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Abstract

A simplified degradation model for the continuous y-irradiation of MEK in aerated aqueous solutions has been
constructed using previously reported experimental studies and detailed kinetic model studies (Driver, P.A., Glowa,
G.A., Wren, J.C., Radiat. Phys. Chem. 57(1), 37; Glowa, G.A., Driver, P.A., Wren, J.C., Radiat. Phys. Chem.
58(1), in press). The simplified model, consisting of only seven reactions and four equilibria, reproduces the
experimental data and the full model results of the behaviour of MEK and the intermediate decay products and pH
during the radiolysis reasonably well. The simplified model also reproduces the full model results on the dose
profiles of water radiolysis products such as H', e, ‘OH, O3 and H,O, very well. In this paper, the simplified
model is described and the results are compared with the experimental data and simulation results from the full
model. Crown Copyright € 2000 Published by Elsevier Science Ltd. All rights reserved.

Keywords: Kinetic model; Steady-state y-radiolysis; Aqueous; 2-Butanone.

1. Introduction

We have previously reported on the experimental
study and full kinetic model calculation results on the
degradation of 2-butanone in aqueous solutions under
steady-state y-radiolysis (Driver et al., 2000; Glowa et
al., 2000). This paper presents a simple kinetic model
derived from these earlier studies.

The objective of the studies on the 2-butanone, or
MEK (methyl ethyl ketone) system was to establish
the impact of organic impurities on iodine chemistry in
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the containment building under potential nuclear reac-
tor accident conditions. There have been a consider-
able number of studies carried out on iodine behaviour
under accident conditions because of the potential
threat of release of radioiodine in the event of an acci-
dent. Recent reviews on iodine behaviour (Wren et al.,
2000a; Wren et al., 1999 and references therein) pro-
vide comprehensive technical background on this sub-
Jject. The results of these studies have established that
iodine behaviour in containment could strongly depend
on the pH of the containment sump, and the steady-
state concentration of water radiolysis products such
as 'OH, O3 and H,0, in the sump (Boyd et al., 1980;
Buxton et al., 1988; Elliot, 1994; Sims, 1992; Ball et
al., 1996a; Wren et al., 1992, 1996, 1999, 2000a). These
studies have also shown that under containment acci-
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dent conditions, organic impurities in the containment
water, originating from various painted structural sur-
faces and other containment materials (Wren et al.,
1999, 2000b), could significantly affect the pH and the
concentrations of water radiolysis products (Ball et al.,
1996b; Glowa, 1995; Postma and Zavadoski, 1972;
Wren et al., 1999). Organic iodides could also be
formed by thermal and radiolytic aqueous phase reac-
tions ot /, with the organic impurities. The formation
and decomposition of organic iodides would thus
impact upon iodine volatility by changing the steady-
state concentration of I, as well as by their own vola-
tility.

Because of the impact of organic impurities on iod-
ine volatility, the relative rates of the release and
degradation of organic compounds, and the formation
organic iodides are very important in any model
describing the time-dependent volatility of iodine fol-
lowing an accident. The radiolytic decomposition of
organic compounds in the aqueous phase has been stu-
died using MEK to gain a detailed mechanistic under-
standing from which a sound strategy for modeling the
effect of organic compounds on iodine volatility in
containment following an accident can be developed.
MEK was chosen as a model organic compound
because it is one of the common organic solvents
found in paints used in containment, and becausc it
has a relatively simple structure that simplifies the
quantitative analysis of the radiolytic degradation pro-
cesses.

