3940 3970

When 75 minutes resin was irradiated in the presence of TiO no statistically significant change
in TOC level was observed after 9 hours irradiation. However, the colour of the solution did
change from light brown at the start of the period of irradiation to dark brown / black at the end
of the period of irradiation. Spectroscopic measurements in the UV / Visible region made during

the reaction (see Figures 4.6 and 4.7) show this colour change clearly.

4.1.2.2.1 Changes in Absorption

FIGURE 4.6
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4.1.2.3 Calculation of the Quantumn Yield for the 300 minutes / TiO, / UV reaction

A potassium ferrioxalate solution-phase chemical actinometer system, as described in Section
2.10.1, was used to find the quantum yield of the 300 minutes / TiO2/ UV system. It was found

that 0.022 moles of Fe3+ were reduced during 9 hours of irradiation.

Averaging the results for the two 300 minutes resin/ TiO2 / UV experiments carried out, 32.5%
of the carbon is lost from solution in 9 hours, with a starting concentration of 1370 ppm, and a
volume of 100 cm3.

In 100 cm3 of 300 minutes resin solution there is 0.137 g of carbon, of which 0.0445 gis oxidised

to CO7 in 9 hours.
0.0445 g of C represents 3.7 x 10-3_moles of C.

Thus for the UV / TiO3 / 300 minute resin reaction,

@ = No. moles C oxidised / No. moles Fe3+ reduced

¢ =0.0037 /0.022
=0.1
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0.17 represents a surprisingly high quantum yield for the 300 minutes resin /TiOp /UV system.

The oxidation of CH70 to CO; is a 4 e process,

CH,0 +H,0 —>» CO,+4H" +4¢

and the figure for quantum yield implies that one molecule of C is removed for every 6 excited

electrons i.e., excited electrons are used with an overall efficiency of around 67%.

4.1.2.4 Discussion of the Results
4.1.2.4.1 Oxidation of 75 Minutes Resin

It seems likely that partial oxidation of some organic molecules is occurring in this resin
solution, as is indicated by the changing visible absorption with time at various wavelengths.
These changes in absorption fit the obvious suggestion that various oxidation products are being
formed and destroyed sequentially during solution irradiation.

The lack of any measurable TOC level drop in this solution, in contrast to 300 minute resin
solution which exhibits a significant drop, can be explained by the high UV / visible absorption
of the 75 minutes resin solution, relative to 300 minute resin. The anatase form of TiO7 used
in these experiments has a band gap of 3.23 eV (corresponding to 388 nm) 71. At this wavelength
the absorption of the 75 minutes resin is 4.4 times greater than that of the 300 minutes resin

(0.102 v 0.023).
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This would mean that radiation incident on the surface of the 75 minutes resin solution would
penetrate a much shorter distance than radiation incident on the surface of the 300 minute resin
solution. Thus, since less of the UV light of the appropriate wavelength reaches the TiOg, fewer

-OH radicals will be created, and less oxidation of organic molecules in solution will occur.

4.1.2.4.2 Oxidation of 300 Minutes Resin

Some 30% of the organic components of this resin solution are being totally oxidised to CO2
and HoO by the combined action of TiO2 and 9 hours of UV light. This is in contrast to the 75
minutes resin solution, in which little or no organic material appears to have been converted to
CO, and H2O. This difference in behaviour can be ascribed firstly to the different level of light
absorption of each resin solution, as described earlier in Section 4.1.2.4.1. Secondly, itis likely

that material in the 75 minutes resin solution is only being partly oxidised.

The rate at which organic material is converted to CO2 and HpO is very slow, even though the
quantum yield for the reactionis good . Thisimplies that the best way to speed up the conversion
process would be to increase the rate of -OH radical production. The simplest way to do this

would be to increase the photon flux, thus increasing the number of radicals produced per

100



second. Alternative methods of increasing the rate of production of -OH radicals are detailed

below.

4.1.2.5 Possible Methods to Improve the Efficiency of Hydroxyl Radical Production in the
Resin / TiQp / UV System

4.1.2.5.1 Combining at Least Two T, f Semi-Conductor

The effect of using other semi-conductors, such as ZnO or CdS, in conjunction with TiO; could
be investigated. These semi-conductors would absorb radiation at different wavelengths to
TiO7due to their different band gaps. This would increase the quantity of -OH radicals produced
in a solution illuminated by a relatively broad emission radiation source such as a mercury

vapour lamp.

4.1.2.5.2 Alteration of the Surf f the Titanium Dioxi 1

The surface of the TiO; catalyst could be altered either physically (to increase the surface area)
or chemically to produce more -OH radicals for the same amount of incoming radiation.

a) Physical Alteration

The surface area of a given mass of TiO; could be increased by using smaller particles, or by

using particles with a rougher surface.

b) Chemical Alteration
Kondo has reported that the doping the TiO particle surface with Ag increases the rate and

degree of oxidation of chloroform in contaminated water 61. It is feasible that similar effects
would be seen in the resin / TiO2 / UV system.

Another potential method is to exploit research carried out on the photodecomposition of water.
In this research, applying Pt and RuO3 to the surface of TiO2 results in the decomposition of
water to HyO in aredox reaction 72, If only RuOy were to be deposited on the surface of the TiO

then only an oxidation promoter would be present. This would further encourage oxidation of

organic molecules in solution.
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4.12.53 A Design Modification to Achieve an Increase in Degree of Qrganic Molecule

Oxidation in the UV / TiO» /75 Minutes Resin System

If aspects of the experimental equipment design were altered it is likely that the degree of

oxidation of the resin organic molecules could be increased.

FIGURE 4.9
Experimental Design 1 Experimental Design 2
UV source .“:‘ 4—'—_" UV Source
75 minutes — Supported titanium
resin/suspended - T-—/ dioxide catalyst
titanium dioxide - 75 minutes resin
mixture solution
-
|| u L

(In both designs the resin solution is continuously stirred)

In the experimental design used in the work for this thesis, Design 1, the TiOz is distributed
throughout the 75 minutes resin solution. Due to the high degree of light absorption of the resin
solution only a small fraction of the radiation emitted by the UV source is incident on the
particles of TiOy in solution. If Design 2 were used, there would only be a small path length of
resin solution for the UV radiation to travel through, from the UV source to the TiO9, which
would tend to increase the amount of -OH radicals produced. However, the decreased surface

area of TiO7 in Design 2 might partially or completely counteract this potential improvement

in -OH radical production.

4.1.3 Conclusions

1) UV light alone appears to partially oxidise components of the concentrated resin digestion

solutions seen earlyin the standardresin digestion reaction. These partially oxidised components

may be more suseptible to subsequent attack by Fenton's reagent.
2)AUV/TiO2 combination will effectively oxidise the smaller organic molecules seen towards
the end of the Fenton's reagent digestion of Lewatit ion-exchange resin.

3) AUV/TiO2 combination appears to partially oxidise components of the concentrated resin
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digestion solutions seen early in the standard resin digestion reaction.

4) Oz does not take part in the rate determining step in the UV / TiO; oxidation of the dilute end

resin digestion mixture.

The irradiation of partly digested resin solutions in the presence of TiO; appears to be an effective
method of directly reducing the carbon content of the resin solution. Further work on reaction
variables would be required before the method could be used as part of a commercial ion-
exchange resin treatment process. Nevertheless, the UV/TiO» research, along with the research
on the effects of UV light on the progress of the Fenton’s reagent reaction (Section 4.1.1) is very
promising. Unfortunately, work was not started into these subjects until late into the PhD. Much
more time would have been spent investigating the UV / Fenton’s reagent and UV / TiO2

systems if it had been available.

103



CHAPTER 5
THE USE R
AQUEOUS ORGANIC MOLECULES
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S0 INTRODUCTION

The Ce?#* ion has been used as a one-electron oxidant for many types of organic molecules 73.
Ce?* solutions firstemerged as importantreagents when they became a successor to permanganate
as the reagent of choice for oxidising organic molecules 74. Standardised Ce4* solutions in
sulphuric acid were found to be stable for long periods and more easily prepared than
permanganate solutions. Ce4+ solutions were also found to have the useful property of variable
oxidation potentials, depending on the strength and type of acidic media present 73.

TABLE S.0
VARIABLE CERIUM ELECTRODE POTENTIJALS IN
DIFFERENT ACIDIC MEDIA

Ce#+ 4+ e = Ce3+

| Electrode Potential, FO/V
[H+]/mol dm3 l HClO4 HNO3 H>SO4

1 1.70 1.61 1.44

8 | 1.87 1.56 1.42

Cerium is the only lanthanide species with a stable enough (IV) oxidation state to facilitate

simple aqueous solution preparation, its chemistry being similar to that of Zr, Hf and tetravalent
actinides, with the exception of itsredox properties /6. The hydrated ion of Ce+, [Ce(H20)n]*+
would be a strong acid. However, hydrolysis and polymerisation can be expected to occur in
all solutions, except at very low pH. Concentrated perchloric is the only acid in which itis likely
that this ion could exist. In different acid media there is always co-ordination of anions, which

accounts for the dependence of the potential of the Ce#+/ Ce3+ couple on the nature of the acid

medium 76.
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5.0.1 Details of reactions of Ce(IV) with Simple Organic Molecules

The oxidation by Ce#* of a variety of organic compounds such as alcohols, aldehydes, and
ketones has been extensively studied 73. One example of this oxidising behaviour is the Ce#+
oxidation of aldehydes and ketones at the o-carbon atom. Other examples are the oxidation of
benzaldehyde to benzoin, and the oxidation of substituted toluenes to aldehydes 77.

Sengupta et al. have shown that the following reactions occur when acetaldehyde is oxidised by

Ced+ 78,
CH;CHO + 6Ce** +3H,0 —» 2HCOOH +6Ce’* + 6H'  —-=  50% yield
CH3CHO +2Ce** +H,0 —— CH;COOH +2C&** +2H* —=— 50% yield

Oxidation of alcohols by Ce#+ is generally thought to proceed by the following mechanism 7°.

OH OH
| K Kk |

—T—H +Cet == A > —<I:- +Ce

3+

+HY

where A is probably C— O0— Ce*

The rate determining step in this mechanism involves the unimolecular disproportionation of
the complex, A, to yield a Ce3+ ion, a proton, and a free radical on the alcohol substrate. If the
alcohol is a 1,2-diol, the C-C bond between the hydroxyl groups cleaves to yield an aldehyde

or ketone, along with a free radical 8.
OH OH OH

|| o K k |
—Cc—Cc— +Ce A » —C +

| |

The fate of the free radical in both cases is probably fast oxidation by another Ce#+ion to form

+CT+HT

—C =0

an aldehyde or ketone.
OH (0]

k
—(IZ LMt —2 —C— +Ct+HY

In its use as a TOC level reduction method, it was hoped that the Ce#* ion would oxidise some
or all organic molecules in solution, being reduced to Ce3+in the process. The Ce3+ ions could

then be oxidised back to Ce** in another process and so a redox cycle could be set up.
106



2.0.2 The Use of a Combination of Cerium(IV) and Ultraviolet Light

UV light forms -OH radicals or molecules in an excited state in aqueous solution, as was
described in Chapter 4 of this thesis. It was also known that when irradiated with UV light, a
Ce*+ solution has more oxidising power than a non-irradiated solution. This is because UV light
forms free radicals in aqueous solution, thus increasing the number of oxidising species in

solution. Examples of molecules oxidised by a Ce4+ / UV light combination include alcohols

and carboxylic acids 81.

It was thu; decided to investigate the combined effect of Ce#* ions and UV light on a partly
digested resin solution and 2 model systems. It was hoped that a UV / Ce#* combination would
improve the rate and degree of degradation of organic substrates present in the partially digested

resin solution.

.0.2.1 The Effect of UV light on Solutions of V) Containing QOrganic Molecul
Dogliotti and Hayon have elucidated the overall process that occurs when a solution of Ce#+ is
irradiated with UV light 82,

hv
Ce@V)(H,0) —> Ce(llD + (H,0)"
(H,0)" + H,0 —» °‘OH +H;0"

OH+HSO,; ——> HSO,*+OH "~

At 366 nm, the peak emission wavelength of medium pressure mercury vapour lamps, the

HSO4° radicé.l.is the main oxidising species in solution, not the -OH radical. This is due to both

the quantum yield for Ce#+ reduction and the nature of the intermediate free radical species

formed 83. The -OH radical is also subject to the following reaction in solution, which removes
it as am oxidising species.
Ce(Ill) + "OH —» Ce(IV) + OH

Dogliotti and Hayon found that the rate of formation of the HSO4" radical is independent of the

presence of oxygen, slightly dependent on the concentration of cerium(IV)sulphate, and very

dependent on the concentration of H2SO4. Dogliotti and Hayon also found that the decay of the
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HSOy4- radicals in the presence of organic substrates was pseudo-first order.

Further ESR spectroscopy work by Greatorex etal. identified some of the intermediates formed

when organic substrates are present 84.

l Temperature (K)

CH;

/

Substrate Species Produced
CH3-CH,-OH 182 -CH3
CH3-CH»-CH,-OH | 190 CH3-CHp-
CH3-CHy-CHp-CH,p-OH l 194 | CH3-CH>-CHp-
CH3-CH)-CHj-CHy-CH,-OH 210 CH3-CH»-CH»-CHp-

CH;
AN 200 - CH3
CH—OH

From Table 5.1 itcan be seen that the only radical formed from RCH20H is -CH2OH, suggesting

that C-C bond cleavage is occurring. The results summarised in Table 5.2 (see overleaf) show

how a Ce#+/ UV light combination oxidatively decarboxylates the acid RCO2H.
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Temperature ( °K) || Species Produced
190 -CH3
180 CH3-CH»-
CH OH | CHs
3\ v 190 AN
CH=C CH"
CH; H /
CHj
e
CHj3
‘P o 195 I
CH;— (I:— Co CHs (f
CH, OH CH;
Cyclo-CgH11COoH 203 " CeH 11
S.1 RESULTS

The oxidative behaviour of Ce#* in aqueous solution towards soluble organic molecules was
studied using three different organic substrates without UV irradiation. The first organic
substrate studied was 300 minutes resin solution, the second a resin analogue, the sodium salt
of poly(styrériesulfonate) (PSS) and the final substrate was another resin analogue, calix[8]arene-
p-octasulphonic acid (CALIX). The action of Ce?+towards all three substrates was also studied

with irradiation by near UV light, in a photochemical reactor.

5.1.1 Calculation of the Degree of Absorption of Light by Ce(IV) in the UV Photochemical

Reactor
The [Ce4*] above which nearly all (99.9%) incoming energy at 317 nm (the maximum

absorption peak of Ce#+) was absorbed in the reactor used for this work was calculated by using

the Beer-Lambert Law, A = €CL. This was done to confirm that, at the concentrations of Cet+
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used, all the incident light on the Ce** solutions would be absorbed. This information was

necessary for some of the kinetics calculations made later in this chapter.

The extinction coefficient was found to be 4400 M-! cm-!, the path length for light in the
photochemical reactor was 1.75 cm, and it was assumed that A = 3, equivalent to 99.9% of all
incident light absorbed. Therefore any [Ce#+] higher than 3.90 x 10-4 M will absorb essentially
all the light emitted at 317 nm by the mercury vapour lamps in the photochemical reactor.
.1.2 The Reactions of Various Ratios of Ce(IV) an. Min Resin Solution

300 minutes resin solution is a complex mixture of aqueous organic molecules such as alcohols,
aldehydes, and carboxylic acids. Details of the analysis of this mixture are given in Chapter 7.
Due to the complexity of the 300 minutes resin solution the ratio of Ce#* molarity to C molarity,
rather than the concentration of any component, was used to illustrate the effect of varying

[Ce#+] on the progress of the Ce#+ / resin reaction.

5.1.2.1 The Dark Reactions of Ce(IV) and 300 minute Resin Solution

Samples of a standard solution of Ce#+ and a 300 minute resin solution were mixed together in
various ratios in the absence of light. The changes in [Ce**] in solution (as determined by
spectrophotometric measurement at 317 nm) with time were monitored. The TOCleveland any
changes in the oxidation state of the Ce in solution were also monitored during the reaction. The
oxidation state of the Ce was measured by titrating the reaction solution against a standard

solution of Fe2+.

5.1.2.1.1 Changes in Ce(IV) Concentration

A fallin the [Ce%+] with time was observed at variousratios of Ce#+ and 300 minute resin solution
when these two reagents were mixed together. When the data were analysed it was found that

a plot of the natural logarithm of the [Ce?+] against time produced straight lines of similar

gradient for all ratios tested (see Figure 5.0).
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FTABLE 5.3
GRADIENTS AND INTERCEPTS ON THE Y AXIS FOR VARIQUS
EAV): CARB ATI
Ce(IV)ion : Cin Rate of reaction (min'l) Intercept on y axis
solution (mole / mole)
0.13:1 |r 4.65x 102 -5.48
0.26: 1 JL 4.00 x 102 522
0.38:1 " 5.35x 102 | -5.51
0.64:1 " 4.65 x 102 WI» -5.48 _
0.77:1 " 5.95x 102 “ -6.11

The average rate of reaction, k, was found to be

49 * 1.0)x 10” min”'

The results shown in Figure 5.0 mean that the rate of loss of Ce#+ from solution in the Ce#+/

resin reaction is firstorder in [Ce#*] atall the ratios investigated and also that the rate of reaction
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is independent of the initial Ce#* : C ratio.

5.1.2.1.2 Changes in TOC Level
The TOC level of the resin solution was 940 ppm before Ce+addition, and 930 ppm 100 minutes

after, thus within experimental error the TOC level was unchanged over this period of time.

5.1.2.1.3 Changes in Oxidising Power

The oxidising power of the Ce#* in the resin solution was found to be reduced relative to an
equivalent amount of Ce#* in distilled water. This confirms the spectroscopic measurements,
i.e., that the Ce#* in the Ce3+ / resin solution mixture has been reduced to Ce3+. This in turn
suggests that some organic components of the resin have been partially oxidised, since the

organic material in the resin solution is the only reductant present in large quantity.

5.1.2.2 Irradiation of the Ce(IV) /resin solutions with UV light

Samples of a standard solution of Ce#+ and a 300 minute resin solution, were mixed together
attwo ratios in the presence of UV light and the changes in the [Ce#+] with time were monitored.
The results of these experiments were then compared with those from the ‘dark’, non-UV

irradiated experiments.
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Figure 5.1 shows that the rate of loss of Ce#+ from solution in the Ce?+ / resin / UV system is
first order in [Ce#+], as was the case in the non-irradiated solutions. However, insufficient data
were obtained, due to lack of time, to decide whether the rate of reaction in this system is
independent of initial Ce#+ : C (in the resin) ratio, as was found to be the case for the non-

irradiated reaction.
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Figures 5.2 and 5.3 show that there is a small difference in the rate of reaction for irradiated and
non-irradiated solutions, factors of 2 x and 3 x in these instances. For both ratios of Ce#* : resin

solution tested, the [Ce#*] in the irradiated solution falls faster than in the non-irradiated

solution.

5.1.2.4 Discussion of the Results

5.1.2.4.1 The Oxidation of the Organic Material in the 300 Minute Resin Solution
It has been shown in Section 5.1.2.1.3 that Ce#+ is being reduced to Ce3+ when it is added to 300

minute resin solution. There are two potential explanations for this observation.

1) “The Ce(IV) could be being reduced by the Fe(Il) in solution.”

This is not the case, for two reasons. Firstly, even if the all the Fe in solution was in the Fe2+
oxidation state, there would only be sufficient Fe2* present to reduce 1 percent of the Ce+
present at the start of the reaction. Secondly, the reduction of Ce#+ to Ce3* by Fe?* is a very
fast reaction (a time scale of milliseconds), whereas the observed reduction occurs over a period

of several minutes 85,

2) “The Ce(IV) could be oxidising the organics in solution”

This is the most likely explanation for the reduction of Ce#*to Ce3+. No TOC level change was
noted on addition of Ce4+, so the Ce#+ can only be partially oxidising the organic molecules in

the resin solution.

5.1.2.4.2 The Mechanism of Reaction in the UV Irradiated and Non-UV Irradiated Ce(IV) :

Resin Mixtures

The loss of Ce4+ was shown to be 1st order in both systems i.e.,
d 1
-a—[Ce(IV)] = k [Ce(IV)]
t

The non-appearance of the reductantconcentration in therate equation probably reflectsits large

excess over oxidising agent, as there were more moles of C present than moles of Ce(IV). Also
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C will only be lost from solution when it is converted to CO7 or another volatile end product.

A mechanism was developed for the Ce#* / resin / UV system, and is detailed below.

For the general reaction

k
A+B —>» C where B is in very large excess
then
d [C] d[A]
= - = kobs [AT
dt
but
Kobs=k [B]

If kobs is independent of [B] then it means that B is not involved in the slow, rate determining
step. That occurs in the present case therefore a reasonable mechanism is the system shown in

Figure 5.4 for the reaction of Ce*+ and 300 minute resin solution.

FIGURE 5.4
A MECHA M FOR THE OXIDAT ¢ T E TION’
BY CEIV) IN THE PRESENCE OF UV LIGHT
4+ __I_<_:.~ 4+ where S = co-ordination site on
Ce" + S ~— S--Ce

a 'resin solution' molecule

ie., the [S- - Ce1] = [Ce™]

S--Cet+hv =—= I[S-- ce*t 1* [ J* = activated complex
1
4+ k2 / 3+ S/ _ -d. d d. t. .t
[S--Cett]x —» §'--Ce = oxidised co-ordination site
g .. et +Ce'’ s 42 ce* S” = further oxidised
fast co-ordination site

4+ 4+
d[C 2k Ce

which leads to - [Ce™"] = 2ko [ ]
dt ky + ki
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.1.2.4.3 Future Work on th V) / Resin Reaction

Ithas been shown that addition of Ce4* to a solution of 300 minutes resin causes partial oxidation
of the organic components in solution. I would suggest that any future work on this system
should proceed as follows:-

1) Investigate the effect of higher Ce4+ : Cratiosi.e., would more Ce#+resultin complete oxidation
of organic molecules in solution, with a consequent TOC level reduction ?

2) If it were found that Ce*+ could completely oxidise organic molecules the next step would
be to find ;1 method of re-oxidising the Ce3+ formed back to Ce4+. If this could be done cheaply

and efficiently a catalytic cycle for the destruction of organic molecules might be devised.

5.1.2.4.4 The Use of Ce(IV) in Combination with Fenton’s Reagent

It would probably not be possible to set up a combination Ce#*+ /HpO7 resin destruction system,
equivalent to a UV /HpOz resin destruction system such as that described Chapters 4 and 8. This
is because the presence of Ce#* in solution was found to severely decrease the efficiency of
utilisation of HyO during the resin destruction process, possibly by catalysing the decomposition
of HpO7 to HpO and Oj. This means that Ce4+ used to oxidise organic molecules at an earlier
point in the resin destruction process would have to be completely removed before any more

Hp0O7 could be added.

5.1.3 The Reactions of Various Ratios of Ce(IV) and PSS

H H H
| ] |
—C C (l: C C
H
SO 3Na SO 3Na

Poly(styrenesulfonate) (PSS)

The organic substrate PSS was chosen for use as a resin analogue because it has a similar

chemical structure to Lewatit and other ion-exchange resins, and is soluble in water. This water
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solubility allows study of a homogeneous system from the start of any reaction.

The PSS : Ce#* ratio was calculated on the basis of the PSS repeat unit to Ce4+ ion ratio.

5.1.3.1 The Dark Reactions of Mixtures of Ce(IV) / PS

Samples of solutions of PSS and Ce*+ were mixed together in a 5 : 1 ratio. Using the same
terminology as was used for the Ce#*/ resin experiments, this is a 0.0225 Ce#+: Cratio. The
changes in concentration of Ce#* were monitored by following the changing absorbance of the

mixture at 317 nm. PSS does not absorb strongly at this wavelength.

5.1.3.1.1 Changes in Ce(IV) Concentration
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When PSS was added to solutions of Ce4* in the dark, a very slow fall in [Ce**] was seen. If
the natural logarithm of the concentration was then calculated and plotted against time, a straight
line was produced (see Figure 5.5). The rate of loss of Ce?** can be seen to be first order, but
the non-irradiated reaction occurred too slowly to be of interest as a method of oxidising organic

materials. Only the one ratio of PSS : Ce#+ was tested, due to this very slow rate of reaction.
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5.1.3.2 Irradiation of Ce(IV) / PSS mixtures with UV light

PSS and Ce#+ were mixed together at various ratios in a UV photochemical reactor and the

changes in [Ce#*] with time were monitored. The reaction solution was constantly stirred by

blowing air through the solution. Separate experiments were also carried out to find out if

a) there was any change in TOC level after the mixture had been irradiated, or

b) if any gas was being produced by the irradiated solution.

