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Abstract. We have undertaken a three phase research project that has as the overall goal to better understand the
application of the EB process to water, wastewater and sludge treatment. We have conducted studies to examine
bimolecular rate constants for several halogenated methanes, several of which are common disinfection by-
products when chlorination is practised. The second phase examines the ability to destroy odour causing
compounds, we have selected thioanisole as the model compound, in wastewater and sludge treatment. The third
phase of our study is to better understand the destruction mechanism and kinetic modelling of the fuel oxygenate,
methyl tert-butyl ether, a common ground water contaminant in the US. We report here several new and
re-evaluated bimolecular rate constants and the results of large scale EB treatment of water containing the
compounds under study.

1. INTRODUCTION

As part of an ongoing project to better understand the application of the EB process in
water treatment we have undertaken several studies. The first involves the description of the
loss of halogenated methanes in drinking water by the process. To model the removal of
halogenated disinfection by-products in the EB process it is necessary to have accurate
bimolecular rate constants. We have evaluated several halogenated methanes that have not
been previously studied, and re-evaluated several reported rate constants.

Key issues in treating wastewater and biosolids (residuals) management are not only
the removal of toxic pollutants, but also the removal of odours. Several classes of compounds
have been identified which are responsible for causing such odours: sulphides,
dicyclopentadiene and analogs, disinfection by-products, i.e. chlorinated phenols and short-
chain aldehydes, to name a few. A typical treatment procedure to remove odours involves
several stripping and scrubbing stages with the addition of substantial amounts of
conventional oxidizers, e.g. hypochlorous acid and/or hydrogen peroxide. Our novel approach
is intended to replace the latter steps with one single treatment using an EB. The interaction of
highly accelerated electrons with water generates a number of very reactive intermediates, i.e.
hydrated electrons, "OH radicals and "H-atoms, which in turn react with the odour-causing
substrates. Research on the irradiation of waters containing benzene, toluene, phenol,
chloroform, carbon tetrachloride, as well as several other common organic pollutants has
shown excellent removal for low solute concentrations. To demonstrate the feasibility of our
treatment method we chose an aromatic thioether, thioanisole (TA). Although aliphatic
thioethers have been extensively studied, much less is known about their aromatic
counterparts. Several recent studies investigate the oxidation of thioanisole with different
pulse radiolytically generated radicals and describe the corresponding intermediates. To the
best of our knowledge nothing is known so far about the reduction of thioanisole with
hydrated electrons and hydrogen atoms.

The third area of this study is the kinetic modelling of methyl tert-butyl ether (MTBE).
We have conducted several studies and believe that in the near future we will have a
reasonably good understanding of the process and be able to accurately model the process.
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2. EXPERIMENTAL

2.1. Pulse radiolysis

A Model TB-8/16-1S linear electron accelerator was used for the pulse radiolysis
experiments, providing 5-50 nanosecond pulses of 8 MeV electrons and generating radical
concentrations of 1-3 uM per pulse in all investigated systems at the electron accelerator
(LESfAC) facilities at the Notre Dame Radiation Laboratory. Dosimetry was based on N2O-
saturated, 10"2 mol dm"3 SCN" solutions at X = 475 nm, (Gs = 5.09 x 104) where G is defined
as the number of species produced or destroyed per 100 eV, and s is in units of dm3 moF1

cm"1.

2.2. Bimolecular rate constants

Rate constant measurements for the reactions of the primary water radiolysis species,
the hydroxyl radical, the hydrated electron and the hydrogen atom, with the organic solutes of
interest were performed in aqueous solution using established aqueous pulse radiolysis and
absorption spectroscopy techniques. To isolate the hydroxyl radical reaction, the hydrated
electron can be removed by using nitrous-oxide saturated solutions, where the reaction:

N2O + eaq" > -OH + OH" + N2 (1)

occurs thus nearly doubling the amount of OH-radicals present. For peroxy radical studies,
solutions containing mixtures of N2O/O2 were employed.

To study the reaction of hydrated electrons with halocarbons, alcohols such as
2-propanol or 2-methyl-2-propanol can be used to scavenge hydroxyl radicals, according to:

(CH3)3COH + OH > CH2(CH3)2COH + H2O (2)

All rate constant measurements were conducted at room temperature (22-23°C).
Typically five halomethane concentrations were used with six single rate constant estimates at
each concentration and an average of ten (pulse + baseline) per estimate. Solutions were
prepared immediately prior to the experiment by purging 250 ml aqueous 0.5M tert-butanol
solutions with N2 for 30-45 min. The inlet and outlet were immediately closed with a three
way stopcock, and then the halomethane was added via syringe through a septum with stirring
until everything was dissolved. (This procedure should prevent the halomethanes from
evaporating during bubbling with N2.) As soon as the halomethane was dissolved the flask
was connected to the LIN AC flow system (via round glassy joints) and the rate constant
measured. The waste bottle was filled with N2 prior to the experiment and connected to the
flask with the halomethane solution in order to avoid N2 bubbling through the halomethane
solution during the measurement. (Both displaced volumes are the same resulting in a net
pressure of "0" in both the flask and the waste bottle.) The flow system itself was filled with
water in the beginning and halomethane solution later in order to avoid oxygen contamination.
All measurements started out with the lowest concentration followed by measurements in the
order of increasing concentration. (In order to avoid errors originating from residues of a
higher concentrated solution measured beforehand.) The wavelength to monitor the hydrated
electron decay was usually 650 nm with a cut-off wavelength filter for wavelengths below
500 nm.