The experimental work on the radiolytic degradation
of MEK has been published previously (Driver et al.,
2000). Based on these experimental results, a detailed
reaction kinetic model for the steady-state y-radiolysis
of aerated aqueous solutions containing MEK was
developed. The full model, consisting of about 150
reactions, reproduces the experimental data reasonably
well (Glowa et al., 2000). However, the radivlytic de-
composition of organic impurities is only one of the
many processes or phenomena to be considered when
determining iodine volatility in containment. The ad-
dition of 150 organic reactions to any containment
iodine model such as LIRIC (Library of Iodine Reac-
tions in Containment) (Wren et al., 1992, 1996, 2000c),
which already contains many sets of reactions (snch as
water radiolysis reactions, thermal and radiolytic reac-
tions of various iodine species, and surface reactions of
jodine species), is not practical. Furthermore, MEK is
only one of many organic impurities expecied to influ-
ence the behaviour of iodine following an accident.
Therefore, a simplified organic degradation model that
is based on the mechanistic understanding gained from
the full model, but is also manageable in size and can
be generalized for other organic compounds, is desir-
able.

The degree of simplification of any kinetic model

depends on its application. Our main objective is to
use the organic degradation model as a sub-set in con-
tainment iodine codes, such as LIRIC, which is used
for analysis of iodine behaviour in a containment
building following a postulated accident. An acceptable
simplified organic model is one that will reproduce the
full model results, and available experimental results,
on key parameters affecting iodine behaviour. As men-
tioned earlier, the key parameters thal need (o be mod-
elled adequately for this purpose are:

1. the pH of the containment sump, and

2. the steady state concentrations of water radiolysis
products, ‘OH, e,4, O and H;O; in the sump
(Wren et al., 1999, 2000a).

The simplified model for the radiolytic decomposition
of MEK has been constructed with these objectives in
mind and is the main subject of this paper. The simple
model for the radiolytic degradation of MEK in aera-
ted aqueous solutions is the first stcp toward obtaining
a simple generic organic degradation model that can
be used in iodine codes. Although it may not be
necessary in terms of modelling iodine chemistry under
containment accident conditions, the kinetic behaviour
of the intermediate degradation products is calculated
by the simple model to ensure that the simple model
still includes the key mechanistic steps of the organic
degradation. Prior to the presentation of the simple
model, the earlier work on MEK is summarized.

2. Summary of earlier work

2.1. Experimental results on MEK decomposition

The steady-state y-radiolysis of aqueous solutions
containing 1 x 107 mol-dm™ MEK was studied at
25°C at a dose rate of 0.12 Gy-s~' and adjusted to an
initial pH of 10 with LiOH. The concentration used in
this study was of the order of the overall organic sol-
vent level expected to be leached into the sump from
painted containment surfaces in an accident. This or-
ganic level has also been observed in both bench-scale
studies and the intermediate-scale studies in the Radio-
iodine Test Facility (Wren et al., 1999). Experiments
using MEK were conducted in air-, argon- or nitrous
oxide-purged aqueous solutions, or in argon-purged
solutions with ¢-butanol added. However, the main
focus was on the air-purged system. The concen-
trations of MEK and some of its radiolytic products
were analyzed as a function of time. The change in pH
as a result of the MEK decomposition was also
measured as a function of time.

The G-values for the initial loss of MEK and the
pseudo-first order rate constants for the MEK de-
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Table 1
Initial G-value of MEK degradation under various conditions

343

Condition Dominant specie(s) present Initial G-value
Argon purged, 0.5 M t-butanol €(aq) 14
Argon purged €aq) and "OH 2.8
Aerated €aq» OH and O, 29
N,O purged "OH (G-value=5.3) 5.6

composition observed under various conditions are
shown in Table | and Fig 1, respectively. Under de-
aerated conditions, the G-value and the first-order rate
constant observed in the N,O purged solution are
about twice those observed in the argon-purged sol-
ution. This is consistent with the assumption that the
initial step is mainly hydrogen abstraction from MEK
by "OH to form the MEK radical, MEK'. When "'OH
was removed from the aqueous solutions as in the case
of t-butanol solutions, MEK was found to decay at a
reduced rate. The initial G-value for the loss of MEK
observed in the aerated solution also reflects the G-
value of "OH production in aerated solutions.
However, the overall first-order rate of MEK decay
appears to be affected by the presence of oxygen as
well as by the "OH production rate. The first order
rate constant observed in the aerated solution 1s almost
twice that of the argon purged solution even though
the G-value for the initial loss of MEK is about the
same for both cases. In aerated solutions, MEK" reacts
with O, to form MEK peroxyl radical, which further
reacts and eventually produces a significant amount of
smaller oxidized species (further discussion below). In
de-aerated solutions, the main decay path of MEK' is

considered to be dimerization, forming compounds
such as 3,1-dimethyl 2,5 hexanedione, which dccom-
poses to reform MEK.