5.1.3.2.1 Changes in Ce(IV) Concentration

FIGURE 3.6
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TABLE 5.4
GRADIENTS AND INTERCEPTS ON THE Y AXIS FOR

RI A
PSS : Ce(1V) PSS repeat unit : Rate of reaction Intercept on y
(moles / moles) Ce(IV) ion ratio (min -1) | axis (M)
0.00250 : 0.002 1.25:1 I 1.48 x 104 I 9.78 x 10-3
0.00416 : 0.002 2.08:1 " 1.56 x 104 1.00 x 102
0.00624 : 0.002 3.12:1 2.26 x 104 9.47 x 1073
0.01:0.002 5:1 2.05x 104 | 1.03 x 10-2
0.0166 : 0.002 83:1 2.57 x 104 JL 9.93 x 10-3
0.025: 0.002 12.5:1 " 2.41x 104 " 1.03 x 102

Figure 5.6 shows that for all ratios tested of PSS repeat units to Ce#+ions, the rate of loss of Ce#+

from solution is zero order in [Ce#*] (and [PSS]). The average rate of reaction, k, is

2.1 ¥ 0.58) x 10° min™’

This result is surprising, as it implies that the rate determining step in the reaction mechanism
involves neither Ce4+ or PSS. However, a mechanism was devised to explain this observation

(see Section 5.1.3.3.2).

5.1.3.3 Suggested Mechanisms for the Irradiated and Non-Irradiated PSS / Ce(IV) Systems

5.1.3.3.1 The Non-Irradiated PSS / Ce(IV) System

The loss of Ce?+ was shown to be 1st order i.e.,
d 1
- a—[Ce(IV)] = k [Ce(IV)]
t

This probably reflects the very large excess of reducing agent over oxidising agent. In the 5:
1 ratio PSS / Ce#+ system there are 5 PSS repeat units per Ce#+ ion. Each PSS repeat unit is

potentially able to act as a 41 electron reductant, as shown below.
CHySO; + 17H,0 ——3 8C0, +80,” +43H +41¢
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.1.3.3.2 The Irradi P A% m

The loss of Ce4+ has been shown to be 0 order, i.c.,

_g_t [CeIV)] = k [Ce@V)]°

while the [PSS] does not appear within the rate constant, k.
This indicates that the mechanism of reaction is different from that of the non-irradiated system

where the-Ce#* ion is involved in the rate determining step (r.d.s).

PSS has a maximum absorption peak at 229 nm, well away from the peak emission of the
mercury vapour lamps used in the photochemical equipment, so it was assumed that all incident

light was absorbed by Ce#* in solution, forming photo-excited Ce?* ions.

h
cet ———»D *Ce*t
A model mechanistic scheme (see Figure 5.7) for the reaction of photo-excited Ce#+ with any

reducing agent was devised.

FIGURE 5.7
R TI A FORP - TED I
ko
/—\ .
ce*t *(Cet T — » Ce>* + R

+R
N k;

where k= rate of excited ion formation
k; = rate of radiative deactivation
k, =rate of non-radiative deactivation
k; = rate of photochemical reaction

*Cet = photo-excited Cé" ion
R = Reducing agent (unspecified)

The steady state assumption was made for the concentration of activated *Ce%+.
Alllightincident on the reaction solution is absorbed, so therefore the rate of formation of *Ce#*

is constant and independent of [Ce4+].
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Therefore, in the system shown in Figure 5.7,

ko = [*Ce**] {k; + ko + ks [R]}
Rearranging,

ko

[*Ce't] =
{k1 + k2 + k3 [R]}

Now we can also see from Figure 5.7 that

AR Ry et
dt

Substituting for the [*Ce+],

d[R]__ koks[R]
dt (k1 + ko + k3 [R])

Since, as can be seen from Figure 5.7

d[R]_d [Ce3*]

dt dt
it follows that
d[Ce*] _  koks[R]
dt (k1 + ko + k3 [R])

Finally,

_ kok3[R]
(k1 + k2 + k3 [R])

Kobs where kops = Observed rate constant

If we then substitute PSS for the general reducing agent, R, described above, we get

kok3[PSS]
(k1 + ko + k3 [PSS])

Kobs =

By substituting values for PSS in the equation above, a graph of the form shown in Figure 5.8

(see overleaf) is produced.
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=

/

Area of my
experiments

» [PSS]

This graphical form, often called a “saturation curve” is first order in PSS when
(k1 + ko) >> k3 [PSS]

but becomes zero order when
k3 [PSS] >> (kj + kp)

which is apparently the situation in my experiments.

5.1.3.4 An Increase in Absorbance at 317 nm after UV Irradiation

It was also noted that after reaching a minimum absorbance value, the absorbance at 317 nmin
the PSS/ Ce+/ UV system appeared torise again ata very slowrate, as is shown in the following

Figures, 5.9 and 5.10.
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Absorbance at 317 nm
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Figure 5.10 shows that there was arise in absorbance even while the UV lamp was still on, once
a minimum absorbance value had been reached.

The reduction in rate of rise of absorbance seen when the UV lamp was turned off, at Point A,
is probably due to the fall in temperature of the reaction mixture upon extinguishing the lamp.
Even though the quartz photochemical reaction vessel is water jacketed, the temperature of the
reaction mixture has been found to rise by approximately 10°C when the lamp is on, due to the
large quantity of heat produced when medium pressure mercury vapour lamps are operated.

When the temperature is raised, at Point B, it can be seen that the rate of absorbance rise increases

again.

A similar experiment was carried out over a much longer period, fora 8.3 : 1 PSS/ Ce?+ ratio.

FIGURE 5.11
raph showing the change in rban 17 nm after
V irradiation of : 1 rati : m
5.0
4.5 R
40 4
35 -

__ Projected absorbance
changes

Absorbance at 317 nm

0.0 —rr-r-—r—r— 1 r r rr 1 r 1 > T 7
0 3000 6000 9000 12000 15000 18000 21000 24000 27000

Time (minutes)

If the experimental data in Figure 5.11 are extrapolated, a constant absorbance of around 4.5 is
reached at about 17 days (24500 minutes) from the start of the reaction after rising from a
minimum absorbance of about 0.7 (0.7 represents about 2% of the starting absorbsorbance).
During the initial UV irradiation, it took 11 minutes for the absorbance to fall from 4.5 to 0.7,

which is 2000 times faster than the slow subsequent absorbance rise.
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Two possible explanations for this (slow!) rise in measured absorbance after UV irradiation are
detailed below.

1) The Ce3+ in the reaction solution is being oxidised to Ce*+ by the oxygen in the air, causing
an increase in the absorbance measured at 317 nm. Since O; does not normally oxidise Ce3*
to Ce#+, the Ce#+ state would have to be being stabilised by co-ordination with an organic ligand
(in a similar manner to PAIMI as described in Chapter 3, Section 3.0.2).

2) The oxygen in the air is slowly oxidising the products of the PSS /Ce**reaction. Itis possible
that the ox_idjsed products of PSS could have a greater absorbance at 317 nm than the original
reaction products of PSS (a solution of PSS alone was found to be completely stable over an
equivalent period of time). This explanation would account for the shape of the curve shown
in Figure 5.11, i.e., the rate of change in absorbance falls as the concentration of oxidised
reaction products of PSS falls, so I would suggest that this is the correct explanation for the

absorbance rise.

This absorbance rise after irradiation was not studied further because the rise's small size and

slow rate of increase was not considered likely to be commercially useful.

5.1.3.5 IR Analysis of the Ce(IV) / PSS Mixture Before and After UV Irradiation

Drops of the PSS / Ce+ mixture (with the Ce**/3+ removed before analysis by making the
mixture slightly alkaline) were placed on a ZnSe Horizontal ATR Crystal before and after the
mixture had been irradiated in a UV photochemical reactor. IR spectra were collected, and
compared to find if any change had occurred. A change would indicate that oxidation of the PSS

had been caused by the Ce?+.
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The spectra show that there are two regions of the spectrum where major changes have occurred.
The first region is between 2100 and 2300 cmrl, and the second is between 1000 and

1400 cm-! (ZnSe does not transmit IR radiation below 1000 cmrl, so data from this region was
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not available). These differences between the two spectra indicate that partial oxidation of the
PSS had occurred in this system. Due to the cut off of data below 1000 cm-1 the only absorbance
peak that could positively be assigned in Figures 5.12 and 5.13 is the peak at 1190 cm™1, which
is the sulphonate peak. It can be seen that this peak is much larger, relative to the other peaks,
in the spectrum obtained before irradiation than in the spectrum collected after irradiation. This
suggests that one of the processes occurring during oxidation of PSS in the Ce#+/ UV system

is removal of the SO3- group from the PSS molecule.

5.1.3.6 Other Observations

Within experimental error the TOC level remained unchanged during irradiation of the PSS /
Ce?+ solution, indicating that complete oxidation of the PSS in solution was notoccurring to any
significant extent. No off-gas was detected from the reaction mixture, showing that the Ce#*
/UV combination was not oxidising water, and that Ce** must therefore be oxidising the organic

component of the mixture.

5.1.3.7 Discussion of the Results

As was the case in the Ce?* / resin system, partial oxidation of the organic material in solution
appears to be occurring. However, unlike the Ce#* / resin system, the non-irradiated reaction
is very much slower than the irradiated reaction (465 times slower). This indicates that the PSS

/ Ce#+ reaction is light catalysed. The process occurring might be summarised as

SO3H OH
uv
4 .
+2Ce" +H0 —> +50,7 +2Ce +2H"
CH, — CH; CH,— CH,
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.1.4 The Reactions of Various Ratigos of V) an 1x[8]arene-p- Iphonic Aci

ALIX
FIGURE 5.14
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It was decided to use the cyclic oligomer calix[8]arene-p-octasulphonic acid as a model

compound. This was because of its close resemblance to Lewatit ion exchange resin (which has

a sulphonated, phenol-formaldehyde, cross-linked structure), and also because of its solubility

in water, like PSS. This means that a homogeneous, well defined reaction system can be studied

from the beginning of any reaction. A formal structural diagram of CALIX is shown in Figure

5.14, and further details of the CALIX molecule are described in Chapter 7, Section 7.03.
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5.1.4.1 The Ce(IV) / CALIX System

Samples of solutions of Ce#*+ and CALIX were mixed together at various concentrations and
under various conditions. Most calculations of the ratio between Ce#+ ions and CALIX were
based on the ratio of Ce#+ ions to the benzene repeat units in the CALIX molecule. Since there
are 8 benzene units in the CALIX molecule, a ‘2 :1 Ce#* : CALIX repeat unit’ ratio would
represent 2 Ce4+ ions per benzene unit (or alternatively 16 Ce*+ ions per CALIX molecule).

The changes in concentration of Ce*+ were followed by measuring the absorbance of the

reaction solution at 317 nm.

FIGURE 5.15
# ime fi i IV) : L i
Initial 'Fast'
Absorbance = Reaction A
e Drop
=
o~
Y-
) -
g
=
2]
2 Subsequent
2 Reaction B = Slow’
« Absorbance

Drop

Time

Figure 5.15 shows the typical pattern of absorbance changes found for the Ce**/CALIX system.
Upon addition of CALIX (pre-dissolved in a small quantity of water) a fast initial drop in
absorbance is seen. This drop in absorbance was found to occur over a period of less than 0.5
second (by use of simple stopped-flow kinetics apparatus). This rapid drop was followed by
much slower drop in absorbance, which typically occurred over a time scale of hours. It was
also found that this subsequent absorbance drop occurred several times faster if the Ce4+/CALIX

mixture was irradiated by UV light during the period of the experiment.
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mixture was irradiated by UV light during the period of the experiment.

Unlike the practice used in the rest of this PhD, in my descriptions of the Ce#+ / CALIX system
my conclusions on the implications of the results will be given before the results themselves.
This has been done because the argument that follows is demanding and I believe that it will
make it easier for the reader to follow my chain of thought if the reader is aware of my

conclusions when reading through the results.

The mechanisms of both Reaction A and B were primarily elucidated by analysis of the way the
absorbance of the reaction solution changed with time. The rapid initial absorbance drop seen
during Reaction A was assumed to be a measure of the loss of ‘free’ Ce#+. This loss of free Ce*+
could either occur by complexation of Ce#+ with CALIX, or by its reduction to Ce3+. Additional
information was obtained on the mechanism of Reaction A by finding the oxidising power of
the reaction solution immediately after CALIX had been added to the Ce#+ solution. The oxidising
power of the solution was found by adding it to a known volume and concentration of Fe2+

solution, and then measuring the change in the [Fe2+].

An overall mechanism (see Figure 5.16) was developed using experimental data, which appears
to describe the behaviour of the Ce4+ / CALIX system (as summarised in Figure 5.15).
FIGURE 5.16
AN OVERALL MECHANISM FOR THE CEAV) / CALIX REACTION

K,
Ce** + Receptor Site (CALIX) =——== Complex 3+

3+ Ky 3+ .
Complex — > (Ce " + Intermediate

k
Ce** + Intermediate _(-fas—3t)_> Ce>* + First product
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1.42 A Mechanism for the Early P f th 1V ALIX Reaction

(Reaction A)
Let

[Ce*] o =m
[Receptor Site] =9 =1
[Complex] =c¢

[Repeat Unit] =g = u

Consider an equilibrium forming a 1 : x complex

K
cett + x Repeat Units I 1 : x complex
(m-c) (u - xc) c
Under the experimental conditions used here
2<m/u<20

If the equilibrium lies well over to the right, the concentration of uncoordinated repeat units will

be small
(u-xc)=p
and the complex concentration will be approximately
u
X

Therefore the fractional drop in initial absorbance will be

Or using reciprocals

52

Figures 5.17 and 5.18 ( see pages 135, 136) show plots of this equation with gradients close to
one half. Therefore, even though they show non-zero intercepts it is reasonable to deduce that

x = one half. This is an acceptable value, as each repeat unit has two ionisable protons and thus

anionic coordination sites,i.e. u=2r

132



If we now re-consider our proposed equilibrium in this new light we can say

Kl
Ce* +Receptor Site ~ ——=Complex 3
(m-c) (r-c) c

4+

or

R = — ¢
(m - o)(r- ¢

Rearranging this equation,
¢ = Kimr - Kjc(m + 1) + ch2

It will normally be the case that mr >> c2, (m and r are the starting concentrations of Ce#* and
repeat unit). The only time when this will not be the situation is when K is very large, and also
m=T.
Thus we can state

¢ = Kymr - Kjc(m + r)
Rearranging this equation,

¢+ Kje(m + 1) = Kymr

c[l + Ki(m + )] = Kimr

we obtain
Kimr
1+ Ki(m+r1)

If the complex absorbs a negligible amount at 317 nm (the monitored wavelength), then the
fractional drop (f),

f = _ Drop in absorbance

c
m  Original absorbance
or, alternatively
& = ¢ = Drop in absorbance converted to [Ce4 +]

can be related to reagent ratios.

The relationships will be as follows.
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1) When [Celg is constant, but [repeat unit] varies, i.e ‘m’ is constant, ‘r’ varies.
The equation in this situation is

5 = (Kym)r
(1 + Kim) + (Kpr

(brackets round constants)

or, alternatively
I+ Kym) + Kyr

1
:5- (K1m)r

Separating out the fraction,
L Kyr N (1 + Kim)
o (Kym)r (Kim)r

and then rearranging we obtain,

Now, we know that

therefore

with the

1
Gradient = 1 + ——
Kim

and theinterceptbeing at 1. The gradient will be halvedif u, ratherthanr, is plotted; as in Figures

5.17 and 5.18.
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2) When [repeat unit] is constant, but [Celg_varies. i.e ‘T’ is constant, ‘m’ varies

The equation in this situation is

B (Kir)m
(I + Kin + Kim

1 _1+ I+ Kyr} i
o r Kir m

Or, alternatively,

The intercept on the y axis will be

:1+—

Kir

and the gradient of the line will be 1, or (.5 plotting u.

5.1.4.2.1 CALIX Concentration Variable, Ce(TV) Concentration Constant (3.33 x 10°M)
FIGURE 5.17

Graph showing the relationship between initial [Ce(TV)]
drop and the Ce(IV) : CALIX (benzene repeat unit) ratio
in the Ce(I1V) / CALIX system (JCALIX] variable)
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5.1.4.2.2 Ce(IV) Concentration Variable, CALIX Repeat Unit Concentration Constant (6.655
x 10*M)

FIGURE 5.18

Graph showing the relationship between inital [Ce(IV)] drop and
the Ce(TV) : CALIX (benzene repeat unit) ratio in the Ce(IV) /
CALIX svstem, ([Ce(IV)] variable)
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Figures 5.17 and 5.18 show that there is a good correlation between the predicted results and the

experimental results, suggesting that the mechanismdevelopedis consistent with the experimental

data and probably correct.

5.1.4.2.3 Estimation of the Value of Kj

It was not possible to obtain a value of K directly from the experimental data because of
experimental errors. However it is reasonable to estimate that if p, the concentration of non-
coordinated receptor sites defined on p 132, is always <u/10, i.e.

p <10 * M, then
03 )
L0
3x 107 x 10
K, > 3x10° M7

Since there are two different sites, phenolate and sulphonate, this treatment must be over-
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simplified, as the two sites will have different values of their stability constants. However, given

the accuracy of the data a more complete treatment is not warranted.

CALIX Addition

In an attempt to understand further the fast initial reaction (Reaction A) a 4 cm3 sample of 2 7.5
: 1 ratio Ce#*+ : CALIX reaction solution (immediately after the CALIX had been added) was
rapidly mixed with 100 cm3 of FeZ* / bipyridyl solution, to check if this initial absorbance drop

was due to the co-ordination reaction (1) or if it was due to the fast oxidation reaction (2).

Fast initial reaction
ce™M+C —» e —mmmmmmmm - (1)
Ce™M 4 C — CeD |, cloxidised) —___ (2)

where C = CALIX

5.1.4.2.5 Calculation of the Oxidative Power of the Ce(IV) / CALIX Reaction Solution

Immediately After Calixarene Addition

Absorbance, at 532 nm, of a 0.0005 M Fe2* / bipy complex = 1.562.

The Oxidising Power of the Ce(IV) Solution

Absorbance of 100 cm3 of the Fe2* / bipy complex after the addition of 4 cm3 of Ce*+ solution
=0.481.
0.481 x 1.04 (correction for dilution) = 0.500, this represents 0.00016M Fe2+i.e., 4cm3 of Ce+

solution has oxidised 0.00034 moles of Fe2+

Oxidising Power of the Ce(1V) / CALIX Solution

Absorbance, of 100 cm? of Fe2*+ / bipy complex, after the addition of 4 cm3 of Ce+ / CALIX

solution = 0.760.
0.760 x 1.04 = 0.79, this represents 0.00025M Fe2* i.e., 4 cm3 of Ce** / CALIX solution has

oxidised 0,00025 moles of FeZ*-
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If the amount of oxidation caused by the Ce#+ solution, (0.00034 moles Fe2+) is regarded as
“100%”, then the Ce4* / CALIX solution has 74% of the oxidising power of the Ce#* solution
alone.

i.e., the Ce#* sample had 26% more oxidising power than the Ce#*+ / CALIX sample.

These calculations were repeated for a full, identical, experimental run, giving a figure of 20%
for the greater oxidising power of the Ce4* sample. If the two results are averaged, a figure of

23% is obtained.

If Figure 5.19 is inspected, a 22.6 % ‘initial’ drop in absorbance fora 7.5 :1 ratio can be seen.
Thisis almost identical to the reduction in oxidising power of the Ce4+/ CALIX mixture, suggesting

that the fast initial reaction (Reaction A) is a fast oxidation reaction.

30
25
a, - — — Equation of Line =
£ | y=34.7-161x RA2=0982
= 20 -
3 I
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2 |
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£ |
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O 1 | | v 1 T 1 M 1 v 1

2.5 5.0 7.5 100 125 150 175 200 225
Ce(V): CALIX

1.4.2. nclusion
The results described and interpreted in Sections 5.1.4.2.1 to 5.1.4.2.3 suggest that the initial
Ced+ / CALIX reaction is a complexation whilst Sections 5.1.4.2.4 and 5.1.4.2.5 suggest that
the initial Ce4+/ CALIX reaction involves arapid oxidation of the CALIX. Theseresults at first

sight seem to contradict each other. However, on further consideration, these results may not
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The results of Sections 5.1.4.2.4 and 5.1.4.2.5 may be interpreted as the coordinated ligand in
a Ce4* / CALIX complex masking the effect of the Ce* ion i.e., the E of the Ce#* is reduced
to a point where it will no longer oxidise Fe2+ to Fe3+.

There are three reasons that make this suggestion seem likely.

1) The experimental resultsin Sections 5.1.4.2.1 t0 5.1.4.2.3 strongly suggest that an equilibrium
has been set up.

2) Oxidation of organic molecules is generally a slow process (because it is an inner sphere
reaction), and it is difficult to imagine a 2 e~ oxidation of CALIX occurring in milliseconds.
3) If oxidation were occurring then it would be expected that the loss of Ce**+ would be
stoichiometric i.e. 2 Ce#+ per CALIX. However, the loss of Ce#* can be seen to be directly

related to the Ce4* / CALIX ratio (Figure 5.19).

5.1.4.3 Investigation of the Slow Absorbance Drop (Figure 5.15, Reaction B)

This reaction was studied in the absence of light (the ‘dark reaction’), and also in the presence

of intense UV light, in the UV photochemical reactor.

5.1.4.3.1 The Dark Reactions of the Ce(IV) / CALIX System

Two series of experiments were carried out on the Ce#+/ CALIX dark system. In the first series
of experiments the [CALIX] was varied while the [Ce4*] remained the same. In the second

series of experiments the [Ce#*] was varied while the [CALIX] remained at the same level.

A mechanism was developed to describe the observed behaviour of the slow [Ce#+] drop in the

Ce#+ / CALIX system.

5.1.4.3.2 Suggested Mechanism for the Ce(IV) / CALIX Reaction (Dark. Reaction B)

If k3 is very fast (see Figure 5.16) as might be expected for an organic radical reaction, then

g[Ce3+] = 2ky[complex] = 2kac
t
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However, we know (see Section 5.1.4.2) that

Kimr
1 +Ki(m +1)

Because we are now dealing with conditions that change with time we need to amend our
nomenclature slightly from that used above by using m for initial [Ce#+] and m; for total [Ce*+]
att.
Thus -

m = [Ce**+] + [Complex] + [Ce3+]

and therefore
m = m; + [Ce3+]

m; =m - [Ce3+]
but we know that

2K1k2mtr
1 +Ki(m¢ + 1)

d1c3*] = 2kge =
dt

Substituting,

d{m-[Cce*}  2Kikor {m-[ce3*1}
dt T 1+ Kyr + Ky {m-[Ce3*1}

All experimental data were obtained for experiments with m/r > 2, and only the early stages of
Ce4+ reduction were monitored. Therefore it is possible to assume that the [Ce3+] containing
term in the denominator is negligible compared to the other terms. This allowsustousea simple

first order rate equation

_d[Ce4+]

_ C 4+
at kobs[Ce ™ ]

where

2K1kpr
1+ Kijm + 1)

Kobs =

When plotting graphs of experimental data, the relationships will be as follows.
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1) When [repeat unit] is constant, but [Celp varies.i.e ‘r’ is constant. ‘m’ varies (see Figure 5.20)

1 {1+ Kjyr N 1 Im
kobs 2K ko 2kp )t

1.e., 1 / kobs will vary linearly with m

2) When [Celgis constant repeatunit] varies, i.e ‘m’is constant, ‘r’ varie Figure5.22
1 (1 N 1+Kmjm
Kobs 2ko 2Kikom ) r
i.e., 1/ kops will vary linearly with 1/r

5.1.4.3.3 Ce(IV) Concentration Variable, CALIX Repeat Unit Concentration Constant (6.655
x 10“M)

FIGURE 5.2
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TABLE S.S
RADIENT D INTERCEP THE Y AXIS F RI

CEAV) ;: CALIX RATIOS. [CEAV)] VARIABLE

Ce(IV) : CALIX Ce(IV)ion: j] Rate of reaction Intercept on y
repeat unit (mole / CALIX repeat (min -1) axis
mole) unit ratio I
1.00 x 10-2: 6.55 x 10-4]| 15 :1 | 745x104 " -4.71
8.00 x 103 :6.55x 104 12:1 Ir 9.60 x 104 || -5.00
5.33x 10-3:6.55x 104 8:1 “ 1.56 x 10-3 Wr -5.48
3.33x 10-3:6.55 x 104 5:1 " 2.51x10-3 I -6.11
1.33x 10-3:6.55 x 104 2:1 || 6.52 x 10-2 -8.02
F RE 5.21
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.1.4.3.4 CALIX Concentration Variabl IV) Concentration Constant (3.33 x 10°*M)

Initial Ce(IV) : CALIX

repeat unit ratio
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.E e 1:0.1
£
= a 1:02
3
]
8 o 1:03
2 s 1:0375
L
&)
< o 1:04
=
-
95t+——TT—T T T T T T T T 7
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TABLE 5.6
RADIE D INTERCEPT HE Y AXI R RI
CE(IV) : CALIX RATIOS, [CALIX] VARIABLE

Ce(IV)ion: Rate of reaction Intercept on y
CALIX repeat

unit ratio

Ce(IV) : CALIX
repeat unit (mole /

(min -1) axis

mole)

1:0.05 1.18 x 10-3

3.33x 10-3:1.66 x 104

Hi33x10'3:3.33x1011[ 1:0.1 lL 1.11x 103 " -6.34

3.33 x 103 : 6.66 x 104 Ir 1:0.2 J[ 4.06 x 103 " -6.47
3.33 x 10-3: 1.00 x 1(&" 1:03 If 6.61 x 103 " -6.56
3.33x103:125x 10—ﬂ[ 1:0.375 " 1.37 x 102 " -6.85
3.33x 103 : 1.33 x 103 “ 1:0.4 Ir 1.64 x 102 " -6.87
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5.1.4.3.5 Calculation of the Rate Constant k2 from Experimental Data Shown in Figures 5.21

and 5.23
ALIX R nit] Constant (Figure 5.21

The equation for this line in this graph was shown to be

1 (1+Kyr N 1 |m
Kobs 2K 1kp 2ky ) T

where K is the equilibrium constant and k7 is the rate of reaction (see Figure 5.16 for definitions

of K1 and kp).