Since the rate constant that we measured for chloroform differed considerably from the
reported value, the experiment was conducted several times with chloroform from two
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different sources. For the peroxy radical formation reaction measurements, we used the
following reaction scheme:

e" + CHBr3 --> CHBr2 + Br" (3)

CHBr2 + O2 --> CHBr2(O2) (4)

CHBr2(O2) + ABTS --> CHBr2(O2)" + ABTS+ (5)

ABTS+ (2,2'-Azinobis-(3-ethylbenzthiazoline-6-sulphonate) shows a strong absorption
around 415 nm and the growth rate constant is conveniently monitored. The plot of the first
order growth rate constant vs. ABTS concentrations yields two distinctive regions: a
concentration dependent linear region (kn(CHBr2(O2)+ABTS) and an ABTS concentration
independent region (a plateau value) for the rate determining step CHBr2 + O2. With a known
O2 concentration (air saturation = 300 uM) the bimolecular rate constant can be calculated. It
is essential that tert-butanol be added to prevent ABTS + OH --> ABTS+ + OH".

2.3. Large scale studies

All large scale studies were conducted at the Electron Beam Research Facility (EBRF)
located at the Miami-Dade Virginia Key (Central District) Wastewater Treatment Plant. The
facility consists of a 1.5 MeV electron accelerator rated at 75 kW. The electron accelerator is
powered by an insulating core transformer (ICT) operating at 1.5 MeV with a continuously
variable beam current from 0 to 50 mA. EB is scanned horizontally at 200 Hz and vertically at
60 Hz to give a coverage of 1.2 m width and 5 cm height. Varying the beam current changes
the absorbed dose in a linear fashion, allowing for experimentation at doses from 0 to 800
krads.

The large scale research facility is designed to treat aqueous streams at 0.46 m3 min"1

(120 gpm). Influent streams at the EBRF are presented to the scanned beam in a 4 mm thick
falling stream. Since the maximum penetration in water is approximately 7 mm for 1.5 MeV
electrons, some electrons pass through the stream and thus not all of the beam energy is
transferred to the water. The total efficiency of the system, as defined by irradiation dose
divided by total electrical power in, has been determined to be 60-72%. Thus, at 50 mA
(75 kW) we have recorded doses of 800 krads. Total power consumption, including pumps,
chillers and other auxiliary equipment is about 125 kW.

Because the system is being used for research, and water quality is one of the main
experimental variables, three influent streams are directly connected to the facility. The
influent streams directly connected to the plant are potable (drinking) water, chlorinated
secondary wastewater effluent and anaerobically digested sewage sludge that is 2—3% solids,
hi addition to the three continuous flow streams, we have the capacity to conduct large scale
batch experiments (up to 22,700 L, 6000 gal) using tank trucks and/or one 9,400 L high
density polypropylene tank (2,500 gallon). Batch experiments may be used for groundwater
and any other source of contaminated water for which treatability studies are desired. For the
batch experiments it is possible to recirculate the water and we have conducted studies where
we have deposited up to 12 Mrads in one sample while it was recirculated.

The EBRF is instrumented with resistance temperature devices (RTDs) to obtain direct
estimates of absorbed dose. Five RTDs are mounted in the influent (2 sensors) and effluent
(3 sensors) stream immediately before and after irradiation. The RTDs are connected via an
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interface to a computer which continuously reads and records temperatures and the absorbed
dose is estimated by converting the observed temperature differences to the energy transferred
to the water.

During experiments to determine the removal efficiency of parent compounds and
collect samples to determine reaction by-products, samples are taken prior to and after
irradiation. These samples are obtained in the control room from continuously running sample
streams.

3. RESULTS AND DISCUSSION

3.1. Halomethanes

The data presented in Tables I, II and III summarize the new bimolecular rate constants
that we have evaluated over the past two years. Halogenated methanes represent a major
product of disinfection (the trihalomethanes) when chlorine is used. The study we conducted
herein was initiated as a result of a project completed recently [32]. In the previous study we
were able to model the disappearance of CC14 while in the same water we were unable to
model the disappearance of CHCI3 using rate constants that have been published. We
predicted that if the rate constant of the hydrated electron with CHCI3 would be three times
slower than reported then the modelled results would be very similar to the observed results
that we obtained at a large scale.

They represent the bimolecular rate constants of primary water radio lysis radicals with
halogenated methanes and simple halogen-substituted carbon-centred radicals with molecular
oxygen. Future research will include filling-in the gaps in existing data with additional
bimolecular reaction rate constants.

This study is in progress and we continue to evaluate new rate constants that will be of
importance to drinking water treatment.

3.2. Thioanisole

To demonstrate the feasibility of our treatment method we chose an aromatic thioether,
thioanisole (TA). Although aliphatic thioethers have been extensively studied [33-38], much
less is known about their aromatic counterparts. Several recent studies [39-41] investigate the
oxidation of thioanisole with different pulse radiolytically generated radicals and describe the
corresponding intermediates. To the best of our knowledge nothing is known so far about the
reduction of thioanisole with hydrated electrons and hydrogen atoms.