In the presence of oxygen, MEK' reacts primarily
with oxygen to form the MEK peroxyl radical (MEK-
O,'). This peroxy! radical can dimerize to form a tetr-
oxide intermediate, which decomposes to form the
observed intermediate products, 3-hydroxy-2-butanone,
2,3-butanedione, and acetaldehyde. The concentrations
of these products were measured as a function of time,
except for 2,3-butanedione, because of problems as-
sociated with its derivatization prior to HPLC analysis.
The formation of organic acids, and cventually CO,,
reduces the pH of the solutions. The pH change as a
function of dose was also measured. The experimental
results are shown in the following sections in compari-
son with the model simulation results.

2.2. Summary of full model

Based on the experimental and literature data, a
comprehensive reaction kinetic model for the radiolytic
decomposition of MEK in aerated aqueous solutions
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was developed. The reactions included in the full kin
etic model, with the literature sources of the rate con-
stants, have been presented previously (Glowa et al.,
2000). The full model contains about 130 reactions
involving MEK and its decomposition products, in ad-
dition to about 25 water radiolysis reactions. The pro-
posed MEK decay path included in the full model is
briefly described below.

The first step for the decomposition of MEK in aer-
ated aqueous solutions is the reactions with a water
radiolysis product such as "OH, "H and e;q. The beha-
viour of the reactive water radiolysis products is thus
included in modelling the MEK decomposition. The
main route for the first decomposition step is the
abstraction of hydrogen by '‘OH to form the MEK
radical. The MEK radical either reacts with O, or
undergoes dimerization/disproportionation reactions.
In aerated solutions, however, the radical decays
mainly by its reaction with O to form an organic per-
oxyl radical.

The MEK peroxyl! radical undergoes dimerization to
form a tetroxide compound, which can then break
down into various products including 3-hydroxy-2-
butanone  (CH3;COCH(OH)CH;), 2,3-butanedione
(CH;COCOCH3), and acetaldehyde (CH;CHO). These
intermediate decomposition products, 3-hydroxy-2-
butanone, 2,3-butanedione and acetaldehyde, are sub-
ject to similar radiolytic decay paths as MEK, (i.e.,
abstraction of hydrogen atoms by hydroxyl radicals,
followed by the reaction with dissolved oxygen. etc.).
to form acetaldehyde, acetic acid, formaldehyde and
formic acid. These products further decompose radio-
Iytically to CO,. Acid-base equilibria associated with
acidic decay products such as acctic acid, formic acid,

Table 2
Reactions in the simplified model

and dissolved CO, (H;CO4/1ICO3/CO37), arc also
included in the model.

The full model simulation results for MEK and the
decomposition products are in reasonable agreement
with the experimental data. The full model simulation
results have been previously presented (Glowa et al.,
2000) and are compared in the present work with the
simplified model simulation results.

3. Simplified model

The simplified model developed for the radiolytic
degradation of MEK in aerated aqueous solutions con-
sists of seven radiolytic reactions, the acetic acid equili-
brium and the CO,/carbonate equilibria (Table 2). The
construction of the simplified model was possible
because:

1. The kinetic behaviour of the water radiolysis pro-
ducts that are the key reactants for the organic
degradation, could be treated in a relatively simple
way (i.e., near steady-state) during continuous y-
radiolysis of aqueous solutions,

2. The rate determining step from one molecular
species to the next molecular species in the degra-
dation scrics is hydrogen abstraction by "OH (or czq
attachment in the case of diones). That is, sub-
sequent reactions leading to the next molecular pro-
duct (i.e., organic peroxide formation and
decomposition) can be ignored, and