The gradient of this line is
1 . -
= — (units = mol. min. dm 3)
2kp

So, substituting into this equation from Figure 5.21, we obtain

k = —— = 5.10x 1073 dm® mol ! min !
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IV onstant (Figure 5.2

The equation for this line in this graph was shown to be

I (1 . 1+ Kim)m
Kobs 2kp 2K1kopm /1
where K is the equilibrium constant and k3 is the rate of reaction (see Figure 5.16)

The intercept of this line is

However, when Figure 5.23 is inspected, it can be seen that the intercept on the y axis is a
negative value (-15). This means that this graph cannot be used to find the rate of reaction, k.
This negative value is probably due to experimental error (15 represents 1.7% of the maximum
y axis value in Figure 5.23). Given the oversimplifications used, such as assuming that only one

step was involved in the early stages, this is a reasonable set of results.

.1.4.3.6 The UV Irradiated Reactions of th 1V) / CALIX System
The experimental method used in the previous section was repeated for this series of experiments.
The only change was that the Ce+/ CALIX reaction solutions were continuously irradiated with

UV light throughout the reaction.

5.1.4.3.7 The Mechanism of the Ce(IV) / CALIX /UV Reaction

It was observed experimentally (see Figures 5.25 and 5.27) that the pseudo first order rate

constant observed obeys the relationship.
[Rpt Unit] (=0
[Ce4+]2t=0

A mechanism was developed to explain this relationship.

There was a large excess of Ce#* in the experiments carried out. If, as before, all light incident
on the reaction mixture is absorbed, it will be mainly due to the absorbance of Ce#+. However,
suppose that the mechanism requires UV absorption by the complex or by uncoordinated

CALIX. In this case the size of the small fraction of the UV light so used will depend on the
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relevant concentrations of the complex or uncoordinated CALIX.

If the pre-equilibrium is represented as

K,
cett + Receptor Site g——— Complex |where m = constant
m (r-c) c K, = As in Previous Sections

then

c=Kim(r-c)
Rearranging this equation,

c=Kymr- Kimc
¢+ Kimc=Kimr
c(1+Kim)=Kymr
we finally reach
Kimr .
C= —— ------- Equation 1
1+ Kmm

It is also true that

r-c= ¢

Kim
Substituting and simplifying we obtain first
Kimr
r-c=
(1 + Kim)(K1m)

and then

r .

r-¢c= ——— --=---~ Equation 2
1 +Kim

The equations that have been derived are for the general case of two reactants inequilibrium with
a complex. However, itis often possible to use the simplifying assumption that the equilibrium
is far over on one side or other of the equation.

The lower limit of K1 was estimated to be 3 x 103 dm3 mol-lin Section 5.1.4.2.4. Since the value
of mis 0.01 M, the value of Kym s therefore >>30. In order to simplify the following equations,

we may be entitled to assume that 1<< Kjm, which leads to

c=r (from Equation 1)
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r
r-¢ = —v-o (from Equation 2)
Kim

5.1.4.3.8 A Mechanism Based on the Above Equations

If photo-excitation of uncoordinated CALIX repeat unit is occurring then we can expect the
following steps to be involved, where an asterisk is used to indicate an excited state.
I have not been able to devise a totally satisfactory explanation of the observed reaction profile.

The main problem is clearly that a differential equation of the form
_d[Ce*] [Ce**]

= Kobs —og—
dt "[Ce*2 1=

is very unlikely to be a completely correct representation of a rate equation. However, there is
no justification in believing that any alternative would be more trustworthy, as the pseudo-first
order equation provides such a good fit for the experimental data. I am not particularly happy
with the mechanism I have devised, but it produces a good fit for the experimental data available.
The argument that follows gives an equation which can be simplified to the observed form.

If we have experimental conditions such that all incident radiation is absorbed, mainly by Cet+,
with photochemical reaction occurring only when excitation of non-complexed repeat units

occurs, i.e., a mechanistic scheme such as that shown in Figure 5.24.

FIGURE 5.24
A ERALL ME ISM FOR THE CE
CALIX /UV REACTION
4+ hv 4+ 4+
Cett —— *¥Ce —» Ce
k
R ——hD—'> R —=— R
4+ ks 3
*R+Cem —» RY'+Ce”
R +Ce** ——34—> Product + Ce”*
¢ fast
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then the rate at which excited units, *R, are formed can be approximated to be

Er [R]

(Ex [R] + Eceqyy [Ce™'])

where kg is the zero order rate constant for the absorption of incident radiation. As the first term

in the denominator is negligible then

[R] )
= O where @ 1s a constant.
: [Ce* ]

But we have already seen that

[R] c= —

=T - =
Kim
therefore the rate of formation of *R is
ar
Kl m2

both r and m decrease with time, and so the approximation that the rate of formation of *R is
constant should hold for a considerable portion of the overall reaction. If that is so, and if the

steady state hypothesis can be applied to [*R], i.e.,

d[*R
[*R] _ 0
dt
then
QT
20 = [RIGe + ks (G
K1(mg)
therefore
[*R] _ o Ip
Kimg2 (kp + k3 [Ce**]
but
4+
_d[Ce™] _ 2k3[Ce4+] [*R]
1.e.,
diCe**]  2ksa rolCe**]
dt K1(mg)? (k2 + k3 [Ce**])
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Given the additional assumption that kp>>k3 [Ce#*] then we have a psuedo-first order rate

equation with

_ 2k3a [Rpt]p

Kobs = ——2x LTPLO
S K([Cetp2

and, of necessity, a low quantum yield.

5.1.4.3.9 Ce(IV) Concentiration Variable, CALIX Repeat Unit Concentration Constant (6.

x_10-M) for Ratios between 2to 1 and 15to 1

FIGURE 5.25
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Initial Ce(IV) : CALIX
repeat unit ratio

g
= @ 25:1
§ -5.375 - o 201
= o
o .
S 5500 o 151
3 ] ° 121
3 -5.6257
“5 -
g 57507
-5.875
-6.000']‘]']']']']'!-|-|
0 100 20 30 40 50 60 70 80 90 100
Time (minutes)
TABLE 5,7
GRADIENTS AND INTERCEPTS ON THE Y AXIS FOR VARIOUS CE(IV) ;
ALIX RAT R RRAD
Ce(IV) : CALIX Ce(IV)ion : Rate of reaction Intercept on y
repeat unit (mole / CALIX repeat (min -1) axis
mole) unit ratio
1.00x 10-2:4.36 x 10-4 l 25:1 " 4.51x 10-3 | -5.27
1.00 x 102 ; 5.40 x 104 “ 20:1 “ 5.82 x 10-3 |r -5.12
1.00x 10-2:6.55x 10‘4J| 15:1 7.61x 10-3 | -4.96
8.00 x 10-3: 6.55 x 104 lr 12:1 JL 9.64 x 10-3 -5.01
5.33x 10-3: 6.55 x 10'4J| 8:1 J[ 2.40 x 102 -5.42
3.33x 103:6.55x 104 5:1 " 5.09 x 10-2 IL -5.95
1.33 x 10-3: 6.55 x 104 2:1 " 4.70 x 10-1 “ -6.81

(Different amounts of CALIX had to be used for the 20 : 1 and 25 :1 ratios, due to problems with

Ce(IV) solubility in solutions more concentrated than 0.01M).
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5.1.4.3.10 CALIX Concentration Variable, Ce(IV) Concentration Constant (3.33 x 102M)
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YARIOUS CEAV) ;: CALIX RATIOS, [CALIX]1 VARIABLE.

UV IRRADIATED REACTION
Ce(IV) : CALIX Ce(IV)ion : Rate of reaction Intercept ony
repeat unit (mole / CALIX repeat (min -1) axis
mole) unit ratio
3.33x 103 :1.66 x 104 1:0.05 1.25x 10-2 -6.43
3.33x 10-3:3.33 x 104 1:0.1 2.41x 102 -5.91
3.33 x 10-3: 6.66 x 104 1:02 9.41 x 10-2 -5.83
3.33x103:1.33x 103 1:0.4 2.23 x 10-1 -6.62
FIGURE 5.29
lationshi h
i r rigbl
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3|
0.20 -+ Equation of Line =
y= -2.84e-2+4.99x RA2=0.993
g
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5.1.4.4 The Changes in Absorbance of the Reaction Solution after Irradiation Had Ceased

Asin the Ce4+/ PSS system, changes in absorbance of the Ce4*+/ CALIX system, after a minimum

absorbance value was reached, were monitored at 317 nm.
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Figures 5.30 and 5.31 show that, as was seen in the Ce#*/ PSS system, after UV irradiation the
absorbance of a Ce4+ / CALIX mixture at 317 nm increases from a minimum value, until a
plateau is reached. It can also be seen that the rate of rise of absorbance increases when the
mixture is warmed.

In this system the absorbance of the reaction mixture after irradiation reaches 0.170 about 400
minutes after the start of the reaction, 0.170 being 11% of the starting absorbance. During the
initial UV irradiation it took only 4 minutes for the absorbance to fall from0.170 to the minimum
absorbance value of 0.096. It took 380 minutes for the absorbance to reach an absorbance of
0.170 again, that is, the rate of rise in absorbance is approximately 100 times slower than at the
initial fall in absorbance under the influence of UV light. If the mixture had not been warmed
the differential in reaction rates would have been much greater, as warming the reaction mixture
increases the rate of absorbance rise.

The same two possible explanations for the rise of absorbance after irradiation, as suggested for
the Ce4+ / PSS system, can be invoked for the Ce4+ / CALIX systemi.e., Ce3* is being oxidised
to Ce#*+, or products of CALIX oxidation are themselves being oxidised by air. In this system
it is likely that oxidation of Ce3* to Ce?* is the operative process. This is because CALIX, at
the low concentrations used in these experiments, has a very small absorbance atall UV / Visible
wavelengths, making it unlikely that any breakdown product would absorb significantly in the

UV / Visible region.

5.1.5 A Summary of the Ce(IV) / Organic Substrate Reactions

I have developed various mechanistic schemes for the Ce?+ /300 minutes resin solution, Ce#+
/ PSS, and Ce#+ / CALIX systems. These mechanistic schemes all have their differences, but
they also have their similarities. These similarities are particularly noticeable between the Cett
/ resin and Ce#+ / CALIX systems. In these two systems a major part of the mechanism is the
formation of a complex between the Ce** and organic substrate before oxidation occurs. One
similarity between all 3 systems is that photoactivated Ce%* ions are one of the main oxidising
species. Thediffences of the Ce#* /PSS system from the other two systems are probably because
of the large excess of reducing agent present. If lower PSS : Ce#+ ratios had been used then the

mechanistic schemes of all 3 systems would probably have been more similar.
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6.0 INTRODUCTION

Some of the optimum reaction conditions for the Fenton’s reagent / resin destruction reaction
had already been determined by the CEGB and other workers at the start of my research
project 86, The variables that had been investigated and optimised were the initial concentration
of iron catalyst, temperature, and the initial acidity level of the reaction solution. The use of
various co-catalysts such as Cu2+ had been found to have no effect on the efficiency of the
reaction. It was therefore decided to investigate the effect of other factors on reaction efficiency,

such as pre-treatment of the resin, and alteration of the pH of the standard resin reaction.

6.1 Pre-Treatment of the Solid Resin

6.1.1 Boiling the Resin in Dilute Mineral Acid

Desulphonation of aromatic molecules is known to occur when a sulphonated aromatic ring is
boiled in a dilute aqueous solution of mineral acid 87. Since one of the two major monomer units

of Lewatit DN is
OH

CH, CH,

SO;H

the resin was boiled in dilute acid to see if the sulphonic acid group on the benzene ring would
pass into solution. Since it is known that unsulphonated, cross-linked polystyrene is unreactive
to Fenton’s reagent, if desulphonation of the aromatic ring in the resin occurred it would be

expected that the overall efficiency of the Fenton’s reagent / resin would fall 88,

6.1.1.1 The Chemistry of Desulphonation in Aqueous Solution

Many types of aromatic sulphonates are hydrolytically desulphonated by heating in an aqueous

medium, as is shown by the following overall reaction.
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SO;H

H+
+H,0 = @ +H,S0,

This type of reaction can proceed rapidly, particularly in the presence of a mineral acid (for
example sulphuric or nitric), which catalytically accelerates the reaction 89. Studies of the
desulphonation of hydroxy-benzenesulphonic acid have shown that the rate of reaction is
independent of the nature of the inorganic anion. However, the rate of reaction is proportional
to the hydrogen ion activity of the solution. The reversible relation between sulphonation and

desulphonation can be summarised as follows: -

H

/

C6H5803_ + 1‘13()+ - C6H6—_— OH2

~——

——
~

C6H6 + Hzo—SO3

SOy

6.1.1.2 Results

Lewatit resin was boiled in distilled water, dilute HpSO4 and, in a final experiment, boiled in
dilute HNO3 (of equivalent [H*] to the dilute H2SO4) for 8 hours. The solutions were then
checked for TOC level. The relative acidity of each acid was measured before and after the resin
had been boiled by titrating it with NaOH. The resin was then dried and elemental analysis for
C, H, O, and S was carried out on a sample of the resin. A standard amount of Fenton’s reagent
was then added to a set amount of each resin sample, and the final TOC level of the solutions

measured when all the HyO had been consumed.

6.1.1.2.1 TOC Level and Sulphate Level Changes

Table 6.0 summarises the results of the experiments carried out on boiling the resin in acids.
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Resin Type TOC Level (ppm) - || TOC Level (ppm) - After all
_ After 8 hours boiling H2032 Consumed
Boiled in water I 0 3520
Boiled in HySO4 32 " 5150
Boiled in HNOj3 210 Il 3690

6.1.1.2.2 Sulphuric Acid Boiled Resin

Table 6.0 shows that a very small amount of carbon is released into solution when the resin is
boiled with a solution of HoSO4. No increase in [H*] in the HpSO4 solution was seen after the
resin had been boiled, suggesting that no sulphonic acid groups had been lost from the resin
structure. When a standard amount of HpOy was then added the final TOC level was 55% higher
than when untreated resin was used indicating that a loss in efficiency in the Fenton’s reagent

/ resin reaction has occurred.

6.1.1.2.3 Nitric Acid Boiled Resin

After boiling the resin in HNO3 a 7-fold increase in the TOC level of the HNO3 solution was
seen, relative to the HySO4 treated resin. The TOC level after Fenton’s reagent addition was
nearly the same for both the HNO3 treated resin and for the untreated resin. After boiling the
resin, the HNO3 solution was titrated with NaOH. No change was seen in the acidity of the

HNOj3 solution.

Elemental analysis of the resin after treatment with acid was also carried out with the results

being shown in Table 6.1.
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Element, % Water Boiled H>S0 4 Boiled A HNO 3 Boiled
_ _ Resin Resin Resin
C 58.6 60.2 “ 60.8
H | 49 | 5 l 4.8
- N 0.07 __“ 0.3 Jl 0.3
| S — 4.1 _ 4.3 38
O (by difference) 323 30.2 30.2

The data provided by these elemental analytical tests are somewhat variable. For example C
represents 58.6% of the untreated resin, and 60.8% of the HNO3 treated resin. The C content
of the resin cannot have been increased by boiling in a solution of pure acid, and in fact should
have decreased due to Closs to solution. It seems likely that this result is due to a slightly higher

water content in the untreated resin sent for analysis, relative to the treated resin samples.

6.1.1.3 Discussion of the Results

It seems possible that the C in the H,SOy4 boiled resin solution is simply due to the dissolution
of trace organic impurities present in the resin. This hypothesis would be supported by the
similar elemental analysis results for both untreated and H2SO4 boiled resin. However, when
the resin is boiled in HNOj3 significantly more carbon is found in solution. The TOC level of
this solution féprcsents 0.105 g of dissolved carbon, whichis 2.3% of the original mass of carbon
in the resin. This suggests that boiling the resin in 0.2 M HNO3 dissolves part of the resin
structure. Since nitric acid is an oxidising agent it seems likely that oxidative degradation of the
resin has occurred. The elemental analytical data in Table 6.1 do show a decrease in sulphur

level in the HNO3 boiled resin, but the decrease is within experimental error.

For the HoSO4 treated resin, there has been a dramatic loss in efficiency in the Fenton’s reagent
/ resin reaction. This could be explained by loss of sulphonic acid groups from the resin, a

process described in Section 6.1.1. However, the elemental analytical data of resin before and
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after treatment with dilute HoSO4 suggests that there has not been a loss of sulphonic acid groups
fromthe resin. There was alsonoincrease in [H+] after the resin had been boiled in dilute H2SO4,
which is another indication that no sulphonic acid groups were lost from the resin. It seems,
therefore, that the loss in efficiency in this system is not due to the loss of sulphonic acid groups
from the resin, and must instead have been caused by some other factor. The loss in efficiency
may instead be due to residual metal ions in the resin being leached out by the H»SO4 acid. This
factor mightresultin less efficient degradation of the resin, resulting in a higher final TOClevel.
6.1.2 Crushing the Resin Prior to Fenton’s Reagent Addition

It has been suggested by Morioka in a recent patent that crushing the resin before HyO; addition
would improve the overall efficiency of the resin digestion reaction 90. The patent suggests that
crushing the ion exchange resin serves to increase the surface area, which allows the H2O3 to
react with the resin much more efficiently than would otherwise be the case. This claim was
investigated by crushing Lewatit DN and then comparing the efficiency of its degradation
relative to uncrushed resin. It was recognised that a large improvement in reaction efficiency
would have to be achieved for the crushing process to be economically viable due to the high

cost and complexity of crushing equipment capable of dealing with radioactive materials.

6.1.2.1 Results

The resin was ground in a ball mill for 15 hours, which resulted in production of a fine powder
with the particle size distribution shown in Figure 6.0 (found by using a laser particle sizer). Data
from the parﬁ'cle sizer also indicated that the crushing process had increased the total surface
area of the resin by 18 times (assuming that the resin particles before and after grinding were

spheres).
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The crushed resin was also photographed at medium and high magnification with an electron

microscope (resin on an aluminium base, single layer of gold sputtered on).
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High Magnification

The crushed resin was then reacted with Fenton’s reagent at 95°C, and the results compared with

those for the uncrushed resin / Fenton’s reagent reaction.
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Figures 6.2 t0 6.4 show the variations in TOClevel, [H2O;], and apparent [Fe] clearly. The main
feature to note, in all 3 graphs, is that the changes in the ‘crushed resin reaction’ experimental
variables lead those of the ‘standard resin reaction’ by several minutes for most of the reaction.
The variations in the apparent [Fe] measured during both reactions are likely to be caused by
the changing chemical environment of the reacting resin solution, as there is only a fixed amount

of iron in solution. This hypothesis is developed further in Chapter 7, Section 7.1.2.

.1.2.2 Discussion of the Resul
The experimental data for TOC level and H2O7 concentration show that crushing the resin prior
to HpO7 addition has no effect on overall efficiency of HyOp usage. Although the crushed resin
initially reacts faster than the uncrushed resin, by the end of the reaction a nearly identical final
TOC level is reached. The faster initial reaction rate with crushed resin (about 10% faster)
presumably occurs because crushing the resin creates a greater surface area and so a faster initial

rate of reaction.

The lack of improvement in the efficiency of HpO» utilisation might be expected, because the
decrease in efficiency in the standard Fenton’s reagent/resin reaction occurs only once the resin
has completely dissolved (See Chapter 1, Figure 1.2). It would be difficult to propose a
mechanism by which the initial particle size of the resin would effect the efficiency of the

reaction once all the resin had solubilised.

6.2 Altering the Conditions in the Reaction Solution

6.2.1 Blowing Oxygen and Nitrogen Through a Reacting Resin Digestion Solution

It was decided to investigate the effects of blowing oxygen and nitrogen through the Fenton’s
reagent / resin solution during reaction. There were three reasons for carrying out this work.
1) Blowing a gas through the resin solution while simultaneously stirring it using a magnetic
stirrer mixes the solution more thoroughly than is the case with only a magnetic stirrer. For the
‘standard’ reaction only magnetic stirring is used to agitate the solution.

2) It was hoped that blowing dioxygen through the resin solution would oxidise, either partially

or totally, some of the organic molecules present in the solution. Nitrogen was blown through
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the resin solution to check if this was happening (nitrogen would not cause any oxidation of
organic molecules)

3) Itis likely that any industrial size resin destruction plant would be stirred by blowing air and
nitrogen through the resin solution, so it was necessary to find if blowing gas through the resin

solution would make any difference to the reaction efficiency.

6.2.1.1 Results

The Ny and Oy were blown through a p160 sintered glass gas bubbler ata rate of 0.16 1 per minute
into the reacting resin solution, which was heated to 85°C (not the more normal 95°C). All other
experimental parameters were identical to those of the standard resin reaction. TOC level, HyOp
concentration, and the absorbance of the resin solution at various visible wavelengths were

monitored during the reaction, with the following graphs showing the changes that occurred.
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Figures 6.5 and 6.6 show that blowing O3 or N7 through the reaction mixture has little effect on
either the final TOC level or on the way HyO» concentration changes with time. However, the
digestion of the resin appears to occur faster in the N blown reaction. This may indicate that

Oz in solution has an inhibitory effect on the rate of the Fenton’s reagent / resin reaction.

The graph for absorbance changes at 450 nm (Figure 6.7) shows little difference between the
O2, N2 and standard reactions. However, significant differences between these 3 systems are
seen when the absorbance changes are measured at 500 nm and 550 nm (Figures 6.8 and 6.9).
In the O and N7 blown systems, an absorbance ‘bump’ over a period of around 150 minutes
is seen, starting at about 300 minutes from the start of the reaction. The bump is particularly
pronounced in the O blown system. These ‘bumps’ must represent the formation of oxidised,
coloured, organic molecules in solution, which are not created in equivalent concentrations in
the standard reaction. The smaller 'bump' in the N2 blown system presumably reflects the lower
concentration of Oy (and therefore lower concentration of oxidised, coloured molecules)

dissolved in the reaction solution.

6.2.1.2 Discussion of the Results

These experiments indicate that blowing N2 or O through the Fenton’s reagent / resin solution
has no effect on the final TOC level although N2 blown through the reaction solution may
increase the rate of reaction. If N is increasing the rate of reaction it must be as a result of its
removal of O, from the reaction solution in both the standard and O blown reaction. There is
a large amount of O3 in solution in the standard resin reaction due to the dissociation of HpO2
into HoO and O».
The inhibitory effect of O may be due to the scavenging of organic free radicals by O».
e.g.

R'+ O, —» RO,
The products formed in this reaction, such as RO2H, may themselves be more resistant to -OH

radical radical attack, again slowing down the rate of oxidation of organic material.
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6.2.2 Reducing the Concentration of Free Iron in Solution

Although the optimum starting concentration of Fe had been found in previous work at the
CEGB, it was felt that altering the Fe concentration in solution after resin solubilisation had
occurred might result in an increase in the overall efficiency of the reaction. This suggestion
was due to the development of a hypothesis to explain the decrease in efficiency of HoO2 use
during the reaction.

It was considered possible that this efficiency drop might be due to an increasing concentration
of free FeZ*/3+ ionsin solution (as compared with Fe2+/3+ions complexed with organic molecules
in the resin solution). These free ions would react with HyO9 to form ‘OH radicals away from
the organic molecules to be oxidised. This is in contrast with the Fe2+/3+ ions complexed with
organic molecules. Many of the -OH radicals formed at the site of these ions would have time
to attack the organic molecule before being deactivated by other processes. Thus if the
concentration of free Fe2+/3+ions could be reduced, the relative ratio of Fe2+/3+ ions associated
with organic molecules would increase, and the efficiency of HpO2 usage would be increased.
Work carried out by Bambrick suggested that a combination of sodium silicate and magnesium
sulphate would acteffectively to remove free Fe2+/3+ions from solution (see Table 6.2, overleaf),

so an experiment using these sequestering agents was devised 91,
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Table 6.2 shows that a solution of HoO7 with 40 ppm Fe dissolved in it decomposes completely
to H7O and O3 in half an hour. In comparison, an identical solution with sodium silicate and
MgSOg4 added as Fe2+/3+ sequestering agents loses only 18% of the original HO2 in 2 hours.
The addition of DTPA to the sodium silicate and MgSQO4 has no effect on the concentration of
H,O7, left after 2 hours, so it was decided not to add DTPA. The compound sodium tungsten
silicate was also used, in a separate experiment, in the place of sodium silicate to find out if it

increased or-decreased the reaction efficiency.
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6.2.2.1 Results
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Figure 6.10 shows that, as expected, the plots of TOC level .vs. time are the same for all three
solutions until the sequestering agents are added, whereupon they begin to deviate. The final
TOC level for the sodjum silicate reaction was found to be 34% higher than for the standard
reaction, and the final TOC level for the sodium tungsten silicate reaction was found to be three
times greater than that of the standard reaction (310%). -

In Figure 6.11, it can be seen that the rate of HyO consumption is fastest for the standard
reaction, with the sodium silicate reaction next, and the rate of consumption in the sodium
tungsten silicate reaction being the slowest. These data on their own might be promising, but
if these results are compared with the TOC level results it can be seen that HpO2 is being used

much less efficiently in the sodium silicate and sodium tungsten silicate reactions.