A further step is not only to report EB treatment results, but to simulate those results on
the basis of reaction mechanistic models [32]. These models utilize known radiation chemical
processes in pure water and account for the interference of further solutes in the sample
solution. Each reaction in the model can be described by its integrated kinetic equation. In
order to calculate radiation dose dependent substrate concentrations, rate constants for each
reaction have to be known. The literature rate constant for thioanisole reacting with 'OH
radicals failed to simulate our experimental EB treatment results. Therefore, we decided to
repeat the experiment in order to obtain an *OH rate constant for the oxidation of thioanisole.
In addition, we report pulse radiolysis results for the reduction of thioanisole by hydrated
electrons and hydrogen atoms. With our experimentally obtained rate constants we were able
to simulate the radiation chemical processes of a large scale EB treatment of thioanisole
solutions and to compare the theoretical and experimental results.
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TABLE I. BIMOLECULAR RATE CONSTANTS \MTls~l] FOR HALOGENATED METHANES

Halo- eaq OH *H

Methane Experimental Literature Experimental Literature Experimental Literature

CH3C1 ~8 x 10 [1]

1.1 x 109 [1]

4.7 x 108 [2]

1.2xlO9[3]

Not Found 6 x 10 [4]

5.3 x 10S 6.3 x 10 [5] 5.8 x 10 [6]

9 x 107 [7]

9 x 107 [8]

4 x 10 [4]

CHCI3 (1 .3±0 .1)x l0 1 0
3 xl0 1 0 [9 ]

(1.3±O.l)xlO10

~5 x 106 [10](7.3±1.3)xl07 l . l x lO 7 [4 ]

1.5 x 10 [11]

7.4 x 106 [12]

5.4 x 107 [7]

5 .0xl0 7 [7]

CCI4 1.3 x 1010 [13]

1.9 x 1010 [14]

2 .4xl0 1 0 [15]

Not Found 4.4 x 10 [4]

3.2xlO7[16]

CH3Br

CH2Br2

CHBr3

CHBr2Cl

CHBrCl2

(2.2±0.2) x

(2.0±0.2) x

(1.6±0.2)x

Not Found

2xlO1 O[17]

1 0 1 0 l x l 0 1 0 [ 1 8 ]

10'° Not Found

10'° Not Found

Not Found

9.9 x 107 [7]

9.0 x 107 [7]

1.3 x 108 [7]1.9xlO9[19]

1.1 x 108 [18]

Not Found

Not Found

Not Found

4.1xlO8[17]

Not Found

Not Found

Not Found
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TABLE II. BIMOLECULAR RATE CONSTANTS [NT's"1] FOR HALOGENATED METHANES
CONTAINING FLUORINE AND IODINE

Halo-

Methane

CCI3F

CCI2F2

CCIF3

CH3I

CH2I2

CH2CU
CF3I

+ e a q *OH-

Experimental Literature Experimental

1.6xl010[191

1.4xlO1O[191

4.4xlO9[21]
1.6xlO'°[22]
1.6xl010[23]
3.4x10'° [25]
3.4xlO'°[26]

Literature

6.3 x
2.1 x
4.0 x

109[27]
109[27]
109[28]

•
+ H

Experimental Literature

1.6

1.1

1.2

x 106 [20]

0 x 106 [20]

0 x 106 [20]
x 10'° [24]

x 1O'°[25]

TABLE HI. BIMOLECULAR RATE CONSTANTS [MTV1] FOR CARBON CENTRED
RADICALS OF HALOGENATED METHANES

Halomethane Radicals

"CH2CI

"CHC12

*CC13

*CH2Br

*CHBr2

'CHBrCl

+O 2

Experimental

2 .1x lO 9 [32]

Literature

1.9 x 109

6.3 x 109 [301

4.7 x 109 [30]

3.3xl09[31]

2 x 109 [29]
Not Found

Not Found

[29]

3.2.1. The reaction of thioanisole with 'OH-radicals

The pulse radiolysis of aqueous, nitrous oxide-saturated thioanisole CH3S-C6H5 (TA)
solutions in the concentration range of 1 x KT*M to 1 x 10~3M yields a complex spectrum of
intermediates with absorption maxima at 310 nm, 365 run and 530 run. Ioele and co-workers
[39] as well as Mohan and Mittal [40] assigned these absorptions to a radical cation TA*+

absorbing at 310 nm and 530 nm (reaction 6):

CH3S-C6H5 + *OH > [CH3S-C6H5]'
+ + OH~ (6)

310&530nm
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and an "OH radical addition product TA(OH)* absorbing at 365 nm (reaction 7)

CH3S-C6H5 + 'OH > CH3S-C6H5(OH)' (7)
365 nm

Another possible reaction pathway for 'OH-radicals attacking thioanisole is an H-atom
abstraction at the methyl site:

CH3S-C6H5 + 'OH > 'CHzS-CeHs + H2O (8)
260 nm

Results of Ioele and co-workers [39] regarding a reaction of SO^" with thioanisole
suggest the possibility of this reaction pathway. In addition, hydrogen abstraction products
from carbon atoms adjacent to sulphur normally exhibit an absorption maximum at around
280 nm. Data from our absorption spectrum cannot positively identify such a product because
only a weak absorption at around 260 nm is observable. However, a comparison of the time
traces at 260 nm and for the radical cation TA*+ absorbing at 310 nm reveals a significant
difference regarding the growth kinetics, i.e. the growth at 310 nm is twice as fast as at
260 nm. On this basis, we suggest a hydrogen abstraction by 'OH-radicals as a third and minor
reaction pathway.

Bimolecular rate constants for the reaction of 'OH-radicals with thioanisole were
determined using two methods:

1) directly: by plotting of pseudo-first order rate constants at 310, 365 and 530 nm
versus different thioanisole concentrations (range 1 x lO^M to 1 x 10~3M) and 2) indirectly:
via a competition for the 'OH-radical between the scavenger ter/-Butanol and thioanisole and
plotting of the resulting absorption ratios Ao/A at 310, 365 and 530 nm versus the
corresponding concentration ratio [t-ButOH]/[TA]. Ao is the absorption value of the generated
intermediate at the respective wavelength without scavenger, whereas A is a decreased
absorption of this intermediate due to increased amounts of the competing scavenger. The
slopes of the resulting lines and the bimolecular rate constant for a reaction of tert-butano\
with 'OH radicals [25] (k3 = 6 x 108 IVrV1) are used to calculate bimolecular rate constants
for the reaction of thioanisole with "OH-radicals (Table IV).