3. The steady-state approximation was applicable for
many intermediate steps.

These assumptions and the kinctic analyses that were

Reaction® Rate constant®
R1 MEK +'OH — 3-Hydroxy-2-butanone (or IP1) (0.25)(7.3 x 10%)
R2 MEK + OH — 2,3-Butanedione (or IP2) 0.75)(7.3 x 10%)
R3 3-Hydroxy-2-butanone + ‘OH — Acetic acid + Acetaldehyde 1.2 x 10°
R4 2,3-Butanedione + "OH — Acetic acid + Acetaldehyde 1.7 x 10
R5 2,3-Butanedione + €, — Acetic acid + Acetaldehyde 1.0 x 10"
R6 Acetaldehyde + OH — 2CO, 3.6 x 10°
R7 Acetic acid + 'OH — 2CO, 1x 108 . (1 +K/[H]
El Acetic acid «» H" + Acetate (pK,=4.75) kr=1.78 x 10°, k=1 x 10'°
E2 H,0 + CO, «» H,COy Jey — 0.3, Jey— 20
E3 H,CO; - H* +HCO3 (pK,=6.3) kr=2x10% ky=1x 10"
E4 HCO7 e H* +C0;? (pK,=10.25) kp=0484, k=1 x 10'°

4 Note: Equations are balanced in terms of carbon content only.

® For equilibria, k¢ and k, represent the forward and backward rate constants, respectively. The forward rate constants, k¢, for
El, E3 and E4 are first order rate constants in units of s~'. All the other rate constants are second order rate constants in units of

11

dm*mol "5
© K., is k/ky, of Equilibrium E1
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used to construct the simplified model from the full
model, and the model simulation results are discussed
in detail in the following sections.

The simplified model simulation results shown in
this paper were calculated using the numerical inte-
gration solver FACSIMILE' for all the reactions pre-
sented in Table 2, coupled with water radiolysis
reactions.

'The FACSIMILE program js a commercial integration
package (AEA Technologies, Harwell Laboratory, Oxford-
shire, UK) for solving coupled-differential equations which
was gpecifically designed for chemical systems. The chemical
system to be modelled is expressed as a series of simple chemi-
cal reactions, which is then converted into coupled differential
equations and solved by FACSIMILE's numerical integration
method

3.1. Behaviour of water radiolysis products

The radiolytic degradation of MEK in aqueous sol-
utions occurs via reactions with water radiolysis pro-
ducts. Understanding the kinetic behaviour of these
water radiolysis products are thus important in the
development of a simplified organic degradation
model. Fig. 2 shows the concentrations of water radi-
olysis products in aerated water in the presence and
absence (i.e., pure aerated water) of MEK during con-
tinuous 7-radiolysis, as calculated by the full model.
These results show some of the key conditions which
lead to the development of a simple model.

1. The concentrations of "OH, H’, ¢4 change slowly
with time (or total absorbed dose) during continu-
ous y-radiolysis. These near steady-state conditions
simplify the analysis of the full model results which,
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consequently, enables the development of the simpli-
fied model.

2. The concentrations of H™ and e,q are 2-3 orders of
magnitude lower than that of "OH in aerated aqu-
eous solutions, where the main decay path of the
electrons produced by water radiolysis is the reac-
tion with dissolved oxygen, which is assumed to
remain saturated due to inferfacial mass transfer.
Hence, unless their specific reactivities (or the rate
constants) are about 1-2 orders of magnitude higher
than that of "OH, the decay path of MEK via reac-
tions with H' or e,, can be ignored (see further dis-
cussion later).