6.2.2.2 Discussion of the Results

The results show clearly that adding sodium silicate or sodium tungsten silicate to a resin
reaction solution has two effects.

1) A slight but real reduction in the rate of loss of HoO7 from solution. This is a good indication
that these compounds are acting as sequestering agents, and reducing the concentration of free
Fe2+/3+ ions in solution. This reduction in Fe concentration would in turn be expected to slow
the rate of HpO9 loss.

2) A large reduction in the amount of carbon removed from solution, relative to the standard
reaction.

These effects can be explained by postulating the following explanation for HyO2 consumption
in the Fenton’s reagent / resin reaction.

In this system there will be at least two mechanisms by which H2O2 is being lost from solution,
a Fe catalysed mechanism (Fenton’s reagent) in which -OH radicals are created, and also one
or more non-Fe catalysed mechanism/s in which -OH radicals are not created. Examples of such
mechanisms might be thermal decomposition, or the presence of low levels of various metal

ions, released into solution by degradation of the solid resin.
If the Fe catalysed mechanism is slowed by removal of some Fe ions as -OH radical producers,

then the non-Fe catalysed mechanismy/s will become relatively more important. The Fe
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catalysed mechanism will be slowed even more if the inorganic sequestering agents are not only
removing free Fe2*/3+ from solution, but also the Fe2+/3+ associated with the organic molecules
insolution. Thus, ina given time, a greateramount of the HpO7 presentin solution will be wasted
producing H>O and Oj.

If the sequestering agents are removing Fe2+/3+ from organic molecules then an efficiency gain
might be obtained by using less efficient sequestering agents, that would only remove free

Fe2+/3*, and not FeZ+/3* associated with organic molecules.

6.2.3 Making the Resin Digestion Solution Less Acidic

During this work another hypothesis was developed to account for the fall in efficiency of
hydrogen peroxide usage in the latter part of the resin digestion process.

At the start of the standard Fenton’s reagent / resin reaction the pH of the mixture is about 5.
However, during the reaction the pH changes dramatically, falling to a low of around 0.7 when
all the resin has dissolved, and then gradually rising until the end of the reaction (see also Chapter

7, Section 7.1.6).

FIGURE 6.12
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Ihypothesise that it s desirable for Fe2+/3*ions to be close to the organic molecule so that when
‘OH radicals are formed they can more readily attack the adjacent organic molecule 27. In the
resin the metal ion is mainly held at the active site of the cation exchange resin, the sulphonic
acid group. As the sulphonic acid groups are converted to sulphate ions, after cleavage from the
aromatic ring, H*jons are produced making the solution more acidic. This acidic solution would
then catalyse the cleavage of more sulphonic acid groups from the organic molecules in solution
(see Section 6.1.1.1). As the sulphonic acid groups are lost from the organic molecule,
Fe2+/3+

10ons are also removed from the vicinity of the organic molecule. This reduces the

fraction of -OH radicals that will interact with the organic substrate.

As a consequence of this hypothesis it was suggested that if the resin reaction solution could be
made more alkaline by adding NaOH, loss of sulphonic groups from organic molecules could
be slowed or stopped. This would hopefully keep the Fe2+/3+ions close to the organic molecules
in solution, thus increasing the efficiency of HoO7 use. However, care would have to be taken
not to increase the pH of the resin reaction solution beyond about 4, because above this pH Fe3+
compounds start to precipitate out if they are not complexed, and the Fenton’s reagent gradually

becomes inactive 2.

.2.3.1 Result
Solid NaOH was used during the reaction to adjust the pH, so as to minimise the change in

volume of the reaction mixture as alkali was added. In all other respects the reaction was

identical to the standard resin digestion reaction.
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Figures 6.13 and 6.14 show that the effect of using NaOH to alter the pH of the reaction mixture
is to slow and reduce the efficiency of the Fenton’s reagent / resin reaction, with the final TOC
level of the acidity controlled reaction being 210% higher than that of the standard reaction.
Figure 6.15 shows that the apparent Fe concentration in the acidity controlled resin reaction is
a) more stable than the standard reaction

b) lower than the standard reaction for most of the time of reaction

Since for both experiments there is only a fixed amount of Fe in solution (primarily from the Fe
catalyst) the variation in apparent Fe concentration must reflect changes in the chemistry of the
reaction solution, caused by the higher pH. This higher pH is likely to favour the formation of
deprotonated organic ligands, which will coordinate strongly with the Fe in solution, causing
the Fe AA signal to be depressed relative to uncoordinated Fe. Citric acid, forexample, is known
to depress an Fe AA signal by up to 50% (see also Chapter 7, Section 7.1.2).

Figure 6.16 shows that the pH levels of the respective solutions start to diverge rapidly at 25
minutes, after NaOH addition is started. This rapid divergence continues until just before 100
minutes, in spite of the fact that the NaOH addition is stopped at 75 minutes. This time lag
indicates that some type of kinetically slow process is occurring in the resin digestion system.
After 100 minutes the pH of the NaOH resin reaction is stable for a time, rising rapidly at the

end.

6.2.3.2 Discussion of the Results

The results from this experiment show that the hypothesis that “reducing [H*] would improve
the efficiency of HpO7 use” is incorrect, at least under the conditions used in my experiment.
As the reaction mixture becomes less acidic (in the NaOH reaction) the rate of HyO7 loss from
solution decreases but the reaction becomes more inefficient. This effect is particularly
noticeable when the acidity of the reaction solution moves above pH2 at around 350 minutes
from the start of the reaction. Atthispointthe concentration of HyO7intheresinreaction solution

is about 0.88 M. Table 6.3 shows clearly how inefficient the NaOH resin digestion reaction

becomes after this point.
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Level

It seems likely that the same process as described in Section 6.2.2.2 is occurring in this system.
This is the process in which the rate of the iron catalysed decomposition of HoO7 is slowed while
other HpO7 decomposition mechanisms are unaffected, resulting in a decrease in overall
reaction efficiency i.e, as the Fenton’s reagent / resin solution becomes more alkaline, the iron

catalysed decomposition of HyO» is slowed.

6.2.4 Making the Resin Digestion Solution More Acidic

As a result of data gathered for the previous experiment, it was noted that the pH of the resin
solution affected the efficiency of the resin digestion reaction (see Section 6.2.3.2). It was
therefore decided to investigate the effect of making the resin solution more acidic by the
addition of concentrated HpSO4 just after the resin had solubilised. The pH at the point of resin

solubilisation was taken as the pH to be maintained for the duration of the experiment.

178



6.2.4.1 Results
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Figures 6.17 and 6.18 show that the effect of using HySO4 to alter the pH of the reaction mixture
is to slow and reduce the efficiency of the Fenton’s reagent / resin reaction. The final TOC level
of the H2504 acidity controlled reaction is 130% higher than that of the standard reaction.

Figure 6.19 shows that adding acid the reaction solution has altered the pattern of apparent Fe
concentration change during the reaction. This must mean that the added acid has affected the
quantity and/ or type of organic acids produced during the reaction (see Chapter7, Section7.1.2)
Figure 6.20 shows that once the maximum pH level of the resin reaction solution was reached,
addition of concentrated HpSOj4, when required, maintained this pH level until just before the

end of the reaction.

6.2.4.2 Discussion of the Results

It seems likely that the same process as described in Section 6.2.2.2 is occurring in this system.
This is the process in which the rate of the iron catalysed decomposition of HyO» is slowed while
other HpO, decomposition mechanisms are unaffected, resuiting in a decrease in overall
reaction efficiency i.e the stabilisation of the pH of the Fenton’s reagent / resin solution causes

the iron catalysed decomposition of HyO» to slow.

6.2.5 Suggestions for Reducing the Loss of Hydrogen Peroxide in Inefficient Side Reactions

Further research would be required to understand the processes by which H2O3 is lost from
solution. If thermal decomposition was found to be a major factor in the loss of HyO», then the
temperature of the reaction mixture could be altered, until the best balance of reaction efficiency
.vs. rate of resin degradation was obtained. If the presence of low levels of metal ions is a major

cause of HpO7 loss, then the possibility of using chelating agents specific for those ions could

be investigated.

6.2.6 Conclusions

1) Boiling the resin in acid before addition of Fenton’s reagent has no beneficial effect on overall

efficiency of the resin digestion reaction.

2) Crushing the resin has no effect on the overall efficiency of the resin digestion reaction, its
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only effect being to increase the initial rate of reaction.

3)Blowing O or Nj through areacting resin digestion solution appears to have no adverse effect
on the progress of the reaction. This means that air stirring is a suitable method for agitating the
reaction mixture in a full scale resin destruction plant.

4) Removal of Fe2+/3+ from the resin reaction solution reduces the efficiency of the reaction.
5) Both increasing and reducing the pH of the Fenton’s reagent / resin solution, relative to that
seen in the standard reaction, results in a decrease in the efficiency of HyO» use.

6) If any method developed in an attempt to improve the efficiency of HyO usage slows the rate
of the Fenton’s reaction / resin reaction down, consideration must be given to ways of reducing

the rate of decomposition of HyO» in inefficient side reactions.
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CHAPTER SEVEN

ANALYSIS OF THE FENTON’S
REAGE TION EXCHANGE RESIN REACTT
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2O INTRODUCTI

Analytical work was carried out on the Fenton’s reagent/ion exchange resin system to provide
data for the efforts to find a more efficient way to use HpO». Thisanalytical work was concentrated
in two main areas:-

a) Direct analysis of the various stages of the Fenton’s reagent / ion exchange resin reaction.
b) Substitution of a model compound, calix[8]arene-p-octasulphonic acid (CALIX), for the ion-
exchangeresin in the Fenton’sreagent/ resin reaction. This substitution was carried out because
while CALIX has a close chemical resemblance to Lewatit ion exchan ge resin (both have a
sulphonated, phenol-formaldehyde, cross-linked structure), CALIX is soluble in water (the
resin 1s insoluble in water). This solubility in water allows a homogeneous system to be studied
from the moment of first HyO addition. There is also the advantage that the structure of CALIX

is known precisely, thus aiding the subsequent interpretation of the degradation of the CALIX.

7.0.1 The Structure of Lewatit DN

FIGURE 7.0
A TRUCTURE OF LEWAT - ANGE RE

Resin Backbone

OH

OH OH OH
/CHZ CH, CHZQ/CHZ\ i CHZ\

SOzH
AsFigure 7.0 shows, only some benzene rings have a sulphonic acid group attached. Elemental
analysis of the resin shows that 20% of the benzene rings are sulphonated. The whole resin is

heavily cross-linked (not shown in Figure 7.0), which unfortunately complicates the chemistry

of the breakup of the resin.
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71.0.2 A Prediction of the Decomposition Products of the Fenton’s Reagent / Lewatit Resin

System
The known reactions of -OH radicals with simple molecules, as described in Chapter 1, Section
1.5.1.3, combined with knowledge of common organic reactions, can be used to predict the kind

of molecules that will be created as the resin is gradually decomposed into CO;, water, and

inorganic sulphate.

.0.2.1 The Initial H xyl Radical Attack of the Ton Exch Resin

FIGURE 7.1
E T

SULPHONATED BENZENE RING IN LEWATIT DN

OH

L—O—T
@

There are 6 possible sites for attack by the hydroxyl radical, four at the benzene ring, one at the
carbon backbone that holds the resin together, and one at the sulphonic acid group. All 6 sites
will be attacked by the -OH radical, but it is possible to predict which sites are statistically the

most likely to be attacked, using molecular orbital theory.

7.0.2.2 Orbital Bonding Theory Applied To Hyvdroxyl Radical Ring Addition 22

As an -OH radical approaches the ring there will be a small initial overlap between the highest

occupied molecular orbital (HOMO) of theradical, and the lowest unoccupied molecular orbital
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of the ring (LUMO). This causes a new bonding molecular orbitai to start forming and the
unpaired electron occupies this new orbital. This process happens very rapidly as there is no
activation energy to overcome. As the overlap increases, the energy released will increase, until
afull chemical bond results. The great speed of this series of reactions was shown by Dorfmann,
who demonstrated that the -OH radical will attack benzene in aqueous solution 93. -OH radical
attack has a rate that is nearly diffusion controlled (k = from 3 to 8 x 109 1 mol-! s-1) 29.

For substituted ring compounds there is competition between sites during hydroxyl addition
reactions, —due to the effect of electron-withdrawing substituents on the ring 29. An electron
withdrawing group reduces the overlap between the hydroxyl radical HOMO and ring LUMO
atpositions meta toitself, explaining why mostattacks occur at position 2, relative to the electron
withdrawing group. Other factors that affect hydroxyl radical are equilibriation, rearrangement
and reversion to the starting material 29.

In contrast to ring hydroxylation, when hydrogen abstraction takes place there is an activation
energy barrier to be surmounted. In this case activation energy isrequired as the C-H bond must
break before the O-H bond can be formed. This energy barrier slows the whole reaction down,
making hydrogen abstraction less likely compared wirh ring hydroxylation. Studies of -OHradical
addition to toluene have shown that only 3% of the -OH radicals abstract hydrogen from the
methyl group of the toluene, with the other 97% adding to the aromatic ring #4. Similarly when
-OH radicals add to phenylacetic acid solutions more than 90% of the radicals add to the aromatic
ring 9.

Finally there are also mechanistic considerations that favour ring hydroxylation as the first
attack proces‘s. 18_ It has been shown in amodel system (mandelic acid/ FeSO4) that around 50%
of the -OH radicals formed in the reduction of HyO2 by FeZ* are held temporarily within a
‘solvent cage’ around the metal ion. These -OH radicals are held in place for along enough time
to react with the nearby functional group of mandelic acid (phenyl hydroxyacetic acid), forming

benzaldehyde and benzene carboxylic acid at pH<1. If the pH of the reaction solution is

increased, phenols are formed in increasing yield 27,
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FIGURE 7.2
THE OXIDATI F MANDELIC ACID BY HYDROXYL RADICAL
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TABLE 7.0
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Yield 3, % |
pH Cs¢HsCHO |[C4H5COOH I Phenols b Other¢ " Total
<1 636 || 23 - - " 65.9
12| 556 3.4 16 || 29 " 63.5
1.9 _394 __114 7.0 - 57.8
2.7 20.5 9.3 13.5 - 433

a pased on oxidant used, © hydroxymandelic acids, ¢ hydroxybenzaldehydes and hydroxybenzoic acids

Since in the Lewatit resin the Fe2+ ion is held close to the aromatic ring, (primarily at the
sulphonic acid group), newly formed -OH radicals would mainly attach themselves to the ring
rather than the more distant polymer backbone.

Bibler suggested that the backbone of the polymer chainin a cross-linked polystyrenesulfonate
cation resin would be the first part of an ion-exchange resin to be attacked by -OH radicals 31,
However, the work on mandelic acid would not support this. Also, other work by Walling has
shown that aromatic side chain cleavage (the process by which resin cross linkages are

destroyed) is mechanistically dependent on previous ring hydroxylation 29,
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7.0.2.3 The Hydroxyl Radical Attack of Aliphatic Chains

The environment in which all the resin destruction reactions occur is fiercely oxidising, thus the

general reaction pathway, starting from an alkane chain, will be as follows 96:-

Alkane

Oxidation Oxidation Aldehyde  (yidation :
or ——» Alcohol _— or Cal;:)o_):iyhc
Alkene Ketone “

Once - the carboxylic acid has been formed, decarboxylation will occur, shortening the C
backbone by one C atom, and creating a new alkane, in the following general reaction

0

I

R—C—-OH —>» R—H +C02
Carboxylic Acid Alkane

Normally the decarboxylation of carboxylic acids is a slow process, but under special
circumstances the reaction very fast. These circumstances are:-
a) When the carboxylic acid has a carbonyl group one carbon removed from the carboxylic acid

group, in B-keto acids.

0
i

A B-keto acid

b) When a malonic acid has been formed.

T |
HO-C—C—C-OH —> H—(IT—C-OH +CO;
R R

A Malonic acid

¢) When a carboxyl radical has been formed.

RC02 —3 R + C02
Carboxyl Radical

The decomposition of carboxyl radicals will probably be the main source of CO; detected during
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the digestion of the resin, as they will be very common in the reaction solution.

7.0.2.4 A Summ f the Ring D ion Pr

Itis probable that the dominant process in resin degradation will be rin ghydroxylation followed
by side-chain scission, producing multiply hydroxylated products. Baxter produced the

following reaction scheme for the -OH radical attack of a resin similar in structure to Lewatit (see

Figure 7.3, overleaf) 18,

The fragments of backbone can be expected to have the groups CHOH, CHO, and COOH at
the terminal positions of the fragments, with further degradation prodcuts such as oxalic
((COOH)?) and crotonic acid (CH3CH=CHCOOH) also being commonly present during the
reaction.

Aromatic sulphonic acids would be expected to break down to (COOH),, HCHO, and HCOOH.
However, it would not be expected that much aliphatic sulphonic acid will be presentin solution
as non-aromatic sulphonic acids are oxidised to sulphates 97, Eventually, if excess H2O7 is
supplied, all organic species in solution are convertcd into CO; and water in the process known

as mineralisation.
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Details of CALIX ix ne-p- Iphoni¢ Aci
The structure and an efficient synthesis of a new class of molecules, ‘calixarenes’ was first
described by Gutsche in 198140. Gutsche produced calixarenes by reaction of p-tert-Butylphenol
with para-formaldehyde, using potassium hydroxide as a catalyst, to form a class of cyclic

oligimers, an example of which is shown in Figure 7.4.

FIGURE 7.4
CALIX[SIARENE
R
R R
H; CH2
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OH
CH, o CH2
R OH

Q@f@

where R = methyl

Calixarenes are made up of benzene units, having the same cylindrical architecture as
cyclodextrins (which are made up of glucose units). The number within the name of the
calixarene shows how many benzene units there are inthering i.e., calix[6]arene-p-hexasulphonic
acid has 6 benzene units. Since the cyclodextrins are well known for host-guest chemistry in
solution, it was expected that calixarenes would have similar properties. However, very few
examples of this behaviour were reported, until a paper of Shinkai's was published in 1989,

describing the use of calix[6]arene-p-hexasulphonic acid in this area of chemistry 98,

This work was based on the work first published in 1984, in which Shinkai described the
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discovery of a water soluble calixarene, calix[6]arene-p-hexasulphonic acid, made by replacing
the CH3 groups on the outer rim of the calixarene with sulphonate groups ?2. Shinkai’s method

was adapted for this thesis to produce calix[8]arene-p-octasulphonic acid.

FIGURE 7.5
CALIXISIARENE-p-OCTASULPHONIC ACID
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7.0.3.1 The 3-D Conformation of Calix[8]arene-p-octasulphonic Acid

Shinkai describes calix[6]arene-p-hexasulphonic acid as having a flattened cone shape, or

possibly a winged or hinged structure (see Figure 7.6) 100,
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FIGURE 7.6
TRUCTURE OF CALIX[6]IARENE OQCTASULPH ACID
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However, Gutsche reports that calix[8]arene, the precursor for calix[8]arene-p-octasulphonic
acid, has a ‘pleated loop’ structure 101, This is a disc shape, with the OH groups pointing in and
out of the plane of the molecule. Hydrogen bonding between the OH groups on the inner rim
of the calixarene helps maintain the flattened shape of the calixarene molecule. It would be
expected that due to the electrostatic repulsion of the sulphonate groups, the sulphonated version

of calix[8]arene would be more ‘pleated’, as the sulphonate groups try to move apart.

7.0.4 Analytical Procedures and Techniques Used in the Analysis of the Fenton’s Reagent /Ion

Exchange Resin Reaction

The nature of the reaction between Fenton’s reagent and Lewatit ion-exchange resin is very

complex, with many types of organic molecule being present in solution at any one time. This
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is particularly the case for the first part of the resin digestion process, when there is a high Total
Organic Carbon (TOC) level.

To attempt to elucidate the course of the reaction it was decided to approach the analysis of the
reaction solution in two stages. The first stage of analysis involved measuring the changes of
physical characteristics of the resin reaction solution eg pH, TOC level, Fe concentration, SO42-
concentration and relating these changes to the type of chemical reactions occurring in solution.
The second stage of analysis involved using spectroscopy and GC-MS to try to find which kind
of organic; molecules are being formed during the reaction. Finally the results from the two parts
of the analytical process were combined with the results obtained from the analysis of the
Fenton’s reagent digestion of CALIX, to give a suggested overall reaction mechanism for the

Fenton’s reagent / resin reaction.

7.1 RESULTS

7.1.1 Observations of the Resin Beads During Their Solubilisation by Fenton’s Reagent

The Lewatit ion-exchange resin supplied by Nuclear Electric is in the form of black, irregularly

shaped beads, approximately 1 mm in diameter.
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Within 20 seconds of the initial addition of HyO5 to the reaction vessel, the solution above the
resin can be seen to become discoloured, indicating that the Fenton’s reagent is immediately
attacking the resin beads. The beads then become sticky and clump together if not stirred
vigorously. This is probably due to the formation of multiple OH groups on the surface of the
resin bead (multiple OH groups are common in the substances used to make adhesives). The
presence of polyhydroxylate structures would be expected in this system (See Section 7.0.2.4).
As the resin dissolves a smell reminiscent of organic carbonyl groups is detected. This smell

is present during the whole of the reaction.
If aresin bead sampled at 5 minutes after the start of the reaction is observed at low magnification

in an electron microscope, extensive pitting of the surface of the bead can be seen. As the

magnificationisincreased it can be seen that some of pits on the surface of the bead are very deep.

FIGURE 7.8
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These pits are probably formed by the enlargement of microscopic pits that already exist on the

surface of the resin bead, in a process shown in Figure 7.9 (see overleaf).
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The hydrogen peroxide diffuses rapidly into the resin bead, whereupon Fe
ions catalyse the production of .OH radicals, wh'ch travel out in all
directions away from the Fe ions. The .OH radicals attack the resin, forming
water soluble organic molecules.

Water and hydrogen
peroxide

Surface of resin bead

Resin bead

There would be a higher rate of .OH radical attack at locations with a
microscopic hole in the resin bead surface, due to the higher surface area at
these points. This would result in enlargement of these holes. Fe would
also tend to be temporarily trapped in these holes, rather than diffuse away
into solution, again resulting in enlargement of tie holes.
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If a resin bead sampled at 30 minutes after the start of the reaction is observed at low
magnification it can be seen that, unlike the resin bead from 5 minutes into the reaction, there

is no longer any surface pitting, with only a smooth surface being seen (up to a magnification
of 2000 times).

This observation suggests that by this time there are no longer any sites in the structure in which
iron catalyst can be trapped. Instead, the -OH radicals must be being created solely in solution
by reaction of HoO with Fe ions. Since the resin beads are completely surrounded by water,
the surface of the resin bead would be attacked by -OH radicals from all directions at an equal
rate, resulting in the completely smooth surface observed.

On visual inspection of the reaction vessel, the average size of the beads is seen to reduce, as
more and more of the bulk of the bead is dissolved, with complete dissolution of the resin
occurring at 65 to 75 minutes after the start of the reaction. The colour of the resin reaction

solution gradually fades from dark brown as the reaction proceeds until at the end it is a pale

brown / yellow colour.
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1.1.2 Monitoring the Iron Concentration in Solution During the Fenton’s Reagent / Resin
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Figure 7.11, whichis typical of many such sets of data, shows that the measured Fe concentration
reaches its maximum at 20 minutes after the start of the reaction. This indicates that at this point
all the iron has been removed from the resin, even though substantial quantities of ion-exchange
resin are still present in the reaction vessel. This in turn implies that, under the conditions used
in my experiments, the Fe catalyst does not permeate the whole of the resin bead and reside
throughout it, but is only localised at or near the surface of the bead.

The maximum Fe concentration at 20 minutes also indicates that the Fe released from the resin
is not re-absorbed, to any significant extent, onto the surface of the resin. By this stage there is
a variety of organic molecules in solution, and it seems likely that the Fe is being ligated by these
organic molecules as soonitis released into solution, thus being prevented from returning to the
resin. An alternative explanation is that when a resin sulphonic acid group is exposed to the
reaction environment, by dissolution of resin material above it, the sulphonic acid group is

immediately lost from the benzene backbone of the resin. This would reduce the chances of any

free Fe in the reaction solution being bound onto the resin surface.
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FIGURE 7.12
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Although the replacement group for SO3H, OH, can itself act as a ligating group for iron in
solution, the stability constants for phenol and benzene sulphonic acid, with respect to H, suggest
that OH is inferior to SO3H in the ligation of iron. The stability constant is the reciprocal of the

dissociation constant. No data were available for the relative stability of Fe / HO3SPh and Fe

/ HOPh complexes.
TABLE 7.1
THE STABILITY CONSTANTS OF BENZENE
SULPHONIC ACID AND PHENOL 102
Compound Acid Dissociation Log of Acid Log of Stability
Constant (mol Dissociation Constant
dm-3) Constant

2x 101

1.28 x 10-10 -9.9 9.9

After the apparent Fe concentration maximum has been reached, the apparent Fe concentration
varies slowly until the end of the reaction (Figure 7.11). Atthis point the final Fe concentration
is 78% of the maximum measured Fe concentration.