Since the 310 nm and 365 nm absorptions are in close vicinity to each other, an overlap
of the two absorptions can be assumed. We corrected the values by only considering the
influence of the strong radical cation absorption with a maximum at 310 nm on the weaker
absorption at 365 nm. From the work of Ioele and co-workers [15] an absorption ratio for the
radical cation absorption at 310 nm versus the absorption of the same radical cation species at
365 nm was estimated at 9200:500. Our 310 nm absorption value was multiplied by this factor
and then subtracted from the 365 nm absorption value. Furthermore, an H-atom adduct to the
benzene ring, which we will describe in a later section, also absorbs at exactly the same
wavelength (365 nm). In order to account for this absorption, a residue value at 365 nm was
obtained with an excess of tert-butanol (0.5 mol L"1 tert-butanol vs. 1 mmol L"1 thioanisole),
assuming that all 'OH-radicals reacted with tert-butanol and the resulting residue absorption
value was due to the hydrogen addition product. This value was also subtracted from each
365 nm absorption maxima.
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TABLE IV. BIMOLECULAR RATE CONSTANTS DETERMINED AT 310, 365 AND 530 nm
AND MAXIMUM ABSORPTIONS AT THESE WAVELENGTHS

Wavelength X

(nm)

310

365

530

Rate Constant (M^s ')

(Direct Method)

(1.20±0.1)x 1010

(6.40+0.65) x 109

(1.10±0.1)x 1010

Rate Constant (M'V1)

(Indirect Method)

(1.0+0.1) x 1010

(7.90+0.75) x 109

(1.0±0.1) x 1010

Maximum Absorption, Gxs

(Molecules (100 eV^M^cnf1)

3.44 x 104

1.38 x io4a

1.48 x 104

a Corrected value (correction - see below).

The rate constants (Table IV) obtained at 310 nm and 530 nm by two different
experimental methods are nearly identical. Their average is:

k(TA+'OH) - (UftfcO.l) x 1010 N r V 1

This value indicates a practically diffusion controlled reaction of 'OH-radicals with
thioanisole. Thus, we assume this value to be the observed or overall rate constant
kobs(TA+'OH) to be used in all subsequent calculations.

One can compare our rate constant (1.10±0.1) x 1010 M^V1 for the TA radical cation
formation with those of other one-electron oxidizing agents either reacting with thioanisole,
e.g. 3.9 x 109 M - y 1 for SO4'~ [39], >1.5 x 109 M^s"1 for Tl2+ [39], and 3.0 x 109 M^V1 for
CH3I'

+ [42], or reacting with anisole, e.g. 5.0 x 109
 JVTV1 for SO4'~ [43] and 5.0 x 108

 IVTV 1

for Tl2+ [43]. Although most of these rate constants are in the same order of magnitude, our
rate constant is at least twice as high as any other value. We attribute this difference to the
nature of the oxidants themselves.

Our rate constant for the *OH adduct formation on thioanisole (7.90±0.75) x io9 M "s
can be compared to a similar reaction of anisole CH3O-C6H5 with "OH-radicals. A value of
5.4 x 109 M^s"1 was reported by O'Neill and co-workers [43], which is slightly lower than
the one for the thioanisole 'OH adduct. The electron density at the benzene ring should have a
great influence on the reaction rate of the 'OH addition. Sulphur compared with oxygen has
filled d-orbitals and the exchange of CH3O- by CH3S- in thioanisole induces an increase in
electron density at the benzene ring. As observed, the rate constant of the 'OH addition on
thioanisole is increased versus the same reaction with anisole. To further illustrate the impact
of the electron density at the benzene ring, one can compare the 'OH-addition rate constants of
phenol and phenoxide ions. The phenol rate constant 6.6 x 109 IVrV1 is higher than the one
for anisole due to an increased mesomeric induction of electron density in the benzene
ring [44]. Deprotonation of phenol leads to phenoxide ions with an even more increased
electron density induction and a respective rate increase to 9.6 x 109 M^s"1 [45].

In contrast to our results, Mohan and Mittal [40] reported one rate constant for a
reaction of thioanisole with 'OH radicals of 3.5 x 109 JVrV1 measured directly by fitting their
experimental data with exponential first order growth curves for all absorptions (310 nm,
365 nm, 530 nm and 740 nm). Unfortunately they did not account for absorption overlaps nor
the influence of an H-atom adduct on thioanisole.
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Further experiments were carried out to investigate the influence of oxygen on the
growth and decay characteristics of the different absorptions, and to observe a growth of
possible additional reaction products. Even at the highest O2-concentration (O2-saturation) we
could not detect any influence on the growth or decay kinetics at 310 nm, 365 nm and 530 nm
nor did any new intermediates appear. The only observable change was a slight decrease in the
365 nm absorption due to an H-atom scavenging competition between oxygen and thioanisole
(see next section for the reaction of H-atoms with thioanisole).

3.2.2. The reaction of thioanisole with hydrogen atoms

These experiments were carried out in N2-saturated, oxygen-free thioanisole solutions at
pHl, where most of the hydrated electrons are converted into hydrogen atoms according to
reaction (4). Additionally, the solutions contained 0.5 mol L"1 tert-butanol to scavenge 'OH-
radicals. An intermediate spectrum was obtained 3.5 (as after the electron pulse, which exhibits
a strong absorption with a maximum also at 365 nm (similar to the previously described "OH-
radical adduct). In addition, weak absorptions were present at 260, 310 and 530 nm. The latter
two absorptions were due to the reaction of thioanisole with *OH-radicals, since fert-butanol is
not able to scavenge all "OH-radicals under the applied conditions (0.5 mol L"1 tert-butanol vs.
1 mmol L"1 thioanisole, approximately 3.2% of all "OH-radicals are reacting with thioanisole.
This minor reaction pathway cannot account for the observed strong absorption at 365 nm.).