3. The differences in the H' and e,q concentrations in
the absence of MEK and in the presence of MEK
are relatively small, compared to the case of "OH.
The differences in the H'" and e;q concentrations are
also partly due to the change in pH during MEK
degradation. rather than their direct involvement in
the reactions with MEK, because the pseudo-steady-
state concentrations of water radiolysis products of
pure water are pH dependent. The difference in the
"OIl concentration is, however, significantly more
than expected as a result of pH change. This indi-
cates that the main degradation of MEK is via reac-
tions with "“OH (see further discussion below). Note
that the results calculated for pure oxygenated water
shown in Fig. 2 are those at a constant pH 10. The
calculations for pure oxygenated water were also
performed at lower pH values, but the results are
not shown in the figure (except for HO,/O3) for
clarity.

4. The difference in the sum of the HO, and O; con-
centrations (HO, « H* + 03, pKa=4.8) calculated
in the presence and absence of MEK is due to the
change in pH, not as a result of their direct involve-
ment in the MEK degradation reactions. The HO,/
07 concentration in the presence of MEK
approaches the calculated value in the absence of
MEK at pH 4.3, as the pH of the irradiated MEK
solution approaches that value (Fig. 2).

5. The difference observed for H,O, is also mainly
induced by the changes in the "OH and e, concen-
trations during the MEK degradation, not as a
result of its direct involvement in the MEK reac-
tions. For a given dose rate, the concentration of
H,0, during continuous y-radiolysis of water is
determined mainly by the primary production rate
(i.e., G-value of H,0;) and its decomposition rates
by reactions with "OH and e;g. The reduction in the
"OH and ey, concentrations due to their reactions
with MEK results in an increase in the pseudo
steady-state concentration of H,O,.

The relative importance of "OH reactions versus those
of H' and e, in the MEK decay can be rationalized

further by examining the rates (i.e., concentration x
rate constant) of their reactions with MEK and its in-
termediate molecular products. It is shown in Fig. 2
that during the MEK degradation the concentrations
of H™ and e,q are about 2-3 orders of magnitude lower
than that of "OH. In general, the rate constant for
hydrogen abstraction from an organic compound by
H" is about an order of magnitude lower than that of
"OH. Thus, the decay path of MEK via reactions with
H' is negligible compared to those with "“OH. The rate
constant of e,y reaction with an organic compound
containing a carbonyl group is generally larger than
that of "OH. However, because of the lower concen-
tration, the rate constant of e;4 reaction of a given or-
ganic species should be about two orders of magnitude
larger than that of "OH, in order for the decay path of
an organic compound by the electron reactions to
become important (as in 2,3-butanedione case, discus-
sion in Section 3.4). Thus, the reactions of MEK and
its intermediate degradation products with H and e
were ignored in constructing the simplified model,
except for the reaction of 2,3-butanedione with ez,

3.2, Initial MEK decay reactions

The MEK concentration shows an exponential
decrease with increasing radiation dose, indicating a
pseudo-first order decomposition of MEK under the
steady-state y-radiolysis conditions (Figs. 1 and 3).
This is because the initiation of the MEK dcecay is
mainly by reaction with "OH, a water radiolysis pro-
duct which has reached a constant concentration under
these conditions.

"OH + CH;3CH,COCH; —CH;C ' HCOCH; + H,O
(1)
ki =73 x 108 dm® - mol™! - s™' (Mezyk, 1994)

The reactions of MEK with H' and e,q are less import-
ant because of the reasons described above, and were
ignored in constructing the simplified model. The sim-
plified model reproduces the full model MEK decay
curve as well as the experimental data (Fig. 3). The
small difference observed between the full model and
the simplified model calculations is considered to be
due to the omission of the reactions of MEK with H’
and e,q.

It should be noted that the behaviour of hydroxyl
radicals formed by waler radiolysis is lmportaut to
MEK decay kinetics, as well as when determining iod-
ine behaviour in the containment sump (Driver et al.,
2000, Wren et al., 1999, 2000a). Any model describing
the effects of organic impurities on iodine volatility in
an accident must describe the behaviour of the "OH
radical. The behaviour of "OH is also modelled by the
simplified model given in Table 2 and the results are
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discussed later in Section 3.6. However, some analysis
of the behaviour of "OH during the MEK degradation
is given below, which provides better understanding of
the radiolytic degradation process.