The resin solution is very acidic, and the iron catalyst concentration is very low, so it seems
unlikely that this variation is caused by iron precipitating out of, and then solvating back into
solution. Since there appears to be no other possible mechanism for the removal of Fe from

solution after the resin has solubilised, the variations in apparent Fe concentration must be a
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reflection of the changing chemical environment of the reaction mixture. The chemical
environment affects the rate at which monatomic Fe ions are formed in the flame of the AA

equipment, and thus the Fe concentration reading produced by the AA (see Section 7.1.2.1).

7.1.2.1 Chemical Interference in AA

Itis well known that the chemical matrix of a sample can affect the reading obtained when atomic
absorption spectroscopy is used. Chemical interference occurs when compounds or radicals
containing the element being measured are not broken down into individual atoms at the
temperature of the flame being used 103. There are several chemical environments known to
effect the AA reading obtained for samples containing iron. Mineral acids cause a slight
depression in the reading obtained, whilst organic acids (in particular citric acid) can cause a
depression of up to 50% in the iron concentration measured by an AA spectrophotometer (see
Figure 7.13) 104,105,

FIGURE 7.13
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Both organic acids and H,S04 are presentin varying concentrations in the samples analysed for

iron (see Sections 7.1.13.1 and 7.1.6) suggesting strongly that chemical interference accounts
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for the variations in the measured [Fe].

1.1.2.2 Calculation of the Expected Iron Concentration in Solution

Itis possible to calculate the expected iron concentration in the reaction solution, based on the

iron content of the resin, plus the amount of iron added in the form of the catalyst.

3 g of resin had H20; added to it, without Fe being used as a catalyst, until a reaction mixture
similar in appearance to that of solutions seen at the end of the standard reaction was obtained.

330 cm3 of solution with an Fe concentration of 7.85 ppm (measured by an AA spectrometer)

remained at this point.

Assuming that this concentration was itself depressed by chemical interference, to the same
extent seen at the end of the standard resin reaction (78%), then the actual Fe concentration
would be 10 ppm.

10.0 ppm Fe = 0.01 g of Fe per litre

However, there was only 330 cm3 of solution, so

0.01/3.03=0.0033 gof 'e in 3 g of resin

In the standard reaction 0.13 g of FeS04.7H20 is added to 10 g of resin, along with 541 cm3
of liquid (water + HyO2).

Amount of Fe in 0.13 g of FeSO4. 7TH20 =0.0262 g

Amount of Fe in 10 g of resin =0.011 g

Total amount of iron in 541 cm?3 of liquid = 0.0372 g

Calculated maximum Fe concentration = 68.7 ppm

Observed maximum Fe concentration reading = 71.8 ppm

The slightly higher observed Fe concentration maximum may result from slight contamination

of the apparatus used for the resin digestion.
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1.3 Monitoring the Chan inT Level During the Fenton’s R nt / Resin R ‘on
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Figure 7.14, which is typical of many such sets of data, shows that the TOC level starts falling
before the resin beads are totally dissolved. Thisindicates that at this point the rate of destruction
of organic molecules in solution exceeds the rate of resin bead dissolution. In heterogeneous
reactions the reacting molecules are transferred from one phase to the other, and rate of transfer
will depend on the surface area of the interface between the phases. As the bead dissolves a
reduction of the surface area of the bead will occur and the quantity of organic material going

into solution in a given time will fall as the beads dissolve.

An attempt was made to mathematically model the dissolution of the resin, and compare the

results with the actual TOC level readings obtained.

7.1.3.1 Assumptions Made in Model of Resin Dissolution

1) The bead is a perfect sphere, and dissolution occurs only at the surface.

2) The [H20z2] is constant during the dissolution of the bead.

3) Organic material that is released into solution is not oxidised to COy.
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4) The rate of loss of mass from the bead is proportional to the surface area.

Assuming (4) is correct, then

-dr

— =k

dt
Integrating this equation we get

r=-kt+k .- Equation 1

When rq = radius at time 0, then

Ip = k
Substituting into Equation 1,

r=-kjt+rp

and rearranging,
I-1p =-kit and T+1o =kt

and
o-r=kjit ------ Equation 2

If T = the time when the resin bead has been totally destroyed, then
r=ki(T-t) ------ Equation 3

From Equation 2 we know that

Substituting for kj in Equation 3,

and rearranging,

n:(ro,r)(T_t) ,and rt:roT-rO['rT'*'rt’and 0=I‘oT-I’ot-I‘T and rT=r()T"r()t
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followed by,

rT r T-t T t
T = 1o(T P n T no T
IT=10(T-1)  and To cand To T | finally To T

The volume of a sphere is

therefore the amount of carbon left at any point will be

7 (1o 3 -r3)

W~

Rearranging,

But,

t 3 3
I 1-— sothereforer— =(1-£)
To T g T

Thus, the amount of carbon left is equal to

V_ y
P 3[1-(1-1”
3 T

The fraction of the resin bead that has been dissolved at time t will be

seod1-(-4))

4 3
37 10

(4]

If the fraction dissolved is multiplied by the maximum observed TOC level, C, then the model

TOC values and actual TOC values can be compared.
v . 3
t
T
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Figure 7.15 shows that the actual TOC level rises to a peak much faster than the modelled TOC
levels. The most probable explanations for this disparity are the assumptions made about the
shape and surface area of the resin bead. The real beads are irregular in shape, and pits and deep
channels develop in the structure of the bead soon after the start of the reaction (see Figure 7.8).

This will substantially increase the surface area available for -OH radical attack, relative to the

perfect sphere assumed in my model.

The data for the fall in TOC level after all the resin had solubilised were analysed next and the

results are shown in Figure 7.16.
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Figure 7.16, which is typical of many such sets of data shows that the rate of loss of C from
solution after all the resin beads have dissolved is approximately O th order, i.e., the rate of
removal of C from solution is not dependent on the concentration of C present in solution. This
means that the rate determining step in the removal of C from solution does not involve C, that
is

d [Carbon]

= k [Carbon]”
dt
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1.1.4 Monitoring the Changes in Hydrogen Peroxide Concentration During the Fenton’s

Reagent / Resin Reaction

FIGURE 7.17
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Figure 7.17 shows that the general form of the HyO7 concentration plot matches that of a st
order plot of concentration . The variations of the H2O7 concentration plot from the 'ideal’ 1st
order plot, in particular the increase in the rate of HO2 seen at about 125 minutes, can be
explained as follows:-

Normally as time passes the rate of HyO; consumption would fall. However, as the degree of
oxidation of organics in solution increases, then the average C backbone length of organic
fragments will fall. If shorter chain length molecules are easier to oxidise, then the rate of HyO»
consumption is likely to increase, as is seen at 125 minutes.

The first order nature of Figure 7.17 is confirmed in Figure 7.18, in which data is analysed for

3 'standard resin reactions'.
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FIGURE 7.18

giranh.shgming the relationship between time and the

r

r LOXi n i
for ndard resin digestion r ion
1.0
= 051
2
g
§ 0.0 "
g o .
&) X Experiment 1
= -0.57 .
% ® Experiment 2
: s -
g; 10 a Experiment 3
Y
&
1]
;% -1.5-
=
=
-2.0 T T T 1 T
0 20 40 60 80 100 120 140 160
Time(minutes)
FTABLE 7.2
RAD I HE R
RITHM OF THE CHA HYDROGE
ENTRATI EPARATE EXPERIM
Experiment Gradient of Line Extrapolated
Number ____min -1 Intercept on y axis

1 7.08 x 10-3 0.68

2 1.37 x 102 0.62

3 1.73 x 102 0.98

This information indicates that the rate of loss of HyO7 from solution, after the resin has dissolved,

is 1st order with respect to concentration, i.e,

d[H01]

=k 0,71
" [H O3]
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The variation in the gradients of the lines must be due to experimental error, as the conditions

of the 3 experiments were supposed to be identical.

A simple reaction scheme was devised to account for the HyO5 and TOC level chan ges.

1 7.1
ASIMPLE SCHEME FOR RESIN DISOLUTION

k
Fe* +H,0, ——3  Fe’*+'OH
. ky;
OH + Organic —2 5 Oxidised Organic  (Many such equations)
. k3
OH —» Side Reaction (Several such equations) fre

If the [Fc2+] remains essentially the same, then a first order reaction would
be seen i.e.,

Yiz 1 koj [Organic]

Instantaneous Efficiency = — -
Yi—1 koj [Organic] + k3

_d(To0) _ ki Y2, koi [Organic]
dt > 1koj [Organic] + k3

1.5 Monitoring the Changes in Sulph ncentration During the Fenton’s R, nt/ Resin
Reaction
It was decided to monitor the changes in sulphate level because it was hoped that these changes
would provide information about the loss of sulphonic acid groups from the Lewatit resin
structure. B
SO42- concentration was measured by adding a solution of BaCly to samples of resin reaction
solution taken during the reaction, which created a precipitate composed of BaSO4 and organic
material. The precipitate was removed from the resin solution, dried; weighed; then heated

strongly on a bunsen for 15 minutes, and reweighed.
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In Figure 7.20 the 'Before’ trace shows the total amount of material precipitated when the BaCly
was added to theresindigestion solution. This materiz! will consist of BaSQy4, along with organic
acids such as barium oxalate (it would be expected that some organic acids would co-precipitate
along with the BaSQ4). The ‘After’ trace represents inorganic material not burnt off when
heated by a bunsen burner. This will consist of BaSO4 and BaO (the BaO coming from
decomposition of barium organic acids). The ‘Difference’ trace will represent the amount of

organic acids precipitated from solution at any one time.

It was decided to calculate the maximum amount of BaSO4 that would be expected in the

precipitate, based on the elemental analysis of Lewatit resin.

1.5.1 Experimental Details
5 g of resin was reacted with 70 cm3 of Hy07 in 200 cm3 of water, with 0.065 g of FeSQ4.7H,0

(the catalyst). 10 cm3 samples of the resin solution then had BaCl added dropwise until no
further precipitate was seen. The precipitate was then removed by filtration, dried, weighed, and

heated by a bunsen burner for 15 minutes and reweighed. The weight of the remaining
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precipitate was then found.

7.1.5.2 Calculation of Sulphur Concentration in Solution

S content of the dry resin (from elemental analysis) = 4.64%
Mass of S in theresin=0.232 g

Assuming all S in solution is in the form of SO42- then the mass of SO42- in the resin reaction
solution after resin dissolution = 0,696 g
Plus contribution of SO42- from catalyst = 0,718 g
Mass of SO42- in each sample of resin reaction solution after resin dissolution (0.718 /27) =
0.0265 g
Ba and SO42- comprise 58.84% and 41.16% respectively of the BaSO4 molecule.
Expected mass of BaSOy precipitated per sample = 0.0646 g
Actual mass of BaSQy precipitated in post-resin dissolution samples = 0.0325 g

i.e., 50% of the expected maximum yield.

There are two possible explanations why a lower amount of BaSQ4 than expected is detected.
a) Agar-agar was not used, by an oversight, to coagulate the precipitate produced on the addition
of BaCly to the sample (as suggested in Vogel’s Textbook of Quantitative Chemical Analysis)
106, This would have resulted in a decrease in material collected when the resin solution was
filtered.

b) The resin beads used in the reaction may have been slightly damp, resulting in a lowering of

the mass of bead available for dissolution.

7.1.5.3 Discussion of the Results

7.1.5.3.1 The Variation in the Amount of Organic Material Precipitated

It would be expected that the maximum of organic material would be precipitated at a point near
the highest TOC level, and this is seen. The amount of material precipitated then falls rapidly
until the resin has dissolved, whereupon the rate of fall of mass of organic material precipitated

slows. Since the organic material consists of organic acids, this result shows that these organic

212



acids are at their maximum concentration in the reaction solution during resin dissolution.

IABLE 7.3
SOLUBILITIES IN WATER OF SOME ORGANIC BARIUM COMPOUNDS 102
Compound " Formula Solubility (g) in 100
| cm3 cold water
Barium oxalate BaCr0O4 0.0093
Barium tartrate i BaC4H403.H,0 0.026
Barium citrate | Ba3(CgHs507)2.7HoO I{ 0.0406
Barium malonate | Ba(C3H,04.HyO l 0.143
Barium formate Ba(CHO»), 27.26
Barium acetate Ba(CoH309)2 58.8

7.1.5.3.2 The Variation in the Amount of Barium Sulphate Precipitated

The results shown in Figure 7.20 suggest the following processes occur during resin dissolution.
Asthe resin bead is dissolved, more and more sulphor.ic acid groups will be exposed to oxidation
by -OH radicals. On oxidation by -OH, each sulphonic acid group is cleaved from the benzene
backbone of the resin, and forms a SO42- group in solution which is detected by the addition of
BaCls solution. As the resin beads are dissolved, the rate of SO42- release decreases, until there
are no undissolved resin beads left, and nomore SO42- isreleased into the resin reaction solution.
The plateau reached for SO42- in solution indicates that all the S released by the dissolution of
the resin beads is in the form of SO42-, and not as part of the organic molecules in solution. If
some S had been incorporated into the organic molecules present in the reaction solution, it
would be expected that as these molecules were degraded by Fenton’s reagent attack, more
SO42- would be seen in solution. Therefore, by the time that all solids have been dissolved, all

sulphonic acid groups have been converted to sulphate.

213



.1

Monitoring the Chan in pH Level During the Fenton’s R nt/ R
FIGURE 7.21
. in tt lard in di X .
5.5
N
5.0 4
45 ]
. 404
= :
E 3.5 4
s ]
e 3.0 4
m -
£ 254
s ]
- Z'Oj
(=%
1.5 S
10 JW
0.5 4
O'O ] T | v T T Y T T
0 50 100 150 200 250 300
Time (minutes)
FIGURE 7.22
h sh relationshi im
ndar in di 1] n
1.2
1.1 4 /:a
+ Gradient of Dashed Line = P 7
=0. 1.91e- A2 =0.
5 10 y=0.54+191e-3x R 0.999 p
s A
2 1 s
o]
£ 09 4 s
2 o7
s od
= 0.8 - o’
. /
o
07 A &/
0.6 T T Y T T T T T
0 50 100 150 200 250 300

Time (minutes)

214

in R

i



The initial rapid fall in pH, seen in Figures 7.21 and 7.22, is presumably related to the formation
of H2SOy4, created by the release of SO42- into solution (see Section 7.1.5). This rapid fall is
probably then slowed by three effects:-

a) The reduction in the rate of SO42- release from the bead, as the surface area of the bead falls.
b) Organic acids formed by the degradation of the resin acting as buffering agents.

c) The fact that pH is a logarithmic scale related to the activity of [H*].

After 60 minutes the rate of SO42- release into solution has slowed sufficiently for the buffering
effect of tt_le organic acids to become the dominant factor determining the change of the pH of
the resin destruction solution. Soon after this point the pH rises linearly until the end of the
observed stages of the process, as more and more buffering agents are produced. If the activity

coefficient of H* does not vary markedly over this period, then the rate of loss of H* is first order

(remembering that pH is a logarithmic scale).

7.1.6.1 Calculation of the Ex Minimum pH in the Resin D ion Reaction
The theoretical minimum pH was calculated, based on the amount of S in the resin. It was
assumed thatall S was in the form of SO42-, and there was a negligible buffering effect of organic

acids at the point of minimum pH.

.1.6.1.1 Experimental Detail
10 g of resin was reacted with 140 cm?3 of HpO7 in 400 cm3 of water, with 0.13 g of FeSO4.7H20

(the catalyst).

7.1.6.1.2 Calculations
S content of the resin (from elemental analysis) = 4.64%

Mass of S in the resin = 0.464 g

Assuming all S in the solution is in the form of S042-, the mass of SO42- in the resin reaction

solution after resin dissolution = 1,392 g

Mass of HpSOj4 in the resin reaction solution after resin dissolution = 1.421 g

1.421 g of HpSO4 in 540 cm3 of water = 0.0268 M solution of HpSO4
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H3S04 dissociates producing two protons, so the [H*] in solution = 0.0536 M.
Assuming an activity coefficient of 1,

PH = - logjo [H*]

alculated pH = 1.27

Measured pH = 0.66

This calculated pH value is much higher than the measured minimum pH value, a fourfold

discrepancy in [H*]. No explanation could be devised for this discrepancy.

7.1.7 Monitoring the Changes in Number and ( Juantity of Various Organic Components During
the Fenton’s Reagent / Resin Reaction

Samples of the resin digestion solution taken from different points in the resin destruction
process were injected into a gas chromatograph. The column type was 10% Carbowax 20 m on
Unisorb, with the column being heated to 150°C. Nitrogen was used as the carrier gas, with
sample injections of 1 ul. Upon analysis of theresultsit became clear that for most of the samples
all the peaks were occurring at the same position, wth the relative areas of the peaks altering
with time. Each of these peaks may represent eithera single compound or a closely related group
of compounds. In the following graph, Figure 7.23 (see overleaf), ﬁ1e data are classified
according to peak position, which was measured as the time elapsed between sample injection

and peak detection.
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Figure 7.23 shows that 8 components were detected in 22, 50, and 82 minutes resin solution, 7
in 150 minutes resin solution, and 2 components in 300 minutes resin solution. The observed
general trend of reduction of the number of components detected would be expected, as the TOC
level of the resin solution falls with time and the number of components in the resin falls.

The way the area of each peak changes with each sample of the resin reaction solution (and
therefore time) can be used to suggest a general reaction mechanism for the formation and

destruction of the organic component associated with each peak position.

Taking the peak at 174 seconds as an example, it can be seen that there is a large amount of the
component (called, for example, “A”) responsible for the peak, early on in the reaction. After
50 minutes the amount of “A” in solution falls rapidly as itis destroyed by the Fenton’s reagent.
This pattern of change can be related to the conversion of A into one or more different

components. The peaks at 93, 114, and 132 seconds exhibit similar behaviour to the peak at
174 seconds.
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The way in which the areas of the peaks measured at 66 seconds vary with time differs to that
of the areas registered at 174 seconds. In this case the concentration of the component
responsible for the peak (say, “component B”), stays more or less stable until atleast 1 50 minutes
after the start of the reaction, after which it falls rapidly to zero by the end of the reaction. This
behaviour can be explained by invoking the existence of a precursor molecule, such as “A”. If
the component “B” is formed from “A”, and “B” is destroyed at the same rate as it is formed
then a stable concentration of “B” can be anticipated. After all the precursor “A” has been
destroyed, the remaining “B” will be destroyed. This pattern is seen for the 66 seconds peak

and also for the 285 seconds peak.

The variation of peak area with time for the peak at 150 seconds is again different from that of
the previously described peak positions. It can be seen that the amount of the component (say,
component “C”) present in the reaction mixture increases with the passing of time, until 150
minutes is reached. After this point the concentration of the component “C” appears to fall
slightly when the end of the reaction is reached. It seems likely that these changes in the
concentration of “C” are the result of the formation of a component relatively resistant to further
attack by Fenton’s reagent. Thus, assuming that the rate of degradation of C is significantly
slower than its rate of formation, an increase in concentration with time would be expected, at
least until the precursor of C has been completely consumed. The final disappearance of this
precursor may account for the small dip in concentration of C noted between 150 minutes and
300 minutes into the reaction.

In summary, these observations can be rationalised as follows

B ——» Further Decay

Reagents ———» A

Slow
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.1.8 Monitoring the Changes in Absorbance of the R ion Mixture During the Fenton’

Reagent / Resin Reaction
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Figure 7.24 shows that, at all the wavelengths measured, absorbance rapidly reaches a peak at
20 minutes after the start of the reaction and then falls until the end of the reaction. Figure 7.25

indicates that the rates of absorbance fall are first order, which is in contrast to the rate of fall
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of TOC level, which is found to be zero order (see Section 7.1.3). The changes in absorbance
seen at all wavelengths are due to the creation and destruction of strongly UV / visible light
absorbing organic molecules. Thus, the diference in the rate of absorbance change for each
wavelength presumably indicates differential rates of destruction for different coloured organic
molecules.

The absorbance rise and fall seen in all graphs is much faster than the changes in TOC level,
indicating that the strongly absorbing molecules are predominantly produced in the earliest
stages of the reaction, before being rapidly destroyed, as shown in Figure 7.26. Phenols and
analines turn dark brown when oxidised, which is the colour of the resin digestion solution, so
itseems likely that these oxidised aromatics are amongst the first molecules seen in solution after
Fenton’sreagent has been added to theresin beads 3°. After the concentration of these molecules
hasreached a peak at 20 minutes, they are rapidly oxidised, resulting in the fall in the absorbance
of the resin solution.
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1.9Th f -M he Identity of ic Molecules in th
Resin Digestion Solution

Various approaches were used in the spectroscopic analysis of the resin digestion solution.
Different approaches were necessary because of two problems with spectroscopic analysis of
the resin solution. The first problem is that there is a large variety of components in the resin
solution. This makes it hard to decide which molecules are present. The second problem is that
the organic molecules to be analysed are in aqueous solution, which makes standard analytical
techniques such as IR spectroscopy and GC-MS very difficult to use.

The first approach taken was to attempt to separate out various components of the resin digestion
solution, followed by analysis of these components. By using this method a reduction in the
number of components to be analysed at any one time occurs, and also analysis of the
components could be carried outin a non-aqueous environment The second approach taken was
to remove the water from the resin solution by evaporation, leaving behind only the non-volatile
organic portion of the resin solution. This organic matter could then be analysed by techniques
such as IR, which cannot be used in the direct analysis of the aqueous solution. Finally, two
reaction solutions were analysed directly by NMR and GC-MS at different times during the
reaction. The first reaction analysed was that between Fenton’s reagent and Lewatit ion-
exchange resin, whilst the second reaction analysed was that between Fenton’s reagent and

CALIX.

7.1.10 The Extraction of an Organic Component from the Resin Solution by Use of an

Immiscible Organic Solvent

It was decided to try to extract some organic components of the resin solution by shaking the

aqueous resin solution with various immiscible organic solvents (the solvents were then dried

over anhydrous MgSO4.

Carbon tetrachloride, benzene, toluene, dichloromethane, chlorobenzene, and nitrobenzene
were each separately shaken for half an hour with each of the resin solution samples. After this
had been done samples of each solvent were injected into a GC to see if any organic solute was
present. Upon analysis of the GC traces it was found that no components of any of the various

resin samples could be detected in the organic solvents. However, it was noted that when
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nitrobenzene or chlorobenzene was shaken with some of the resin solutions a large amount of
an orange / yellow precipitate (called “X’" from this point onwards) was formed at the junction
between the resin solution and the organic solvent. Since the organic solvent was pure (HPLC
grade) it was decided that X must represent material originating in the aqueous resin solution.
The largest amounts of X were seen in the 33 and 75 minute resin samples, with very little X
being observed in 123 minutes resin sample, and no X at all in samples from later in the resin
reaction. X was separated from the resin solution / organic solvent mixture by centrifugation

and use of an eyedropper.

.1.10.1 Possible Explanations for the Formation of X
1) X may be produced by very slightly soluble organic molecules being forced out of a saturated
organic / aqueous solution by the dissolution of a small amount of chloro / nitrobenzene in the
aqueous layer (although these solvents are ‘immiscible’ in water, a small fraction of the solvent
will always mix with the water). A similar effect is seen when NaCl is added to a saturated
solution of an organic compound in aqueous solution (the use of NaCl in this manner is known
as “salting out”™).
2) The chloro / nitrobenzene may have extracted a component that is undetectable when the
solvent is analysed by GC. The absence of this component in aqueous solution may result in
X becoming less soluble in water, causing it to precipitate out.
3) Particular properties of the organic solvent/ water interface may encourage nucleation of X
around solvent droplets in the aqueous layer, resulting in the precipitation of X.

Insufficient information was available to decide which of these explanations was the most

probable.

7.1.10.2 Physical Properties of X

X is a yellow / orange sticky substance that was found to dissolve in ethanol, acetone, THF and

DMEF. It did not appear to dissolve to any significant extent in nitrobenzene, chlorobenzene, or

water.

223



1.10. ectral Analysis of X
X was analysed by IR, NMR, and GC-MS. NMR spectra were also obtained of a sample of the
resin soiution before and after it had been shaken with the nitrobenzene or chlorobenzene, to try
to identify any extracted material by observing changes in the spectra.
It can be assumed that the only elements present in a compound are C, H, and O. Evidence from
Section 7.1.5 indicates that S is not present in any organic molecule in solution after 75 minutes
from the start of the reaction. X could be extracted from resin samples taken after this time,

indicating there was no S in the substance X.