We attribute the observed absorption at 365 nm to an adduct of hydrogen atoms at the
benzene ring. This addition reaction is very similar to the previously described reaction of
"OH-radicals, which is mainly due to the similarities between 'OH-radicals and H-atoms in
their electrophilic reactions.

CH3S-C6H5 + "H —> CH3S-C6H5(H)" (9)
365 nm

hi general, the predominant pathway of a reaction between aromatic compounds and
hydrogen atoms is by addition to the aromatic ring [46-53]. Several pulse radiolytic studies
have been carried out in which formation of the cyclohexadienyl type radical was directly
observed [47, 48, 50, 53]. In order to determine the rate constant of the adduct formation, we
directly fitted the actual absorption time traces for different substrate concentrations with first
order exponential curves obtaining pseudo-first order growth rate constants. A plot of these
rate constants versus different thioanisole concentrations yields a straight line with a
bimolecular growth rate constant of (1.20 ± 0.07) x 109 IVrV1 as the slope. Our estimated rate
constant for the 'H-adduct formation compares favourably to a number of similar reactions,
e.g. the 'H-addition to benzene (1.1 x 109 M^s"1) [53], phenol (1.4 x 109 M^s"1) [54], anisole
(1.2 x 109 M V 1 ) [54] and nitrobenzene (1.04 x 109 M^s"1) [50].

As well as 'OH-radicals in reaction (7) hydrogen atoms by itself are able to abstract a
hydrogen atom from the thiomethyl group:

TA + 'H >'CH2S-C6H5 + H2 (10)
260 nm

A comparable weak absorption between 250 and 300 nm of a possible hydrogen
abstraction product is observed in the spectrum. Unfortunately this absorption is too weak to
be characterized quantitatively and therefore we cannot exclude a reaction pathway according

33



to reaction (9). On this basis we have to assume the above estimated rate constant for a
reaction of thioanisole with hydrogen atoms to be an overall rate constant.

3.2.3. The reaction of thioanisole with hydrated electrons

To study hydrated electron reactions, pulse radiolytic experiments were carried out in
N2-saturated, oxygen free thioanisole solutions with an addition of 0.5 mol L"1 /ert-butanol to
scavenge *OH-radicals. hi the UV/visible range the spectra at various times after the electron
pulse show only the very strong absorption of hydrated electrons. Their decay under the above
stated conditions is dependent on the thioanisole concentrations (concentration range 0.1-
1 mM). A plot of the pseudo-first order decay rate constants for the decay of the hydrated
electrons versus different thioanisole concentrations yields a straight line with a slope of
k(TA+eaq~)=(3.10±0.3) * K^lVrV1.

Our rate constant was significantly higher than those of other benzene containing
compounds reacting with hydrated electrons, e.g. benzene 1.2 x 107 MTV1 [55], toluene 1.2 x
107 M-V1 [55], phenol 1.8 x 107 M^s"1 [55], anisole <3 x 105 M"^"1 [56], and aniline 2.6 x
107 IVrV1 [55]. The determined value is also higher than comparable aliphatic sulphides
undergoing the same reaction [57]. We concluded from these comparisons that an aromatic
ring coupled with a thioether moiety as in thioanisole offers a unique enhancement towards
reductions by hydrated electrons.

3.2.4. Large scale EB treatment

Figures 1 and 2 summarize the results of large scale EB treatments at pH5 and pH9. In
both cases a distinctive relationship between the applied radiation dose and a resulting
thioanisole concentration in the irradiated samples was observed, i.e. the thioanisole
concentration decreased exponentially with increasing radiation dose. This behaviour was
similar to that observed in similar EB treatment of other low molecular weight organic
pollutants [58]. The amount of substrate removed (removal efficiency) though differs
depending on the pH. At the lower pH of 5 the thioanisole removal is more efficient than at
pH9. As an example, a radiation dose of 200 krad at pH5 is sufficient to remove 99+% of
thioanisole compared to 300 krad at pH9. This takes into account overall low influent
thioanisole concentrations with equal or similar values at both pH, e.g. 80.0 umol L"1

(9.40 ppm) at pH5 and 87.0 umol L"1 (10.20 ppm) at pH9, respectively. Differences in
alkalinity are believed to be one probable reason for a lower removal efficiency at pH9 when
compared to the results at pH5 [32]. Experimentally we found the alkalinity varied between
40 and 60 mg L'1. At pH9 one should expect a carbonate/bicarbonate ratio of about 1:4. Since
these ions themselves scavenge 'OH radicals [59, 60] and hydrated electrons [61, 62] this
interaction will have a negative influence on the thioanisole removal. At a pH of 5, carbonate
and bicarbonate ion concentrations are very negligible because of their transformation into
CO2, which in turn dissipates to the atmosphere in the stirring process. This removal of
additional scavenger in the substrate solution should lead to the observed higher thioanisole
removal efficiency at pH5.

It should be noted that the actual non-irradiated influent concentrations differed
considerably from our initial estimate of 170.40 umol L'1 (20.0 ppm) which was calculated for
an addition of 340 ml thioanisole to 17 m3 water. This concentration decrease is consistent in
all influent samples as well as in the blank effluent samples. We attribute this to an
incomplete dissolution and mixing process, evaporation losses and absorption of the thioether
substrate by the metal piping system.
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3.2.5. Removal simulation and kinetic modelling

On the basis of known radiation chemical reactions in pure water and considering the
interference from additional radical scavengers in drinking water — like oxygen, carbonate
ion, bicarbonate ion, DOC, etc. — one is able to derive a simplified reaction mechanistic
model for EB irradiated water [32]. The computer code MAKSIMA-CHEMIST uses this
model along with our experimentally estimated rate constants for reactions of thioanisole with
'OH and 'H radicals and hydrated electrons (reactions 11-13) in addition to all other rate
constants known from literature.

CH3S-C6H5 + 'OH —> Products; kobs=1.10 x lO^M'V1

CH3S-C6H5 + *H —> Products; kobs=1.20 * 1 0 9 M V

CH3S-C6H5 + e" —> Products; kobs=3.10 x 108 M'V1

(11)

(12)

(13)

The removal simulation results for thioanisole under the experimental conditions at pH5
and 9 are plotted in Figures 1 and 2 together with the actual experimental destruction curves.
At pH5 we find good agreement between experimental and simulated thioanisole
concentration values. The same model overestimates the removal efficiency at pH9. We have
observed this discrepancy in removal prediction at lower pH versus an overestimation at a
higher pH in several different classes of compounds [63]. We therefore attribute this
discrepancy to a pH dependent process in the potable water itself. One possibility for an
additional scavenger at pH9 compared to pH5 is monochloramine. So far, our simulations are
not able to account for an interaction of this solute due to lack of rate constant information in
the literature. Chloramines, a common disinfectant, are stable in a pH range of 8 to 9 and
decompose in an irreversible reaction into nitrogen, chloride and nitrite/nitrate at a pH below
8 [64, 65]. Experimentally we were able to determine the presence of chloramines at the
higher pH, but not at pH5. Currently experiments are under way to estimate rate constants of
the different chloramines with *OH and *H radicals and hydrated electrons in order to quantify
their scavenging influence in an EB treatment.

80-

60-

40-

20-

o-

pH9

— • — experimental
—X— simulated

100 200 300 400

Radiation Dose (krad)

500

FIG. 1. Experimental (.) and simulated (x) thioanisole concentration changes in potable water upon
radiation with an EB at different radiation doses at pH9.
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FIG. 2. Experimental (.) and simulated (x) thioanisole concentration changes in potable water upon
radiation with an EB at different radiation doses atpH5.

3.3. Methyl tert-butyl ether

3.3.1. The reaction o/MTBE with 'OH-radicals

The Pulse Radiolysis of aqueous, nitrous oxide-saturated MTBE solutions yields a
radical spectrum which exhibits only a single absorption with a maximum at 260 nm. This
absorption is very long-lived and shows a dose rate dependent decay.

(CH3)3COCH3 +

(CH3)3COCH3 +

A/B +

'OH

*OH

TNM

-H2O

-H2O

>

(CH3)3COCH2

A

'CH2(CH3)2COCH3

B

NF" + products

(14)

(15)

(16)

We attribute this absorption to the carbon-centred radicals A and B, which are formed in
a mechanism suggested by Eibenberger et al. [66]. Since it is only a very weak absorption we
determined the bimolecular rate constant for the reaction between 'OH-radicals and MTBE in
competition with thiocyanate anions (SCNT). From the slope of the straight line obtained from
plotting the absorption ratio Ao[(SCN)2'~]/A[(SCN)2"~] versus the concentration ratio
[MTBE]/[SCN~] and the bimolecular rate constant for the reaction of thiocyanate with 'OH of
kn(SCN~+'OH) = 1.1 x 1010 IVrV1 we obtained a bimolecular rate constant of
kn(MTBE+'OH) = 2.0 x io9 MTV1. Our rate constant is in good agreement with 1.6 x 109

^ " 1 for this reaction reported by Eibenberger [66].

hi the presence of oxygen the absorption at 260 nm is increased by a factor of 3. In
contrast to an anticipated accelerated decay of the carbon-centred radicals in a reaction with
oxygen a growth of an absorption is observable. This growth depends on the oxygen
concentration. A plot of the pseudo-first order growth rate versus different O2~ concentrations
yields a straight line (Fig. 3) with a slope of 1.2 x 109 M~V\ We attribute this absorption to a
formation of alkylperoxy radicals according to
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A + 0 2 > (CH3)3COC(OO*)H2 (17)

and

B + 0 2 > 'OOCH2(CH3)2COCH3 (18)

and the slope gives the overall rate constant of these two processes. To the best of our
knowledge there exists no account describing the absorption of such alkylperoxy radicals in
water. Eibenberger [66] suggests a ratio of A:B = 71:29 for aqueous solutions and since we
used aqueous solutions in all our experiments we took the results of Eibenberger as the basis
for further calculations.

3.3.2. The reaction of MTBE with hydrated electrons

The Pulse Radiolytic experiments were carried out in N2-saturated, oxygen free MTBE
solutions with an addition of 0.5 mol/1 tot-butanol to scavenge 'OH-radicals. The decay of the
hydrated electron signal in these solutions depends on the MTBE concentration. A plot of the
pseudo-first order decay rate constants at different substrate concentrations versus these
concentrations yields a straight line with a slope of kn(MTBE+e~aq)= 1.75 x 107 M 'V 1

(Fig. 4). Our rate constant can be compared with a limiting rate constant value for diethyl
ether of kn(diethyl ether+e~aq) <1.0 x 107 M^V1 and is therefore in the same order of
magnitude.