7.1.10.4 NMR Analysis
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Carbon-13 NMR

The first observation made when the IH NMR spectrum is studied is that there is only a very
small aromatic peak present. Thus, X consists mainly of an aliphatic compound/s containing
C,H, and O. Tables 7.5 and 7.6 (see overleaf) detail the functional groups which NMR analysis

suggests may be present in X.
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ABLE 7

I F T
FUNCTIQONAL GRQUPS QF 'X'17
PPM ( 1H), § Possible Identity of Group
1 CH3-CHp-R
1.1 -CH»-CHj-R
1.3 -CHz-CH2-R
1.8 “ -CH§£=C
2.25 “ -CH)-C(=O0)H, -CH g-C(=O)R, -CH2¥-C(=O)OH
2.45 “ -CH-C(=0)H, -CH-C(=O)R, -CH-C(=O)OH
2.7,3.0 IL May be primary alcohol
3.4 “ -CHE-OH
3.6 -CH-OH
3.9 | -CH-OH
4.3 -C-OH
1to 5.2 108 l The primary alcohol iigLnaI may appear anywhere from 1 to 5.2 ppm
54 -C=CH, 108
O

I I
I
7] ote Ot Ot
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ABLE 7

Rl -13 NMR PE
FUNCTIONAL GRQUPS OF X' 107
PPM (50, 5] posibie wentyorGrop
17
18 -CHyp-_
r=l30 l__—_CHL________
[——_———————
31 -CH»-
40 -CH-
44 -CH-
57 -CH»-, Alcohols
61 B Alcohols
63 r Alcohols
68 Alcohols
74 Alcohols
168 il RCOOH, R-C=C-COOH
174 “ RCOOH, R-C=C-COOH

Summarising the results displayed in Tables 7.5 and 7.6, NMR indicates that X consists of
several components that include alkane, alkene, alcohol, and carboxylic acid groups in their

structure. Other groups that may also be present are aldehydes and ketones.
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7.1.10.5 Spectra of Resin Digestion Solution Before and After Extraction of X
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1 13 1)
The "H NMR of the “after” spectrum appears to be identical to that of the “before” spectrum
except for the large reduction in the relative size of the peak seen at § = 1.92 ppm. This suggests
that X largely consists of the material responsible for the peak at this point. The peak of 1.92

ppm probably represents -CHp-C=C i.e., compounds with an alkene group have been extracted

from the resin solution, forming X.

The 13C NMR of the “after” spectrum is again rather similar to that of the “before” spectrum.
It can be seen that the peak at 25 ppm has grown smaller in the “after” spectrum. In my spectra,
25 ppm represents the groups CH3 or CH, so the reduction in the peak size may indicate that
material with a C-C backbone has been removed. However, unlike in lH NMR, the size of the
peaks in 13C NMR are not necessarily an indication of the concentration of the species
represented by the peak (due to the nuclear Overhauser effect). This means that the observations
of peak size change in 13C NMR must only be tentatively related to changes of concentration
of species in solution.

Four peaks ranging from 169 to 179 ppmare absent from the 13C “after” spectrum. The absence
of these peaks may represent the extraction of saturated or unsaturated carboxylic acids from

the resin sample.

7.1.10.6 IR Analysi

THE IR SPECTRUM OF ‘X"
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ABL

' 107

Notes
(cm -1)

Wavenumbers Jlj’ossible Identity of Group —l

3 _“ Alcohol, alkane, alkene _“ Intermolecular bonded alcohol

500
2950 ‘ Aldehyde, carboxylic acid, Carboxylic acid is a dimer
alkane

2850 \ Aldehyde, alkane, carboxylic Carboxylic acid is a dimer
acid
i d
‘2600 _ _ Carngylic acid Carboxylic acid is a dimer
1750 Aldehyde, ketone, carboxylic
| acid Jl
1450 Carboxylic acid, sulphonate
| . .
1200 Alcohol, sulphonate, ketone Saturated tertiary or highly
symmetrical secondary alcohol,
%J dialkyl ketone indicated

= 1
1150 JLSulphonate, alkane, alcohol, Secondary or tertiary alcohol

ketone indicated, dialkyl ketone
1100 “ Alcohol, alkane s o-unsaturated secondary
—=

1050 \r Alcohol, alkane Unsaturated tertiary alcohol
950, 900, 850 Jl Alkane, alkene, carboxylic acid Carboxylic acid is a dimer

800 Alkene Trisubstituted alkene

600 Ketonel02, carboxylic acid02 || Carboxylic acid, straight chain

betwen C4 and Ci4

Summarising the results shown in Table 7.7, IR spectroscopy indicates that X may consist of

components that include alkanes, alkenes, alcohols, carboxylic acids, aldehydes and ketones (all

aliphatic) in their structure.
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1.1 mm f the trometric Analysis of the Precipitate X
The NMR and IR spectra indicate the presence of several functional groups in the precipitate
X. These groups include alkanes, alkenes, alcohols, ketones, aldehydes, and carboxylic acids.
The group -CH3-C=C- appears to be a major component of X. With the aid of the spectroscopic

data, it was then possible to suggest specific structural formulae for the separate components of

X that were analysed by mass spectroscopy.

1.1 _MS Analysis of ‘X
FIGURE 7.31
THE GC SPECTRUM OF ‘X’
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X was sent for GC-MS analysis3. Figure 7.31 suggests that X is a mixture of three major
components, whilst Figure 7.32 shows that thirteen more minor components of X were separated
by the GC column of the GC-MS. Five of the components separated by the GC-MS column were
studied further. These components, in order of abundance, were separated at the 38,25, 22,195,
and 616 scan positions.

As before, it was assumed that only C, H, and O were present in the components analysed. Since
the NMR res-u.lts (e.g. Figure 7.27) indicated that only a small amount of aromatic material was
present in X, the components detected at 22, 25 and 38 scans were assumed to be aliphatic in
nature, with the components at 195 and 616 scans being either aliphatic or aromatic in nature.
It was assumed that, since the reaction mixture was heated to 95°C, only organic molecules with
boiling points higher than about 500C would be present in significant concentration.

Finally, where identifications of compounds present in X are made in later sections, potential

structural isomers of the compound are omitted for the sake of brevity e.g. butan-1-ol would be

mentioned, but not butan-2-ol, butan-3-ol etc.
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1.1.10.9 Identification of the Component at the 22 Scan Position

The highest mass peak in the spectrum has a m/e = 64, and it was assumed that this was the
molecular ion. The only plausible organic assignments that could be made for this mass, given
the C:H:O ratios likely to occur, are [C6H303]2+, or (less likely) [C7H 1207212+

The largest peak in the spectrum has a m/e = 44. This is the mass of the fragment

| /0
H—C—C/
| \H
H
m/e =44

which is commonly produced when straight chain aldehydes fragment 107, This is tentative

evidence that the parent molecule is an aldehyde.

7.1.10.10 Identification of the Component at the 25 Scan Position

FIGURE 7.34
THE MASS SPECTRUM OF THE COMPONENT SEEN

AT THE 25 SCAN POSITION
g, 43 99
aUL\ n_ ] ,
58 108 158
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The highest mass peak seen in the mass spectrum, 101, must be a fragment as it has an odd
number. Assuming that an H atom has been lost to give the fragment, the component at the 25
scan position can be regarded as a fragment of a molecule of relative molecular mass 102. All
possible combinations of C, H, and O were considered for this mass number. Possible molecular
formulae are C4HgO3, CsHj002, and CeH140, but given the starting material of the reaction
(Lewatition-exchange resin) and the oxidising reaction environment, itis likely that shortchain,
highly oxidised molecules will be formed. Therefore compounds with the molecular formula

C4HgO3 are those which are most likely to be formed.

Several possible constitutional isomers occur for this molecular formula The most likely

candidates (based on NMR, IR, boiling point data, and possible reaction mechanisms) are :-

H H O OH
I I |
a) 2-Oxo Butanoic acid H— ?— (|J—C - C\\
H H o
N
b) Butanaloic acid //C— (|;_ (I;_ C\\‘
0o 0
H H
OH OH
| y
¢) 1-Hydroxy Butenoic acid H— (|3 - (l:: (I:— ‘Q
H H H 0
H H H -
di-al NP N N
d) 3-Hydroxy Butandi-a c—C—C—
) 3-Hydroxy £ \\O
O OH H
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The two largest peaks in the mass spectrum, at 43 and 59 mass units are very probably the

fragments

H
(0) H
N\ | | /OH
,L—C and C—cC
H | | A\
H H o
m/e =43 m/e = 59

strongly suggesting that the molecule butanaloic acid, has split into the two fragments seen

above.

7.1.10.11 Identification of the Component at the 38 Scan Position

FIGURE 7.35

5 188 158

The highest peak seen in the mass spectrum, 71, must be a fragment as it has an odd number.

Assuming that an H atom has been lost to give the fragment, the component is a deprotonated

fragment of amolecule of relative molecularmass 72. C3H4O2and C4HgO are possible molecular

formulae, with the former being more likely (due to the reaction conditions, as described

previously).

C3H40 - three possible constitutional isomers with acceptable boiling points were found for

this molecular formula :-

a) 2-Oxo Propanal H—
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H H
- Lo OH
b) Propenoic acid c=C—c’
I \
H O
H
0 o
: N |
¢) Propandi-al N c—C— C//
/ \
H é H

The fragment in the mass spectrum at 55 mass units is 17 mass units less than the molecular ion.
This gap commonly represents the loss of OH from a short chain carboxylic acid 107 j ., the

fragment is

H H
| |
C=C-¢-
| il
H 0
m/e =55

and the fragment at 42 mass units is probably

T —O—x
I
@]
Il
o

m/e =42

Combined with data from Section7.1.10.5, which suggests that the -CHp-C=C group iscommon
in the resin solution, this fragmentation information strongly supports the identification of
propenoic acid as the source of the peak at 71 mass units. This identification was confirmed

when it was found that the fragmentation pattern of pure propenoic acid very closely matched

that seen in Figure 7.35.
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7.1.10.12 Identification of the Component at the 195 Scan Position

4

59 188 1%

The highest mass peak in the mass spectrum, 56, may be the molecular ion. Only one possible
molecular formula, C3H40, and one likely conformational isomer, based on the previous IR and

NMR results, could be suggested for this formula :-

I
Propenal (|2=
H

The peak seen at 44 mass units will probably be the fragment

H

7
H (I? C\
H

H
m/e = 44

which is frequently produced when straight chain aldehydes fragment, further confirming the
attribution of propenal to the peak at 56 mass units. Finally, the fragmentation spectrum of pure

propenal was found to be similar to that seen in Figure 7.36.
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7.1.10.13 Identification of the Component at the 616 Scan Position

5% R 158

The highest peak in the mass spectrum, 148, may be the molecular ion. Possible molecular
formulae are C4H40g, CsHgOs, CeH1204, C7H1603, etc. Three conformational isomers of the

formulae C4H40g and C5HgOs are consistent with available NMR and IR data

on OO om
Dihydroxy maleic acid ‘c—C=C— c?
4 N\
(0] (0]
or for CsHgOs5
OH H H H OH
. SN N N N
a) 2-Hydroxy Pentanedioic acid P c— ([3— ?— ? —C \\0
0 H H OH
| | N
b) 2,3,4 Trihydroxy Pentandi-al c—C—C—C— C\
11 H
OH OH OH

The closest fragment (in mass) to the molecular ion, 104, is 44 mass units away from the

molecular ion. This difference is characteristic of the loss of the fragment

I A
H—C—C
I N\
H
H
m/e = 44

from a straight-chain aldehyde, suggesting that 2.3.4 ihydr ntandi-al is the molecule
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responsible for the molecular ion 107,

The fragment at 76 mass units probably represents the loss of a CaH4 unit from the backbone
of the 104 mass unit fragment, whilst the fragment at 50 mass units probably represents the loss
of a CoH2 unit from the 76 mass unit fragment. The 76 and 50 mass unit fragments cannot be

directly obtained from the molecular ion because other expected fragments are not seen in the

mass spectrum

ie, 148 - 76 =72, 148 - 50 =98 with no major peaks being seen at 72 or 98 mass units.

1.10.14 A Suymm f the Results of the Analysisof an nic Component (‘X’) of the Resin
Solution
The precipitate X represents amajor part of the resin reaction mixture. The GC-MS, NMR, and
IR results show that X is a mixture. The GC-MS results have strongly indicated the identity of
4 out of the 5 major constituents of X. These are, in order of concentration (highestconcentration
first),
1) Propenoic acid
2) Butanaloic acid
3) May be a straight chain aldehyde ?
4) Propenal

5) 2,3,4 trihydroxy pentandi-al

7.1.11 Removal of All Water from the Resin Digestion Solution

Due to the high acidity of the resin digestion solution the first step taken before any analysis was
undertaken was to adjust the pH of the solution to approximately 7 by adding CaCOs powder.
The CaSOy4 formed was then removed from solution by filtration and centrifugation. All the
water was then removed from the sample by using a combination of a rotary evaporator and a
vacuum desiccator. Since a rotary evaporator operating at 50°C was used to remove the water,

only organic compounds with a boiling point higher than 50°C would remain in the sample to

be analysed. Afterall water had been removed from the sample a light brown powder remained.
Some of the powder was dissolved in D20 to obtain 1H and 13C NMR spectra, and another part

of the powder was placed in a KBr disc and analysed using an IR spectrophotometer.
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Upon close inspection of the IR spectra it can be seen that the spectra for all three samples are
nearly identical. This is surprising since the resin extracts come from very different parts of the
resin digestion process. 41 minutes resin solution represents a point 14% into the reaction whilst
75 and 300 minutes represent 25% and 100% into the reaction, respectively (100% represents
the point when noHzO2 is left in the reaction solution). The similarity of spectra shows that there
are similar classes of compounds present in the resin reaction solution during most of the
reaction. This could mean that

a) these compounds are being constantly created, or that

b) these compounds have been created by a point 14% into the reaction and are resistant to

subsequent degradation.

It would seem to be more likely that condition (a) holds, as it is difficult to imagine an organic

material remaining unaltered for the large majority of the resin destruction reaction.

If IH NMR spectra (se€ Appendix 2) are inspected in a similar manner, it can be seen that the

positions of the peaks stay the same in all three samples. However the size of nearly all the peaks
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falls with time, indicatating a reduction in the concentration of the chemical groups responsible
for the peaks. The only peak that does not reduce in size is the peak at 1.6 ppm, which
presumably represents the aliphatic backbone of various organic molecules. The 13C NMR spectra
for the 41 minutes and 75 minutes resin samples are again nearly identical. The 300 minutes
resin sample has fewer peaks than the other two samples, but the peaks that are visible are

generally in the same location as those of the other samples.

After this initial inspection of the spectra for the resin samples, an attempt was made to assign
chemical groups to portions of the spectra. It was assumed that only C, H, and O were present

in any material analysed.

TABLE 7.8
ATTRIBUTION OF IR ABSORBANCE MAXIMA TO FUNCTIONAL
GROUPS OF RESIN DIGESTION SOLUTION (WATER REMOVED) 107

Wavenumbers Possible Identity of Group T Notes

(cm-1)

3400 to 3600 (broad) Alcohol N Intermolecular bonded alcohol

1600 | Carboxxlic acid, aromatic ring [ Carboxylate ion

1400 i Carboxylic acid “ Dimer or carboxylate ion

—

]
1200 Alcohol, ketone Saturated tertiary or highly
symmetrical secondary, dialkyl

ketone

1100 Alcohol alkane, aromatic ring o-unsaturated secondary,

aromatic is di-substituted

i

I Alkene, alkane Vinyl alkene indicated

l Carboxylic acid 102 Straight chain betwen C4 and
Ci4
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BLE 7

ATTRIBUTION OF PROTON NMR PEAKS TO FUNCTIONAL
GROUPS OF RESIN DIGESTION SOLUTION (WATER REMOVED) 17

PPM ( 1H), 3 Possible Identity of Grou l Notes
| 1.6 l _CH-CH3R, -CH,-C=C “
e !
2.16 CH;3-C(=0)H, CH;3-C(=O)R,
CH3~C(=O)OH
E—:———ﬁ —_—
2.91 May be primary alcohol 108 The primary alcohol signal
appears anywhere between 1
| [ | i and 5.2 ppm
3.55 -CH,-OH b
376 -CH-OH lr
8.21 May be phenol or derivativé 08 The phenol signal appears
anywere between 4 and 10 ppm

TABLE 7.10

ATTRIBUTION OF CARBON-13 NMR PEAKS TO FUNCTIONAL

GROUPS OF RESIN DIGESTION SOLUTION (WATER REMOVED) 107

PPM (13C), 8 | Possible Identity of Group The samples in which
I peaks are seen
26 | CH3-, -CH- 41,75, 300
35 ‘r -CHp- 41,75
36.5 “ -CHy- 1l 41,75
P I B
44 J| -CHp- !L 41,75
49.5 ‘r -CH-, Alcohols 41,75
B 50.5 Jl -CHj>-, Alcohols 41,75
61 wr Alcohols 41,75, 300
64 JL Alcohols 41,75
73 | Alcohols 41,75
173 RCOOH, R-C=C-COOH 41,75, 300
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In summary, all available spectroscopic data for the dehydrated resin samples support the

hypothesis made that organic molecules with carboxylic and alcohol groups are the main

constituents of these samples.

7.1.12 Direct Analysis of the Resin and CALIX Reaction Solutions
The degradation of Lewatit ion-exchange resin and CALIX (calix[8]arene-p-octasulphonic
acid) was followed by NMR spectroscopy of samples taken from the respective reaction

mixtures. The resin digestion solution was also analysed by injecting a sample taken from the

resin reaction mixture at 53 minutes from the start into a GC-MS combination.

7.1.13 NMR Analysis of the Resin Digestion Mixture
Samples from 10, 30, 75, 105, 135, 195, 250, and 300 minutes (3% to 100% of a standard resin

reaction) were analysed using !H and 13C NMR.

FIGURE 7.39
I 1 n ken
5000
Resin completely solubilised
E by this point
= 4000 + |
= | | Sample taken at
:% — — this point
= 3000 ! .
b= | I [
= -
S 2000 | I |
2 LI o
N -
£ || o I
100 o L
§ | I
&= 11| [ | | I |
odty 11—t
0 50 100 150 200 250 300 350

Time (minutes)

7.1.13.1 Proton NMR
All 1H NMR spectra for the resin digestion reaction can be seen in Appendix 1.
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1
PPM ( 1H), & Samples in which

peaks seen (minutes
into reaction)

1.2 ‘ CH3-CH»R, -CH»-CH2R “ 10, 30, 75
1.7 “ CH3-C=C Ir 195

L. CH3-C=C 10, 30, 75, 105, 135, 195,
250, 300

1.9 l{ -CH»-C=C J 10, 30, 75, 105, 135, 195,

oo
=

300
)1 | -CH-C=C, CH3-C(=O)R, [ 10, 30,75, 105, 135, 195,
__CH3-C(=0)0H 250, 300
54 -CHy-C(=O)H, -CH2-C(=O)R, 10, 30, 75, 105, 135, 195,
-CH»-C(=0)OH B 300
3.2 CH3-OH 10, 30,75, 105, 135, 195,
250, 300

-
37 _CH-OH 10, 30, 75, 105, 135, 195
| B 250, 300

‘ Peak due to water

Broad band, Mixed aromatic molecules, low 30, 75, 105, 135, 195, 250
6-7.9 concentration |
| ) 0O —
7.9 I 10, 30, 75, 105, 135, 195,

[
@-C'CH3 Q——C—H 250, 300
0

7.1.13.1.1 The Peak at 3 = 1.2 ppm
The peak at 1.2 ppm starts off very large, but rapidly becomes smaller, with only a small peak

being leftin the 75 minute resin sample. Itis notseen in any sample later than 75 minutes. This

suggests thatthe compoundsresponsible for this peak are produced only during resin dissolution,

and are rapidly oxidised once they are free in solution.
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The peak at 1.2 ppm probably represents the chemical group ‘alkanes’. The only source of these
at the start of the reaction would be the resin backbone (made up primarily of CH, groups). As

the resin backbone breaks up, fragments of the backbone would be released into solution

resulting in an ‘alkane’ NMR peak.

7.1.13.1.2 The Peak at § = 1.7 ppm

This peak is only seen in the 195 minute resin digestion sample, suggesting it may just be an

instrumental artefact. This is particularly likely for this sample, as only poor quality IHand 13C

spectra were obtained for this sample.

.1.13.1.3 The Peak at 0 = 1.8 ppm

This peak is the largest peak seen, in all the samples, and does not change in size throughout the
reaction. This suggests that this peak represents the most important breakdown product in the
resin reaction solution, throughout the whole reaction. Since it is seen throughout the reaction,
and the peak position is characteristic of the group ‘alkenes’, the peak probably represents short

chain oxidised alkenes.

7.1.13.1.4 The Peak at = 1.9 ppm

This peak is very large in the first sample (10 minutes resin solution), rapidly reducing in size
until 75 minutes is reached. After this point its size remains more or less stable. The large size
of the peak early on in the reaction indicates that the compounds responsible for the peak are
being produced in large quantities at the start of the reaction, during the resin dissolution. Once
the resin has dissolved, after 75 minutes, the compounds are produced at a rate equal to the rate
of their destruction until the end of the reaction, suggesting that they are an important
intermediate in the resin destruction process.

As for the peak at §=1.8 ppm, this peak probably represents the presence of short chain oxidised

alkenes in solution.
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7.1.13.1.5 The Peak at & =2.1 ppm

This peak can be seen in all samples of resin reaction solution, but is always small. This probably
means that the compound responsible for the peak is being formed constantly during the whole
reaction, and is being degraded at the same rate at which it is created. The small height of this
peak can be explained in one of two ways. The process by which the compound responsible for
the peak is formed could be a relatively unimportant side reaction, resulting in only a small
concentration of the compound at any one time. Alternatively, it may be that the compound
responsible for the peak is an important breakdown product of the resin, but it is very reactive.
This would result in there only being a low concentration of the compound in solution atany one
time.

The peak position suggests that either alkenes, ketones, or carboxylic acids are present. These
molecules could be formed during the degradation of the resin backbone, or during the ring

opening of highly oxidised aromatic molecules.

7.1.13.1,6 The Peak at 8 = 2.4 ppm

This peak is present in all samples, but is always small. As before, this could mean either that

the compound responsible for the peak is relatively unimportant, or that the compound is very
reactive.
The peak position suggests thateither aldehydes, ketones, or carboxylic acids are present. These

would be produced by oxidation of other organic molecules in solution.

7.1.13.1.7 The Peak at § = 3.2 ppm

This peak is a medium / small sized peak in the 10 minutes resin digestion sample, gradually

getting smaller until the 75 minutes sample. Itssizeis stable in the 105, 135,195 and 250 minutes
samples, with the peak in the 300 minutes resin sample being very small.

The size of the peak early in the reaction indicates that the compounds responsible for the peak
are being produced in large quantities at the startof the reaction, as the resin is dissolving. Once

the resin has dissolved, after 75 minutes, the compounds are produced at a rate equal to their

destruction until 250 minutes into the reaction. After this point the parent compound/s that is/
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are being oxidised to produce the compound responsible for the peak at 3.2 ppm appear finally
to be depleted, resulting in the very small peak in the 300 minutes sample. The mixed aromatic
compounds, seen in the broad peak from 6 to 7.9 ppm may be source of the oxidised compounds

responsible for the peak at 3.2 ppm, since they are not seen after 250 minutes.

This peak is present in all samples, but is always small. As before, this could mean either that

the compound responsible for the peak is relatively unimportant, or that the compound is very

reactive.

7.1.13.1.9 The Peak from d =6 t0 7.9 ppm
This is a broad, low peak, which starts at about 6 ppm and ends about 7.9 ppm. The peak can

be seen in all the samples except for the first and last resin reaction solution sample and its' size
remains the same throughout the reaction. Asthe peak probably representsa mixture of aromatic

molecules it seems that various oxidised aromatic molecules are being formed during most of

the reaction.

7.1.13.1.10 The Peak at 6 = 7.9 ppm

This peak is very large in the 10 minutes sample, gradually reducing in size until at 135 minutes

when it is quite small. After this point it stays the same size until the end of the reaction. The
large size of the peak early onin the reaction indicates that at this point the compound responsible
for the peak 1s a very important breakdown product of the resin. The subsequent fall in the size
of the peak indicates that the compound is being degraded by the Fenton’s reagent at this point
in the reaction. However, once 135 minutes is reached the peak size appears to stabilise. Since

the peak represents an oxidised aromatic compound itis difficult to imagine that the stability of

the peak size is due to a constant rate of formation of the compound. Instead the peak must

represent the formation of an aromatic compound that is resistant to further oxidation. Such a

compound might bearing compound with many or allits H atoms replaced by oxidised organic

groups.
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e.g.

1,132

OH
CO.H COH
OH OH

OH

n-13 NMR

All 13C NMR spectra for the resin digestion reaction can be seen in Appendix 1.

TABLE 7.12
ATTRIBUTI F CARBON- MR PEAKSTOF T AL
GROUPS OF RESIN DIGESTION SOLUTION 17
PPM (13C), & Possible Identity of Group Samples in which
peaks seen (minutes
into reaction)
23 CHj3, -CHp- 10, 30, 75, 105, 135, 195,
250, 300
32 B -CHy-, -CH- 10,75
L 2
44 -CHy-, -CH- 10, 30, 75, 105, 135, 195,
250, 300
ﬁ_——_—————_———‘_——_——-'
59 Alcohols 10, 30, 75, 105, 135, 195,
M 250, 300
L=
169 RCOOH, R-C=C-COOH 10
172 RCOOH, R-C=C-COOH 30
174 RCOOH, R-C=C-COOH 30, 75, 195, 300
180 RCOOH, R-C=C-CH=0 30, 75, 300

The 13C spectra indicate that there ar

alcohols present in all samples of the resin. In addition s

acids are see

resin reaction samples. Sinc

in a molecule, and not chain length differen
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e alkane chains (carbon backbones of molecules) and

aturated and unsaturated carboxylic

n in many of the samples, and unsaturated aldehydes may be present in 3 of the 8

differences in functional group

ces, progressive chain degradation would account



for the presence of carboxylic acids and aldehydes in some spectra but not others.