The respective spectrum shows only a very weak absorption with a maximum also
around 260 nm besides the very strong absorption of the hydrated electrons. A very high
concentration of MTBE was chosen to compete with the "normal" electron decay in water
(approximate first order decay rate constant of hydrated electrons: 2 x 105 s"1). Under these
conditions a substantial amount of 'OH-radicals are also scavenged by MTBE and therefore
lead to the previously described absorption at 260 nm, accounting for our observations.

Since we are attributing an absorption to carbon-centred radicals, the possibility of
radicals coming from fert-butanol and contributing to this absorption has to be eliminated,
since those radicals only differ in a replacement of a methyl group by hydrogen compared to
radical B. Spectra of tert-butanol solutions alone under various pH conditions and at various
times after the electron pulse did not yield an absorption maximum around 260 nm, though
one could observe a steady rise of an absorption towards the lower wavelength region. This
last finding could serve as further evidence that the H-atom abstraction takes place mostly at
the methoxy-site of MTBE.

A possible mechanism for the reaction between MTBE and hydrated electrons could
be a dissociative electron capture according to

(CH3)3COCH3 + e~aq > (CH3)3C* + OCH3 (19)

with a subsequent protonation of methanolate

"OCH3 + H2O > HOCH3 + OH" (20)
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3.3.3. The reaction of MTBE with hydrogen atoms

These experiments were carried out with ^-saturated, oxygen free substrate solutions
at pHl, where most of the hydrated electrons are converted into hydrogen atoms according to
reaction (7). hi addition, these solutions contain 0.5mol/l tert-bvXano\ to scavenge 'OH-
radicals. During Pulse Radiolysis we could only observe the 260 nm absorption, which was
due to partial scavenging of "OH-radicals by MTBE. One would expect an additional increase
of the 260 nm-absorption, because H-atoms can also abstract hydrogen according to

(CH3)3COCH3 + 'H > (CH3)3COC'H2 (21)
-H2 A

(CH3)3COCH3 + "H > "CH2(CH3)2COCH3 (22)
-H2 B

Unfortunately we could not observe this increase. Furthermore we were not able to
determine a rate constant value for a reaction between hydrogen atoms and MTBE. In a
competition reaction we monitored absorption changes at 410 nm of an H-atom adduct on
p-benzoquinone depending on the MTBE concentration. We did not observe any decrease of
this absorption with increasing MTBE concentrations. On the contrary, at high substrate
concentrations the absorption at 410 nm started to increase due to a scavenging of "OH
radicals by MTBE and a subsequent reaction of those carbon-centred radicals with
p-benzoquinone to form an absorption at 430 nm. This type of reaction is known for
C-centred radicals obtained from methanol, ethanol and isopropanol, but carbon-centred
radicals from tert-bvXmol react only very slowly or not at all with p-benzoquinone. The
absoption at 430 nm is further evidence for the reaction site of "OH-radicals at the methoxy
group of MTBE.

Assuming that the expected decrease in the 410 nm absorption of p-benzoquinone,
which is competing with MTBE for hydrogen atoms, is not compensated by the absorption
increase around 430 nm for MTBE(—H) + p-benzoquinone, we can calculate a limiting rate
constant value for a reaction between MTBE and H-atoms. We did not see any change in the
410 nm absorption up to an MTBE concentration of 50 times the p-benzoquinone
concentration. Furthermore, assuming that we would be able to observe an absorption change
around 410 nm if 10% of the hydrogen atoms would react with MTBE, we can calculate a
limiting value as follows:

kn(MTBE+"H) = 0.1 x (1/50) x kn(p-benzoquinone+"H)

With an experimentally estimated value of kn(p-benzoquinone+'H) = 4.0 * 109 M 'V 1

(same experimental conditions as applied in the competition kinetics measurements) we
calculated a limiting value of:

kn(MTBE+"H) = 8.0 * 106 M V 1

This result is only a very rough estimate mainly because of the competition with
p-benzoquinone and its interfering reaction as described above.
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These data have been incorporated into a kinetic model that describes the removal of
MTBE in aqueous solution. The reactions that we have used and the kinetic model that has
been developed is summarized in Table V, in 81 equations:

TABLE V. KINETIC MODEL FOR THE DESCRIPTION OF THE RADIOLYTIC DESTRUCTION
OF METHYL TERT-BUTYL ETHER IN AQUEOUS SOLUTION

No. Reactants Products k (M'1 s"1)

Pure Water Reactions1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

•OH + H2

•OH + H2O2

•OH + HO2"

•OH + O2-

•OH + H2O2
+

OH + HO2-

•OH + OH

•OH + OH"

•OH + cr-
cr- + H2O
O- + HO2"

0 • + H2

O • + H2O2

o •• + o •

e"aq + H-

& aq ~"~ ® aq

e"aq + O 2

e"aq + H 2 O 2

E"aq+O2-

eaq + lT
e"aq + H 2O

e"aq + HO2"

e"aq+-OH

e'aq + O--
H+O2

H- + O2-

H- + H-

H- + OH

H- + HO2-

H- + H2O2

H- + OH"

H- + H2O

HO2- + O2-

HO2- + HO2-

HO2-

H+ + O 2 "•

H+ + HO2-

H+ + OH"

H2O2

H- + H2O
O2 • + H2O

H 2O + O2"-

O2 + OH"

O2 + H3O
+

O2 + H2O

H2O2

H2O + 0-

HO2-

•OH + OH"

O2- + OH"

e"aq + H2O
O 2 • + H2O

2Off + O2

H 2 + OHT

2OH" + H2

O-

OH + OH"

O2
2-

H-

H+OH"

•OH + 2OH"