1.14 GC-MS Analysis of the Resin Digestion Mixtur
An aqueous sample taken at 53 minutes into the standard resin digestion reaction was injected
into the GC column of a GC-MS. The column was an Alitech 30 m x 0.32 mm Heliflex with

bonded fused silica type RSL-300, heated to 150°C with nitrogen as the carrier gas.

FIGURE 7.40
THE GC SPECTRUM OF A RESIN DIGESTION SAMPLE
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90~
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70~
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0'!!?“1"!"1‘1 t ot I‘rv'l"l—rlv!V—"-Y—vavI“l’!-"'v'll'rl—r'r'"—rlv""l'v—r"!—r—r“-
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SCANS

As can be seen from Figure 7.40, the GC column has not resolved the many components of the
resin solunon very effectively, with only three very broad, non- -baseline resolved peaks being
seen. Each GC peak must represent a group of components with similar boiling points and
properties. Thus, when the mass spectra for each of the 3 GC peaks was analysed the

fragmentation pattern were studied in an attempt to suggest the type of compound represented

e.g. alcohol, carboxylic acid. Itwas decided to refer to the first GC peak as “A”, the second GC

peak as “B”, and the third GC peak as “C"-

The mass spectra for each of the three GC peaks can be seen to be composed of a large number

of individual peaks (up to 211 peaks in one mass spectrum), which presumably reflects the large
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number of components that were responsible for each GC peak. Fortunately, the very large
majority of these peaks were small, and so these peaks were regarded as being background
‘noise’.

Analytical work described in this chapter indicates the presence of several functional groups in
the resinreaction solution. These groups include alkanes, alkenes, alcohols, ketones, aldehydes,
and carboxylic acids. Using this information, it was possible to suggest specific structural
formulae for each of the major mass spectrum peaks seen when the GC peaks “A”, “B”,and “C”
were anal;sed by MS.

As before, it was assumed that only C, H, and O were present in the components analysed. It
was also assumed that, since the reaction mixture was heated to 95°C, only organic molecules
with boiling points higher than about 50°C should be considered when identifying mass spectrum
peaks. Again, where identifications of compounds present in the resin reaction solution are

made, potential structural isomers of the compound are omitted for the sake of brevity.

7.1.14.1 The Mass Spectrogram of “A”

FIGURE 7.41
THE MASS SPECTRUM OF THE GC PEAK ‘A’
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The following peaks were judged to be significantly larger than the background ‘noise’.

N L s
137 120 91 77 66 58 43* 28 Larger Peaks

(* = Largest Peak)

No clear pattern was immediately discernible in the mass spectrogram of “A”, suggesting that
each peak is the result of a separate type of component of “A” e.g. alcohol, ketone, carboxylic
acid. All peaks with odd mass numbers will represent fragments of larger molecules. In many
cases the fragment will simply be a deprotonated parent molecule, whilst in other cases the

fragments will be part of a much larger parent molecule.

7.1.14.1.1 The Identity of the 28 Mass Unit Peak

This peak must be that of a fragment, probably

H H
|
-C_C.
|
H H

This fragment is commonly seen when a straight chain aldehyde fragments100,

7.1.14.1.2 The Identity of the 43 and 58 Mass Unit Peaks

Only avery few combinationsof C,H, and O are possible for the mass number43. It was decided

that the only fragment that this peak could represent is a deprotonated ethanal molecule i.e.,

N\

H
| J°
c—c?
| H
H

Since the next peak seen in the mass spectrum, at 58 mass units, is 15 units (a CH3 group) heavier

than 43, the 58 unit peak almost certainly represents a propanal molecule.
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Propanal (b.p. 48.8°C)

}|l H
0] H H
H—C— (lj—- C// energy | //O |
| | \ —_— 'C—C\ + C—H
H H
m/e = 58 m/e =43 m/e =15

1.14.1.3 The Identity of th M nits P.

No reasonable molecular formula could be found for this number of mass units so no identity

could be suggested for this mass spectrum peak.

7.1.14.1.4 The Identity of the 77 Mass Unit Peak

Tt was assumed that this fragment represented a deprotonated molecule of 78 mass units. The
most likely molecular formula for this mass was found tobe C2HgO3 but noplausible constitutional

isomer was found for this formula.

7.1.14.1.5 The Identity of the 91 Mass Unit Peak

It was assumed that this fragment represented a deprotonated molecule of 92 mass units. Two
molecular formulae and several structural isomers are are possible for this mass number,

CpH404, and C3HgO3 but it seemed likely that only the molecule

H
I
Glycerol OH — (|: —
H
would be present in the resin reaction mixture.

7.1.14.1.6 The Identity of the 120 Mass Units Peak

Two molecular formulae are possible for this mass number, C4HgO4 and CsH120. Thereis a
difference of 2 x CHp groups between this mass number and the previous mass number, 92.

Therefore this molecule could have a C backbone 2 atoms longer than glycerol, or it could be

a tetra-ol derived from butene.
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7.1.14.1.7 The Identity of the 137 Mass Unit Peak

It was assumed that this fragment represented a deprotonated molecule of 138 mass units. The

only molecular formula that is feasible for this mass number is C7HgO3 i.e,

OH 0
N /4
C/

OH

2-Hydroxy Benzoic acid

7.1.14.2 The Mass Spectrogram of “B”

FIGURE 7.42
A PECTRUM H EAK ‘B’
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In this case a drop of 14 mass units between fragments in the mass spectrum appears to be
common. This can be related to differences of one methylene group in a group of chemically

similar organic molecules e.g. H({CH2),CHO i.e., the GC has separated out broadly similar

compounds into a single, broad peak.

As before, it 1s likely that the peak at 43 represents the fragment

The peak at 29 presumably represents a deprotonated methanal molecule, derived from the

heterolytic bond breakage in the ethanal fragment

H
0] 0 H
V2 y |
C—c¢/ —» C + C
| AN \H |
H H H
m/e =43 m/e =29 m/e = 14

The masses 56, 70, 84, and 98 probably represent the series C3H40, C4Hg0, CsHgO,and CeH100

with the first member in the series being

H H

ror M
Propenal C=C—c

| )

H 0

No information on the subject could be found, but it was hypothesised that the fragment at 43

mass units was formed by the breakup of the propenal molecule i.e.,

Propenal

H

H H
0
M ey |y
c—=C—¢/ —>» C—¢C
I \\0 I \H
H H
m/e = 56 m/e =43
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The mass 116 probably represents C4H404 or CsHgO3 i.e., between this mass and the previous

mass, 98, a molecule of water has been eliminated.

C4H404 - could be

H H
Maleic Acid \C=C/
aleic Aci , N
CO;H HO,C
CsHgOs3 - could be
H O H H
o L1 40
4 - Oxo Pentanoic Acid H—C—C—C—C— C\
| LT Non
H H H

It is most likely that maleic acid is the identity of the molecule responsible for the peak because

it has a shorter C-C chain length, and also it is a more highly oxidised molecule.

7.1.14.3 The Mass Spectrogram of “C”

FIGURE 7,43
THE MASS SPECTRUM OF THE GC PEAK ‘C’
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The following peaks are significantly larger than the background ‘noise’.

14 14 13 14 Spacing between

TN VT v Y peaks
84 70 56 43* 29 Larger Peaks

(* = Largest Peak)

As before, a drop of 14 mass units between fragments in the mass spectrum appears to be
common. This can again be related to the consecutive loss of CHp groups from a group of
chemically similar organic molecules.

The pattern of the major mass spectrum peaks appears to be identical to that for the GC peak ‘B’
(Section 7.1.14.2), suggesting that the GC peak ‘C’ may just be the resultof a double injection

of the sample into the GC.

71.14.4 A Summary of the GC-MS Analysis of 53 Minutes Resin Reaction Solution

The two most abundant constituents of the resin reaction solution, propanal and propenal, were
identified by the size of their molecular ion peaks and also by the size of their major
fragmentation peak, at 43 mass units. The sequence hexenal, pentenal, butenal, and propenal
was also seen, suggesting that progressive decarboxylation of this chain is occurring.

Other important molecules in solution are believed to be glycerol, 2-hydroxy benzoic acid, and

maleic acid.

7.1.15 NMR Analysis of the CALIX Digestion Mixture

1H and 13C NMR spectra were obtained of samples taken periodically during the first ~45% of
the CALIX / Fenton’s reagent reaction (see Appendix 3). Figure 7.44 (overleaf) shows at what

point during the reaction each sample was taken for NMR analysis.
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It is to be noted that the data displayed in Figure 7.44 had a sigmoid shape. This presumably
reflects the nature of the predominant reactions at the start of the reaction, in which large
molecules are broken down into small molecules. It is only after small molecules have been

created that relatively rapid TOC loss will be seen, as they are converted to COp.

The only elements present in any organic molecule formed in the reaction solution will be C,
H, O, and S. Since the S in the starting material, CALIX, is highly oxidised (SO3) only highly

oxidised C-S compounds will be seen.

All NMR spectra for the CALIX digestion reaction can be seen in Appendix 3.

7.1.15.1 Proton NMR

The 'H NMR spectra show massive peak broadening for the first samples taken (at 0 and 20
minutes after the start of the reaction) which renders them useless. The first usable spectrum

was found to be that of the spectrum of the sample taken 39 minutes after the start of the reaction,

although this also showed extensive peak broadening. Successive samples were less and less

affected by this broadening. Itis hypothesised that the peak broadening was due to the presence

of paramagnetic Fe3* close to the CALIX molecule (See Figure 7.45).
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13

1) At the start of the reaction, the iron
catalyst is primarily associated with the
sulphonic acid groups of the CALIX
molecule, causing massive peak
broadening of the organic signal in proton
NMR.

Fe P

2) The CALIX molecule degrades as
Fenton's reagent attacks it. The iron
starts going into solution, away from
the remains of CALIX molecule. This
leads to areduction in peak broadening.

Fe

Fe

Fe

3) The CALIX molecule has degraded,
with all the sulphonic acid groups having
been converted to sulphate ions As a
result of this iron is no longer
co-ordinated in close proximity to large
concentrations of organic molecules
Even if the Fe in solution is co-ordinated
with an organic molecule/s, most of the
organic material will not be near an Fe
ion, resulting in the absence of
paramagnetic broadening.

The available spectra were examined, and it was noted that the position and relative sizes of the

peaks in each spec

trum are very similar (only position information could be obtained for the 39

= CALIX

minutes spectrum, due to band broadening).
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PPM ( 1H), § Samples in which

peaks seen (minutes

_ =£1t0 reaction)
1.8 -CH-C=C I 39, 90, 150, 420

19 “ -CH-C=C Jr 39, 90, 150, 420

ll CH3-C(=0)X where X-H OH, or R Jr 90, 150, 420
3.2 Il CH3-OH 39, 90, 150, 420
3.6 “ -CHz-OH 39, 90, 150, 420

4 " May be primary alcohol N 39, 90, 150, 420
42 May be primary alcohol 39

1t05.2108 The primary alcohol signal may apprear

anywhere between 1 and 5.22 ppm |

6 “ OH —c 2108

8 39, 90, 150, 420

@——C OH

——

90, 150, 420

7;k

As Table 7.13 shows, the positions of the peaks in all the spectra are very similar. The relative
sizes of the peaks are also very similar. The only peaks which show a relative size variation with
time are the peaks at § = 3.2 ppm and at 1.9 ppm. The peak at 3.2 ppm gets smaller with time,
which may reflect a fall in the concentration of primary alcohols, as they are oxidised to other
compounds. The peak at 1.9 ppm increases in size, being at its largest in the sample taken at 150
minutes, then decreasing in size. This may reflect the cleavage of the -CH,- CALIX backbone
group from the benzene repeat units early on in the reaction, resulting in the formation of CH-
C=C groups. Afterreachinga maximum level, the concentration of CH-C=C groups would then

fall as oxidation to other groups occurred.

The constancy of the peak at 8 ppm suggests that there is no significant loss of aromaticity during
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the time scale of sampling the reaction mixture. This would suggest that the aromatic rings,

which are the building blocks of the CALIX molecule, are not significantly degraded during this

time. This must mean that only the non-aromatic groups of the CALIX molecule are being

oxidised during the first part of the reaction.

1.15.2 n-13 NMR

Table 7.14 shows that the 13C NMR spectra varied more than the 'H NMR spectra.

TABLE 7.14

ATTRIBUTION OF CARBON-13 NMR PEAKS TO FUNCTIONAL
GROUPS IN CALIX DIGESTION SOLUTION 107

PPM (13C), & Possible Identity of Group

Samples in which
peaks seen (minutes
into reaction)

| 90, 420
25 _]r CH3, -CH- " 39, 150
26 " -CHp- lr 90, 420
28 J CH3, -CH- “ 90, 420
30 _lr -CHp- " 90, 420
N I
33 I -CHy- 150

i\

39, 90, 150, 420

\\

39, 150

90, 420

Alcohols 39, 90, 150, 420
Jl Alcohols | 90, 150, 420
70 Alcohols 33, 150
167 | RCOOH, R-C=C-COOH 39, 90, 150, 420
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There also appears to be a strong “pairing” effect in the position of the peaks in the samples i.e.
the 39 minutes and 150 minutes samples tend to have closely related peaks, and the 90 and 420
minutes samples appear to have closely related peaks. Since NMR spectra show, in the main,
differences in functional group in a molecule, and not chain length differences, progressive

chain degradation would account for the “pairing” of spectra, as shown by Table 7.14

1,153 Di ion of the Resul
The lack of variation in the TH NMR spectra is difficult to explain, as it suggests that not much
degradation of the CALIX molecule has occurred during the first 45% of the reaction. At this
point, approximately 35% of the original C in solution has been oxidised.to CO2. What the
results may be showing is that loss of aromaticity is a relatively slow process, compared to
oxidation of the CALIX backbone and sulphonic acid groups.
The 13C results provide experimental evidence for the process of decarboxylation, in which

parts of the CALIX molecule are progressively oxidised to CO2.

7.2 The Chemical Reactions Occurring During the Fenton’s Reagent Digestion of Lewatit Ion

Exchange Resin

All the analytical data described in the previous results sections were considered, and an attempt
is made here to produce a coherent summary of the processes occurring during the Fenton’s

reagent destruction of Lewatit DN ion exchange resin.
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7.2.1 The First 10 Minutes

| | | Water / H202

s

Figure 7.46 shows how, seconds after initial addition of HoO3 to the water / resin mixture, the
H,O; penetrates the surface of the bead. 20 seconds after the HoO2 has been added it can be
seen that a brown colour has developed in the reaction solution (see Section 7.1.1). This
discolourisation is presumably due to highly oxidised phenol derivatives. This implies:-

a) Rapid oxidation of the resin repeat unit has occurred.

b) Rapid cleavage of the CH resin backbone has occurred, releasing aromatic compounds into
solution.

The brown colour continues to deepen until at 10 minutes the mixture is visually opaque. The
spectroscopically measured absorbance of the resin mixture (Section 7.18) increases rapidly
during the first 10 minutes, confirming the visual observations.

The SO42- concentration in the reaction solution above the resin rises quickly, as the sulphonic
acid group is cleaved from the benzene ring, leaving behind a hydroxyl group on the ring
(Section 7.1.5). The benzene ring, activated by the new OH group, is attacked further by -OH
radicals, causing the resin bead to become sticky as glue-like molecules are formed at the bead
surface (Section 7.1.1). As the sulphonic acid group is oxidised to SO42-, forming sulphuric
acid, the pH of the reaction solution plummets from 5.3 at the start to about 0.9, 10 minutes later
(Section7.1.6). Feions released from the sulphonic acid group are temporarily solvated by H2O

molecules, but as the concentration of organic molecules builds up in solution, the Fe is
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increasingly co-ordinated by organic acids (Section 7.1.2).

Small pits on the surface of the resin are preferentially enlarged as the bead solubilises, and a
large and rapid TOC rise occurs as the resin bead dissolves (Sections 7.1.1 and 7.13).

At 10 minutes there are many different types of molecule in solution. These molecules are
comprised of aliphatic alkyl, alkenyl, ketonic, aldehydic, saturated /unsaturated carboxylic, and
alcoholic groups, with the alkyl and alkenyl groups being present in high concentrations.
Aromatic molecules, probably mainly carboxylic acids and phenols, are also present in high

concentration (Section 7.1.13).

7.2.2 From 10 Until 30 Minutes into the Reaction

The absorbance of the reaction solution peaks at 20 minutes, as the concentration of oxidised
phenols released from the resin beads reaches its maximum. After this point the concentration
of these types of organic molecule falls, even though the TOClevel is still rising, indicating that
these molecules are being preferentially destroyed. The concentration of SO42- continues to
rise, although the rate of formation of SQ42- falls during this period, due to the reduction of the
surface area of the beads. The pH of the resin digestion solution continues to fall, but ata slower
rate than in the first 10 minutes, as the increasing concentration of organic acids in solution
begins to have a significant buffering effect.

The Fe concentration reaches a maximum, at 20 minutes, as all the iron catalyst from the resin
beads is released into solution. As soon as the maximum is reached, AA suggests that the Fe
concentratio-n.has apparently started to fluctuate, but this is an instrumental effect caused by the
changing concentration and type of organic acids produced by the degradation of the resin.
By 30 minutes, the surfaces of all the resin beads have become perfectly smooth, due to-OH radicals
generated in solution attacking the resin (by this point there is no Fe in the resin structure, SO no
.OH radicals are created there).

At 30 minutes there are many different types of aliphatic molecules present, containing alkenyl,
ketonic, aldehydic, saturated / unsaturated carboxylic, and alcoholic groups. The concentration

of alkyl and alcoholic groups has fallen, relative to that at 10 minutes. Highly oxidised phenol
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derivatives are still present in low concentration, with aromatic carboxylic acids also being

present, at a slightly lower concentration.than that seen at 10 minutes.

1.2.3 From 30 Until 60 Minutes into the Reaction

The absorbance continues to fall rapidly as highly coloured aromatic molecules are degraded.
The rate of SO42- formation slows still further, as the beads get smaller and by 60 minutes the
resin has almost completely dissolved with almost no SO42- being produced in solution. The
pH of the resin digestion solution continues to fall slowly over this period, until at 60 minutes
the minimum pH of 0.66 is reached. The apparent Fe concentration continues to vary under the
influence of the changing chemical matrix. During this period the maximum TOC level 18
reached, 40 minutes after the start of the reaction. After this point the rate of mineralisation of
organic molecules in solution is greater than the rate of dissolution of the resin beads, and the
TOC level continues to fall until the end of the reaction.

The analysis of the resinreaction mixture, with its waterremoved (Section7.1.11) indicates that
there are high melting point molecules, containing alkyl, alkenyl, alcoholic, carboxylic
(saturated and / or unsaturated), and probably aldehydic / ketonic groups are present during the
30 to 60 minute period of the reaction. The analysis of similar samples taken later during the
reaction suggests that all these chemical groups are present throughout the rest of the reaction.
The GC-MS analysis of the resin reaction mixture, using a sample taken at 53 minutes after the
start of the reaction, suggest that the most common molecules in the solution at this time are
propanal and propenal. Hexenal, pentenal, butenal, glycerol, 2-hydroxy benzoic acid, and
maleic acid ;:v.ere also detected in this sample.

A precipitate ‘X’ can be separated from the resin reaction mixture during this period. ‘X’ isa

major part of the resin reaction solution at this point. Spectrometric analysis of this precipitate

indicated that the major constituent of this precipitate is
H
. . I

Propenoic acid ?=
H

along with lower concentrations of butanaloic acid, propenal, and 2,3,4 trihydroxy pentandi-al.
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7.2.4 From 100 Minut

It is during this period that the resin beads have finally dissolved, at about 75 minutes after the
start of the reaction. At this point major alterations in the shapes of the plots of absorbance,
[SO42-], and [Fe] against time can be seen, highlighting the change of the reaction system from
heterogeneous to homogeneous.

At 75 minutes the SO42- concentration reaches its maximum level, indicating that all the S
originatin_g in the resin has been converted to SO42-. The SO42- concentration then stays at the
same level for the rest of the reaction. The absorbance graphs at 400 nm, 450 nm, and 500 nm
show a sudden slowing of the rate of absorbance fall at 75 minutes. This reflects the fact that
highly coloured molecules are no longer being created as the resin beads dissolve. Finally, at
75 minutes, the apparent Fe concentration starts to rise, after having fallen for the previous 55
minutes. This could reflect a major change in the chemical matrix at this point.

After 60 minutes the pH of the solution rises linearly until the end of the reaction, reflecting the
1st. order increase in concentration of buffering agents.

The maximum amount of precipitate X’ could be extracted from solution at about 75 minutes.
‘X’ was then seen in decreasing amounts until about 120 minutes after the start of the reaction,
when no more ‘X’ could be removed from solution. This suggests that the constituents of ‘X’
are mainly produced during the dissolution of the resin beads.

At 75 minutes aqueous NMR results show that alkyl, alkenyl, saturated and unsaturated
carboxylic, and alcoholic groups are present. The concentration of alkyl and alcoholic groups
has again fallen, relative to the sample taken at 30 minutes.

Highly oxidis;:d phenol derivatives are present in low concentration, with aromatic carboxylic

acids also being present, at a slightly lower concentration than that seen at 30 minutes.

7.2.5 From 100 to 150 Minutes

The apparent Fe concentration continues to rise, from its minimum at 75 minutes, as the
concentration and / or type of molecules complexed with the Fe2+/3+ jons in solution changes.

After 100 minutes the absorbance of the resin solution at all wavelengths gradually reduces until

the end of the reaction.
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Two aqueous resin samples were analysed during this period, from 105 and 135 minutes after
the start of the reaction. Alkyl, alkenyl, aldehydic, ketonic, carboxylic (saturated and / or
unsaturated), and alcoholic groups are present in approximately the same concentrations in both
samples. Highly oxidised phenol derivatives are present in low concentration, with the

concentration of aromatic carboxylic acids falling with time.

7.2.6 From 150 Until 250 Minutes

After 160 minutes the apparent Fe concentration falls steadily until just after 250 minutes, upon
which there is no further change in the Fe concentration.

The relative concentrations of the various organic groups, as shown by IH NMR, are identical
to those seen in the sample taken at 135 minutes, with only the total concentration of organic

material falling, as complete oxidation to CO7 and water occurs.

7.2.7 From 250 Until 300 Minutes (The End of the Reaction)

At 250 minutes the relative concentrations of the various organic groups are identical to those
seen in the samples taken during the previous period of time. At 300 minutes the compound
mixture is fundamentally the same, with only the highly oxidised phenol derivatives being

absent.

267



7.2.8 An Overview of Chemical Reactions Occurring During the Fenton's Reagent Digestion
of Lewatit Ion Exchange Resin

A B o
OH oH o
P 2y _CH, CH; CH,OH CH,O0H
- .
] OH OH OH OH
SO;H OH OH

OH a) Unreactive oxidised aromatic derivatives of 'C
CH,0H CH,0H / b) Reactive oxidised aromatic derivatives of 'C’
OH OH Aromatic King Cleavage
AromaltsQing Cleavage
OH

Unsaturated aliphatic alcohols and aldehydes e.g. glycerol

Oxidation

Aliphatic carbonyls e.g. propanal, propenal
l Oxidation

Carboxylic acids e.g. maleic acid, propenoic acid
L Decarboxylation

Alkyl and alkenyl derivatives

L Oxidation

Alcohols and carbonyls, etc.

268



HAPTER
TECHNICAL AND ECONOMIC CONSIDERATIONS OF A RESIN

DESTRUCTION PLANT
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8.0 INTRODUCTION

This PhD project has been a part of Aston University’s ‘Interdisciplinary Higher Degree’
scheme, which exists to promote research links between industry and academia. It does this by
arranging academic research into subjects of special interest to an industrial sponsor. Thus the
project I undertook was one that was directly related to a topic of interest to Nuclear Electric.
I spent several months of my three year PhD at the laboratories of my sponsors. I also attended
120 teaching hours of Master of Business Administration (MBA) lectures as an integral part of
my work. Approximately twice thisamount of time was spent on course work and end of module
exams, resulting in course credits of one fifth of an MBA.

Tt was therefore decided to undertake a project to ascertain the general economic and technical
considerations that would be involved in a decision to build a full scale plant for the wet
oxidation of ion exchange resins. Where relevant the results of my work were integrated with

this economic and technical assessment.

8 1 The Market for a Resin Disposal Operation

8.1.1 Britain

At present Nuclear Electric has approximately 300 m?3 of radioactive resins stored at many sites

around the country (at locations with more than one power station on the same site e.g.,
Dungeness ‘A’ and ‘B’, each station counts as a separate site) 109, It has also been estimated
that approximately 700 m3 more resin will be produced by Nuclear Electric’s power stations

over the next 40 years 10,
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i 109 : . .
in the next 40 years '%%. It is not possible to give a more exact figure than this because of

uncertainties over how many (if any) nuclear plants will come on stream during this time period

and also when existing plants will close.

8.1.2 The Overseas Market

Many thousands of cubic meters of radioactive resins are held at various sites around the world.
Abroad, nuclear stations tend to be built at inland sites, in contrast to Britain’s predominantly
coastal locations for its power plants. Inland power stations generally have tighter standards for
the radioactivity level in their waste water discharge flow than coastal stations. This is because
they must usually discharge their waste waters into inland waterways, with their restricted water
flows, which are be used for drinking water, agriculture and other purposes. Asa consequence
of these restrictions inland power stations tend to use more ion exchange resins than an

equivalent coastal station.

8.2 General Economic Considerations

Section 8.1.2 indicates that there is a potential market for any technology developed for disposal
of radioactive resins. This would have the benefit of defraying the R&D costs of developing the
system through sale of either

a) the technology (via licensing agreements)

b) the actual resin destruction plant after all the resin stored by Nuclear Electric had been
processed.

Furthermore, it should be possible to adapt the equipment design to deal with many other
dangerous or environmentally persistent materials. Examples of these could include substances

such as pesticides or paper mill residues. Sales of this technology would again help to defray

costs involved in the project.

8.3 General Technical Considerations

Nuclear Electric has constructed a pilot plant to test the technology involved in the wet oxidation

of ion exchange resins. This plant operates at the 0.1m3 volume scale, with up to 10 kg of damp
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ion exchange resin being processed at a time. It is envisaged that a full scale plant could treat
between 100 kg and 500 kg of resin per reaction run. It was decided to extrapolate information

obtained from the pilot plant to design and cost the larger plant, as part of my PhD project.

1 Factors involved in th ign of a full scale resin ion plan

1.1 Tran ili
The ion-exchange resin to be processed is stored at several sites around the country, and since
the resin is radioactive there would be difficulties in transporting it to a central location for
processing. Consent from the nuclear industry regulating bodies, would be required, and
expensive transportation equipment would be needed to move the radioactive resin. It was
decided instead that any resin destruction plant would have to be transportable, being moved
from resin storage location to resin storage location by road. This would be done by
decontaminating the plant, breaking down the plant into separate sections, loading the sections
into containerised lorries, and moving them to the new resin storage site by road. This
requirement to transport the plantimposes maximum weight and dimensional constraints on any
design. Thus this part of the design must have dimensions of less than2.45m by 2.45mby 12.17
m, and weigh less than 20 tonnes, to fitin a standard ISO container. The design of the whole
plant must also be kept simple and modular in nature to allow for easy assembly, disassembly,

and post-operation clean up at each site.

8.3.1.2 Safety

Any equipment designed for the handling of radioactive materials must have a high level of
safety builtin. In my design there are 3 levels of physical containment for the radioactive resin
during its reaction.

a) The reactor vessel and associated equipment. Stainless steel would be used for all equipment

inside the containment vessel, for strength and corrosion resistance.

b) The ISO container.

c¢) The ISO container would be placed inside a purpose built building on arrival at each site. This

brick building would also contain the control centre and personnel for the resin reaction process.
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Real-time monitoring of the progress of the reaction would be carried out by both computer and
humans, as a back up for each other. Instruments connected to a central computer can be used
to ensure optimum H2O» utilisation by sensing, controlling, recording, and maintaining desired
operating conditions.

The equipment would be decontaminated to a level that would meet transportation regulations
before being moved to the next site, so that if there were a road crash there would be no major
problem with radioactive contamination. All equipment inside the TIR container must be
designed to be as maintenance free as possible, to reduce to the minimum the number of times
workers have to enter the containment vessel. In my design, apart from remote controlled 2 and
3-way valves, there is only one piece of equipment with moving parts, the pump A (see Figure
8.2). All the other pumps that are necessary for the processing of the resin have been placed
outside the containment vessel. The stirring regime has also been designed to be as maintenance
free as possible. Conventionally, stirring would normally be performed using an overhead
stirrer motor attached to a paddle. However, if instead an air sparging system is used to keep
the liquid stirred, the pump can be keptoutside the containment vessel, leaving only a pipe inside
the containment vessel. Experimental work performed for this PhD project (see Chapter 6,
Section 6.2.1.1.1) has shown that blowing air through a reacting resin digestion solution has no
effect on the final TOC level of the reaction solution.

Figure 8.1 (overleaf) shows two reactor vessels, one of which is air stirred, and the other which

is paddle stirred.
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FIGURE 8.1
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8.3.1.3 Cost of the Equipment

Containment of radioactive materials is involved in this process, and high quality equipment /
materials must be used, increasing the cost of plant construction. However, the simplicity of the
design, would help to keep costs down. The only item not available “off the shelf” in this design

is the stainless steel reaction vessel, which would have to be specially constructed.

8.3.1.4 Automation

All equipment, particularly that inside the TIR container should be designed to operate
automatically and under computer control for two main reasons.
a) To reduce the exposure of the workforce to radiation.

b) To reduce the number of staff employed at the site, thus reducing running costs.
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8.4 A Typical Resin Destruction Run

1) Ton exchange resin is pumped as a slurry into the resin reaction vessel.

2) Extra water is added, along with the catalyst and the mixture is heated up to a temperature of
950C.

3) The mixture is pumped around circuit A, and HpO; addition via valve B is begun.

4) The N2/ air pump is started, and this mixture of gases agitates the resin bead / Fenton’s reagent
mixture 1r} the reactor. Np is added to the air stream as a safety feature as it helps keep the
concentration of Oy in the off-gas at a low level (the O is produced from the decomposition of
HyO» to water and oxygen).

5) The temperature is monitored, with a constant temperature of 950C being maintained by
switching the heating mantle on and off, and also by using the heat exchanger on Circuit A. The
flow of liquid through Circuit A would be measured by a flowmeter to report the presence of
any blockages. An attempt to remove a blockage could be made by temporarily reversing the
normal direction of flow of the liquid.

6) As the resin is converted to CO the weight of the mixture in the reaction vessel will change.
If the quantities of material entering the system €.g. H,0,, are known then a general idea of the
progress of the reaction can be obtained by measuring the weight of the {reaction vessel +
contents} with the load cells. Direct sampling via valve A can also be used to provide data on
TOC level and HoO7 concenration.

7) When the resin has all been destroyed, the reaction liquor would be removed via valve A for

further treatment.

After all the resin beads at one site had been processed the equipment inside the containment
vessel would be decontaminated, and then moved by road to the next processing site.

137Cs, the main radioactive ion in Lewatit resin, could be removed from the equipment by
passing water through the apparatus, as 137Cs salts are very soluble in water. Unreacted organic
material could be removed from equipment surfaces by use of organic solvents, addition of
excess Fenton’s reagent, or by passing an abrasive material (suspended in water) through the
reactor and associated equipment

The decontaminating agents would be introduced into circuit A via valve B. By use of valve
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C it would be possible to decontaminate the packed column condenser circuit as well as circuit

A.

ing th n ion an ration of the Resin D ion Plan
An attempt was made to cost the construction and operation of the plant shown in Figure 8.2.
Prices for equipment were obtained from several sources. These sources included information
extrapolated from previous equipment purchases, direct contact with manufacturers and utility
providers, and estimates of construction costs by qualified members of Aston University staff.
All prices have been adjusted to January 1992 levels by the method described by Peters and
Timmerhaus 110. Table 8.0 details the costs of various items required during the construction

of a resin destruction plant.

TABLE 8.0
CAPITAL COSTS FOR A RESIN DESTRUCTION PILOT PLANT
Equipment Description “_ Price, £
H,0, dosing pump, 1 m3 /hr Jl 15000
—
Flowmeter for HyO7 dosing pump 1400
CO analyser 2700
CO9 analyser | 5000
O analyser 2500
Heating mantle, 66 kW M 940
= =
Tubing, stainless steel, per metre 40
Cost for all tubing in design 1800
| ————— ————
Welded bend, each 40
Cost for all bends in dﬁgnﬁ 490
Heat exchanger 3600
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Level sensor and control unit for reactor vessel 440

pH probe and meter for circuit A 440

6.5 m3 HyO, storage vessel 1400
Pump "A", (15 m3 per hour water pump) 5000
Estimate of cost for 2 m% reactor vessel@ 18000

3900

Resin / water pump (7.2 m3 per hour slurry pump)

I

TemperEEEe probe and control unit __]L 400

Pump, Air / N3, 0-1 m3 per minute ]L 3100
Load cells l[ 700

Extractor fan, 200 m3 per hour "

650

Scrubbing and surge tower \ 1509 _|
Packed column condenser @ I{ 3500
TOTAL COST OF MATERIALS I 72,000
PLUS 30% b L 22,000
PLUS 30% ¢ { 28000 |
TOTAL COST OF PLANT approx 120,000

a Estimate from Maurice Santano, Technician, Chemical Engineering Department
b For cost of monitoring equipment, fittings, and unexpected items
¢ For the costs of initial installation of the equipment

8.5.1 Calculation of Running Costs fora Resin Destruction Plant

All estimates of the running costs will be adjusted to the nearest £5.00.
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TABLE 8.1
PRICES OF MAJOR CONSUMABLE ITEMS USED DURING THE

OPERATION OF THE RESIN DESTRUCTION PLANT

Consumables " Price, £
H&f)_ , 35%, per litre “ 0.60
_ Electricity per kWh Il_ 0.06
N, for purge, per 1 m3 lr 0.28

1.1 Staffin
Discussions with Nuclear Electric PLC suggested a permanent staffing level of 3 would be
appropriate. Assuming an 8 hour working day, 47 weeks a year, and also that the national
average yearly salary of £15,000 would be paid to each person, the cost of employing 3 people
would be £24 per working hour. There will also be the cost of staffing overheads, such as
pensions, support staff, insurance e.t.c., which are generally regarded as amounting to 2.5 times

the salaries of the workers 1. This brings the cost of employing 3 people to £60 per working hour.

8.5.1.2 Electricity

The heating mantle would be the item of equipment consuming the most electricity. Assuming
a 6 hour operating cycle (2 hours initial heating, then 4 hours of resin digestion) the heating
mantle would be operational for approximately 5 of these hours. The Fenton’s reagent / resin
reaction is exothermic for the other hour. A 66kW heating mantle, operating for 5 hours, would
consume £20 worth of electricity.

The various pumps and other electrical equipment would consume a further 15 kW per hour,

giving a total cost, during the 6 hour operating cycle, of £5.

8.5.1.3 Hydrogen Peroxide

Assuming 50 kg of damp Lewatit resin per run, 1250 litres of H,0, would be required per resin

destruction cycle (based on typical figures from previous experimental resin destruction runs).

This gives a total cost of £750 per 6 hour operating cycle.
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8.5.1.4 Nitrogen

Assumin i .
g a requirement for 0.5 m3 of Nj per minute for the 4 hours of the resin destruction

reaction, the total cost of N2 during the operating cycle would be £35.

S.1. mim f Runnin

RY T

Item “ Cost of Item £, (Ber operatmg cycle)
120107 “ 750
% Labour l( 360
Electncu; “
TOTAL I approx. 1200

8.5.1.6 Factors Not Taken Into Account During the Costing Exercise

Several factors were not taken into account during the calculation of the costs of the resin
destruction plant, due to insufficient data being available. These factors were:-

a) The cost of insuring the equipment.

b) The size of contingency funds, for unexpected items of expense.

¢) How much decontaminating the equipment would cost, before moving it to each new site.
d) The cost of transporting the equipment from site to site.

e) The cost of the setting up and dismantling of the equipment

f) The final decommissioning costs, once the equipment had reached the end of its' life.
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Figure 8.3 shows the process that the reaction liquor would undergo once it had been removed
from the reactor, via valve A.

The end of reaction liquor would be mixed with calcium hydroxide, to neutralise it, and then
pumped to the evaporator, where the water would be evaporated off. The highly radioactive
inorganic components of the reaction mixture left behind after evaporation would then be

analysed for future reference, mixed with cement, sealed in a steel container and sent for

underground disposal.

Heterogen Ph i

Research carried out for this PhD project has shown that a combination of UV and TiOz is an
effective combination for oxidising some organic molecules present in the resin digestion
solution (see Chapter 4). The economic and technical benefits/ problems of using this technique

in combination with HpO7 were considered.

8.7.1 Photochemical Reactions in Industrial Manufacturing Processes

Photochemical reactions are common in the industrial manufacture of various types of
chemicals. Examples of these reactions include photonitrosylations, photochlorinations,
photohydrodimerisations, and photochemical electrocyclic reactions 111, This means that the
photochemical equipment which might be used in a resin destruction plant is likely to be
available ‘off the shelf’', significantly reducing the cost of the modifications to the resin
destruction plant. The use of industrial scale UV equipment has also been studied and modelled

in detail by various workers, which would help reduce design costs for resin plant

modifications 111,

8.7.2 Design Considerations in UV Heterogeneous Photocatalysis

There are several different equipment designs currently used for UV light sources. The simplest

and cheapest design, however, s that of the immersion photochemical reactor, and this would

probably be the best equipment for use in the resin destruction plant (due to the low maintenance

required) 112. The UV source could be inserted directly into the resin reaction vessel with no
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major modifications in the overall plant design being necessary

FIGURE 8.4
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Using the TiO7 as a powder suspension in the resin solution would be the preferred mode of
catalyst use, as it would be circulated by the air stirring system around the reactor, along with
the resin digestion solution. The TiO5 could then be filtered off after the reaction had finished,
or sent through to the evaporator, along with the end reaction liquor. This would not
significantly increase the amount of waste which has to be incorporated into concrete, since only
small amounts of TiOy are required in this photocatalytic system (typically 0.1% w/w).

If the TiO; were found to affect the setting of the cement at the end of the resin processing
ent cycle, it could either be filtered out or immobilised on a solid structure near the UV

treatm

source. However the need to filter the TiO; or immobilise the TiO> on a solid support would

complicate the design of the reactor and therefore increase its cost.
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8.7.3 An Estimate of the Costs and Benefits of Using UV Photocatalysis to Remove Organic

Material from the Resin Destruction Mixture

8.7.3.1 Extra Costs
TABLE 8.3
EXTRA COSTS INVOLVED IN THE USE OF UV
IRRADIATION EQUIPMENT
|__Extra Costs for UV Photochemical Reactor |  Price, &
UV photochemical lamp and transformer, for 2 m3 13900
volume reactor vessel
PLUS 30% ¢ 4200
PLUS 30% b 5400
TOTAL COST OF EXTRA EQUIPMENT approx. 23500
TiO; Catalyst, per run 5
Electricity for UV lamp, per hour N S5
]
Labour, per hour 60

a For cost of monitoring equipment, fittings, and unexpected costs
b For the costs of initial installation of the equipment

As described in Section 8.5.1.2, the typical resin destruction cycle would normally last about
6 hours (2 hours initial heating, 4 hours resin digestion reaction). The length of this cycle would

be extended if the resin digestion solution was irradiated at the end of the normal Fenton’s

reagent / resin reaction, resulting in extra labour costs.
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8.7.3.2 Benefits
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Figure 8.5 shows that the TOC level of the end resin reaction solution falls by 15% (or 195 ppm)

in 3 hours of UV irradiation. This information allows a simple calculation of the relative cost

benefits and disadvantages of using the UV / TiO7 system.

Using figures from a typical resin destruction reaction.

TABLE 8.4

TYPICAL TOC AND HYDROGEN PEROXIDE CONCENTRATIONS IN THE

STANDARD RESIN DIGESTION REACTION

J;ime into reaction(mins) TOC level (ppm) H;0; Level (M)
0.1 0 0 2.38
80 3920 11
300 j 980 0

A 1.1 M solution of H202 (46% of the starting concentration

drop of 2940 ppm in this experiment.

3 hours of UV irradiation of an

286

)can be seen to produce aTOC level

980 ppm TOC level resin solution resulted in a TOC level fall



of 195 ppm.

Thus 3 hours of UV irradiation produces an equivalent TOC level drop to a HpO» solution of
concentration 0.073M. A 0.073 M solution of HyO5 is 33 times less concentrated that the
starting concentration of HyO».

This means that to be cost effective, the cost of TOC reduction by a UV / TiO7 combination can

be no more than one thirty third part of the cost of the HyO7 added at the start of the reaction.

Irradiation Resin Reaction Solution
A single experiment was carried out (Chapter 4, Section 4.1.1) in which a 29% reduction in final
TOC level was achieved by irradiating a resin solution with UV light for 1 hour.
Using the same calculation method as in the previous section, it was found that this method
produced a saving in HyO3 equivalent to 0.106M. This means that to be cost effective, this
treatment method would have to cost no more than one twenty second part of the HpO added

at the start of the reaction.

8.9 Conclusions

The relative costs and benefits of the UV and UV/TiO systems, when used in combination with
Fenton's reagent, depend very strongly on the amount and cost of HO7 added during the reaction.
More accurate estimates of the costs and benefits of these techniques, if used in a full-scale resin

destruction plant, could only be made when more information about the running conditions of

the full-scale plant became available.
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APPENDIX 1
NMR SPECTRA OF AQUEOQUS RESIN DIGESTION

REACTION SAMPLES
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A 1.3 Proton an n-1 from 75 Minutes into th ndard Resin Reaction
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A 1,6 Proton an n-1 from 195 Minutes into th n Resin Reaction
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A 1.8 Proton and Carbon-13 Spectra from 300 Minytes into the Standard Resin Reaction
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APPENDIX 2
NMR SPECTRA QF RESIN DIGESTION REACTION SAMPLES

WITH THEIR WATER REMOVED
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A 2.1 Proton and Carbon-13 Spectra from 41 Minutes into the Standard Resin Reaction (Water
Removed)
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P2 200 NS 18240
p3 45 DS 2




A 2.2 Proton and Carbon-13 Spectra from 75 Minutes into the Standard Resin Reaction (Water

Removed)

ETTIN
PW 40
RD 10
AQ 34
RG 8.0
NS 480
B TE 297
13C DEPT
SETTINGS
D1 10 S2 14H
S1 OH RD 00
p1 100 PW 00
D2 0037 DE 3838
P2 200 NS 26193
P3 45 DS 4
p0 140 po 1280
p4 90
' " [ » 1 :




A 2.3 Proton and Carbon-13 Spectra from 300 Minutes into the Standard Resin Reaction (Water
Removed)

ETTIN
PW 40
RD 10
AQ 49
RG 40
NS 96
\ TE 297

13C DEPT
ETTIN
D1 30 S2 14H
S1 OH RD 0.0
Pl 10.0 PW 00
D2 0037 DE 366
P2 200 NS 79072
p3 45 DS 4
po 140 po 1280
p4 90 ,
l ) i




APPENDIX 3
NMR SPECTRA QF CALIX DIGESTION REACTION SAMPLES
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A 3.1 Proton and Carbon-13 Spectra from 39 Minutes into the CALIX Digestion Reaction
1 H With Presaturation of Water

ETTIN
(SEE APPENDIX 7)
DI 10
S3 0L
RD 0.0
PW 40
DE 1250
NS 640
B DS 4
13C DEPT
SETTINGS
DI 20 S2 14H
S1 OH RD 0.0
P1 100 PW 0.0
D2 0037 DE 388
P2 200 NS 17288
P3 45 DS 2
PO 140 P9 1280
P4 90
! h ! Hid L LR : ] .‘izltllﬁ
Bk (R LI AL B R AN L N S T P B
i W] il Ll Al v |
s 12 ".l'l " " )




A 3.2 Proton and Carbon-13 Spectra from 90 M; :
) 1NULes 1nto the CALIX Digesti .
1 H With Presaturation of Water igestion Reaction

ETTIN
DI 1.0
S3 SL
RD 00

- PW 4.0
DE 125.0
NS 568
DS 4

s e s [ s s 'El\”g/' NEEEY] Lyﬂ A 3 s A

13C DEPT

D1 20 S2 14H
St OH RD 00
P1 100 PW 00
D2 0037 DE 350

e B B B BRI

e JMK ]
 aar raar meraer ue-ueraar RO MU RIS
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A 3.3 Proton and Carbon-13 Spectra from 150 Minutes into the CALIX Digestion Reaction
1 H With Presaturation of Water

SETTINGS
DI 10
S3 10L
RD 0.0

‘ PW 40
DE 1250
NS 112
DS 4

13C DEPT
( SETTINGS

DI 20 S2 14H

P1 100 Pw 00

D2 0037 DE 350

P2 200 NS 43845

P3 45 DS 2
14.0

% & 8 & 81 &9

s »
“"‘*a’.ﬁbiﬁikib
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A 3.4 Proton and Carbon- ,
bon-13 Spectra from 420 Minutes into the CALIX Digestion Reacti
on

1 H With Presaturation of Water

ETTIN

) DI 10
S3 SL

RD 0.0
PW 40
DE 125.0
NS 408
DS 4

£y
3
¢

*{] s s e Y V] ] V] 9 [ ] [\

DI 20 S2 14H
S1 OH RD 00
P1 100 PW 00
D2 0037 DE 350
P2 200 NS 43845
P3 45 DS 2

PO 140 P9 1280

' B B B B AR BRI

. [ ]
. B B 3 3 ML AL L
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APPENDIX 4
TECHNICAL SPECIFICATIONS OF LEWATIT DN

ION-EXCHANGE RESI
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Lewatit DNisacation exchanger on apolycondensate regiy, basis with
with

i i ] pecial anchorip
Lewatit DN 1s especially selective for Cs and allow it separation £ g groups.
on

contain large quantities of other alka; ions such ag lithium and soqj
odi

um.,

A.4.1 Characteristic Data
Form supplied Na form, (optional H+ form)
Grain shape Granular and bead
Moisture content 50 to 55% H,0
Total capacity 1.35 mequiv. / ml
Service flowrate 10 to 40 litres / hr per litre of swollen resin
Temperature range up to 45°C
pH range

stability Oto11

operating range 5t011
Elemental Analysis, % C45.6,H4.47,045.29, S 4.64

A.4.2 Structural Formula of Resin
OH OH OH OH
J CH, @/C}h@/ CH;@CH;@/CH;\
) soH

A.4.3 Application Ar
djusted with sodium hydroxide to pH

1) Removal of 137Cs from water in fuel element pools a

values up to 11.

: i esium activity is
2) Radioactive effluent or exchanger regenerants from which the long lived ca

to be removed prior to precipitation or evaporation.
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APPENDIX 5
THE REACTION OF HYDROXYL RADICALS WITH

M L ECULE
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TABLE A 5.0

SOME FREE RADICAL OXIDATION PRODUCTS OF SIMPLE MOLECULES 18

!

%

CH3 : CIH'CH[CHf OH

OH

SUBSTRATE PRODUCT NOTES
CH3;— OH CH,=0 Wr
C,Hs;— OH

Attack is faster near to

CH;CH=0
HO- CHz'Cﬂz' OH

oxygen atom

CH3- ?" CH;-CH,-OH

o

¢O
CH3  CH=CH,~ C ~
OH

C2H5 — 00— C2H5

CH3CH=0

lL Cation rearrangement

ICHz"'Cl‘lz~
10§ ~
CH,~CH,

B

CH,=0 (COOH),
HCOOH

CH3CPII — COOH

CH3z— ﬁ— COOH

I
|

OH 0]
(CH3)3C— OH CH3; — CI — CH; Radical degradation
o) CH;=0 (spontaneous)
CH
C— OH N
| o
CH;
CH,=0

HO- CHz“'CHz - OH

H\
C"CHz'OH
o” CH,=0

CH3_ CIH' CIH_ CH3

OH OH

CH3;— C— C— CH; W,

O O
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TABLE A 5.1
SOME RATE CONSTANTS FOR THE ADDITION OF HYDROXYI, RADICALS

TO ORGANIC MOLECULES 17

Reactant Rate Constant M -1 sec -1 "
Benzene 7.3x 109 "

Benzoate ion 6x 109 "

Ethanol 7.2x 108 7

Formate ion WL 2.5x10° WL 7
Methanol 7L 4.7x 108 WL 7

2-Propanol 7, 1.5 x 109 " 7
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APPENDIX 6
TECHNICAL SPECIFICATIONS OF THE UV

H M EA R
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1) The' Reading Photochemical Reactor', manufactured by Hanovia Ltd, is used for conducting
photo-chemical reactions in a quartz vessel. The lamp contains two medium pressure arc tubes,

and a cooling fan in the base.

2) The quartz vessel holds the reagents and this is provided with a water jacket to ensure
temperature control when the medium pressure lamps are in operation. The capacity of the

vessel is 400 cm?3 and it has a water cooling jacket of 10 mm path length.

3) The reagent vessel is mounted by means of claw clamps fitted to the upright chromium plated

tube of the lamp unit.

4) The straight arc tubes are the medium pressure mercury vapour lamps of 500 watts each, with

a peak energy emission at 366nm.

5) The control unit is a separate item and consists of a steel case containing four choke units for

use with the medium pressure arc tubes.

6) Nominal running characteristics for the medium pressure lamps are 240V +/-10V, 4.4A per

lamp (in actual use each lamp used 4.9A).
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APPENDIX
EXPLANATION OF TERMS USED IN NMR SETTINGS




Description of NMR Settings

1 H With Presaaturation of Water

D1 - Delay for relaxation of X-Nucleus
S3 - Typically 20 - 30L

RD - Relaxation delay

PW - Pulse width

NS - Number of scans

DS - Dummy scans

13C DEPT

S1 - OH for maximum power pulses

P1, P2 - 90, 180 degree pulses for 1H decoupling

D2 - 0.5 / J(XH) for optimum polarization

P3, P4 - 90, 180 degree pulses for X

PO - Variable pulse, depending on desired multiplicity selection
S2 -Normal power for CPD decoupling

DE - Dwell time

P9 - Variable pulse related to decoupler power (Waltz decoupling)

1.3.3.1 Jum Return

As for 1H presaturation.

13C APT

D3 - Evolution period for J modulation

NE - Number of experiments
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