OH"

2OH"
HO2-

HO2-

H2
H2O

H2O2

H2O + OH

e"aq + H 2 O

H2 + -OH

O2 + H2O2 + OH"

H2O2 + O2

H" + O2-

HO2-

H2O2

H2O

tf + HO/

4.000e+07
2.700e+07

7.500e+09

1.100e+10

1.200e+10

1.000e+10

5.500e+09

1.300e+10

2.000e+10

9.300e+07

4.000e+08

1.200e+08

2.700e+07

6.000e+08

2.500e+10

5.500e+09

1.900e+10

1.200e+10

1.300e+10

2.300e+10

8.900e+02

3.500e+09

3.000e+10

2.200e+10
2.100e+10

2.000e+10

5.000e+09

7.000e+09

1.000e+10

9.000e+07

2.200e+07

1.000e+01

9.700e+07

8.300e+05

8.000e+05

4.500e+10

2.000e+10

1.430e+ll

3.560e-02
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No.

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

73
74
75
76
77
78
79
80
81

Reactants

H2O

HCOs" + OH

HCO3" + e"aq

HCOs' + H-

CO32" + OH

CO3
2~ + e"aq

COs"- + "OH

CO3- + O2-

CO3 •• + H2O2

CO3- + HO2"

CO3"- + COs"-

DOC + e"aq

DOC + H-

DOC + -OH

NO3" + e"aq

NOs' + H-

NO3
2" + O2

Br" + H-

Br" + -OH

NHaCl + e"aq

NH2C1 + -OH

MTBE + -OH

MTBE + H-

MTBE + e"aq

MTBE- + DOC

MTBE- + O2

MTBO2-

TBA + OH

TBA + H-

TBA + e"aq

TBA + CO3"-

TBA- + O2

TBAO2- + H2O

F + -OH

F + H-

F + e"aq

FA + -OH

FA + H-

FA + e"aq

•CH2OH + O2

HOCH2OO-

HOCH2OO- + OH"

Products

Off + l T

COs"- + H2O

PDTS

PDTS

CO3- + OH"

PDTS

PDTS

O2 + CO3
2"

HCO3" + HO2-

HCO3" + O2-

PDTS

PDTS

PDTS

PDTS

NO3
2"

PDTS

O2" + NO3"

PDTS

PDTS

PDTS

PDTS

MTBE- + H2O

MTBE- + H2

MTBE"

MTBE + PDTS

MTBO2-

TBA + F

TBA- + H2O

TBA- + H2

PDTS

PDTS

TBAO2-

TB(OH)2

FA

•CHO + H2

•CH2OH + OH"

CO2

CO2 + H2 +H-

FA"
HOCH2OO-

F + H3O+ + O2"

"OCH2OO- + H2O

k (M"1 s'1)

2.600e-05

8.500e+06

1.000e+06

4.400e+04

3.900e+08

3.900e+05

3.000e+09

6.500e+08

8.000e+05

5.600e+07

2.000e+07

1.000e+07

1.000e+07

2.000e+08

9.700e+09

1.400e+06

2.200e+08

2.800e+07

1.100e+10

1.000e+08

1.000e+08

2.000e+09

1.000e+05

1.750e+07

0.000e+00

1.240e+09

1.000e+05

6.000e+08

1.700e+05

4.000e+05

1.600e+02

1.500e+09

4.500e+10

1.000e+09

5.000e+06

1.000e+07

1.300e+08

4.400e+05

1.400e+08

4.900e+09

3.000e+00

1.800e+10

Alkalinity Reactions

DOC Reactions

Nitrate Ion Reactions

Bromide Ion Reactions

Chloramine Reactions

MTBE Reactions

(MTBE Reformation)

Using this model we have accurately predicted the destruction of MTBE in aqueous
solutions at 0.45 m3/min. There are improvements that we need to make; however, it appears
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that this will be completed within the next year. Once this model is completed we should be
able to predict removal of the MTBE, formation and destruction of the reaction by-products in
waters from any source.

4. CONCLUSIONS

We have reported several new and re-evaluated rate constants for halogenated methanes,
hi particular, the one reported for CHCI3 was found to be the rate constant predicted from
large scale studies. We continue to evaluate more rate constants as we continue to develop the
EB process for the destruction of organic pollutants and, in drinking water, for drinking water
disinfection by-products.

We have shown that the EB treatment can remove thioanisole from drinking water, hi
order to predict a removal efficiency, the respective rate constants for a reaction of thioanisole
with 'OH and 'H radicals and hydrated electrons were estimated via pulse radiolysis and used
in a kinetic model. This model is able to describe the experimental EB treatment results at the
lower pH5, but overestimates the thioanisole removal at pH9. Monochloramine, which is
present at pH9 but not at pH5, may scavenge "OH and 'H radicals and hydrated electrons. This
could therefore lead to the observed decreased removal efficiency of thioanisole at pH9.

We have also evaluated several new rate constants for the e"aq attachment to halogenated
methanes. These should be helpful in studies we shall undertake in the near future. We have
also shown that an EB treatment can remove thioanisole and MTBE from drinking water, hi
order to predict a removal efficiency the respective rate constants for a reaction of thioanisole
and MTBE with 'OH and 'H radicals and hydrated electrons were estimated via pulse
radiolysis and used in a kinetic model. This model is able to describe the experimental EB
treatment results at the lower pH5, but overestimates the thioanisole and MTBE removal at
pH9. Monochloramine, which is present at pH9 but not at pH5 may scavenge *OH and 'H
radicals and hydrated electrons. This could therefore lead to the observed decreased removal
efficiency of thioanisole at pH9.
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