The MEK decay in aerated solutions, and also in
nitrous oxide and argon-purged solutions, was
observed to follow first-order kinetics (Fig. 1). These
linear plots of In [MEK] versus dose (or time at a con-
stant dose rate) also indicate that the "OH concen-
tration is at, or near, steady-state during the
decomposition of MEK, because

APEKT — k1 - o] - (MEK). @

If the "OH concentration is constant with time, i.e., at
a steady-state, the rate law results in

[MEK], = [MEK], - exp(—k - [[OH],, - 1) 3

o [MEK], = [MEK], - exp( — ki -[OH) - (%))

-

“

where the reaction time, s (in units of s), the total
absorbed dose at time ¢, D, (in units of Gy) and the
dose rate, D, (in units of Gy-s™'). Thus, the concen-
tration of MEK decreases exponentially and the slope
of the plot of In [MEK] versus time (or total absorbed
dose) is determined by —k[OH], (or (—ky/
D:)[OHJ).

The primary production of "OH from water radioly-
sis and its subsequent reactions with other water radi-
olysis products, as well as with MEK and other species
present in water (e.g., MEK decay products), should
be considered in determining the concentration of the

"OH radical. However, at the MEK concentration used
in the test (1 x 107> mol-dm™%), "OH decays primarily
by the reaction with MEK and its decay products.
Furthermore, the reaction rate constants of the decay
products with "OH are similar to that of MEK, in the
range of 0.7 x 10° [for MEK (Mezyk, 1994)] to 3.6 x
10° dm® mol ™ s [for acetaldehyde (Schuchmann and
von Sonntag, 1988)]. Thus, the behaviour of "OH can
be approximated by the following two simplified reac-
tions:

H,O0— "OH (from y-radiolysis of water)

5 CdAm=3 ) — 17 )
k(mol-dm™ -s7') = 1.0 x 10 Goony - Dy

"OH + RH—R’ + H,0. (6)

The rate of radiolytic formation of "OH (Reaction 5)
is 1.0 x 107"-G-ou-D; (units of mol-dm ™57} where
G.ou is the G-value for the "OH production from
water radiolysis in units of number of molecules pro-
duced per 100 eV absorbed dose, D, is the absorbed
dose rate in units of Gy-s™'. RH in Reaction (6) rep-
resents either MEK or a hydrogen-containing de-
composition product.

Under these conditions, one can approximate the
steady-state concentration of ‘OH by assuming that
during the MEK decomposition, the total organic con-
centration, [ERH], is constant at the initial MEK con-
centration level;

[ZRH]~[MEK], Q)

and the rate constant of the reaction of these de-
composition products with "OH is the same as that of
MEK (7.3 x 108 dm3~mol_'-s"). The steady-state con-

g

Concentration (umol-dm")

0 1000 2000 3000 4000
Dose (Gy)

5000 6000 7000 8000 9000

Fig. 3. Dose profile of MEK: experimental data (¢), full model prediction ( — ), and simplified model prediction (- - —).
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centration of "OIH is then

"OH
d[—g]ﬁzl x 1077 G-oy - D
! ®)
~ 7.3 x 10% - [ OH}, - [ZRH], ~0, and
[OH) _1x107 - Gou-D; _1x107 - Goy - Dy
7™ 73 x 108 [ZRH], 7.3 x 108 - [MEK], ’
)]

yielding the steady-state ‘OH concentration of 4.5 x
107'* mol-dm™ using a G-oy value of 2.7 molecules
per 100 eV absorbed dose, a D, value of 0.12 Gy-s™'
and [MEK], of 1 x 107> mol-dm . Note that
Equation (9) states the steady-state ‘'OH concentration
is proportional to dose rate.

The "OH concentration calculated using the full
MEK reaction model, shown in Fig. 2, varies slightly
with the total absorbed dose (or time) up to 5000 Gy
at which point 90% of MEK has decomposed. (The
‘OH concentration calculated using the simplified
MEK model is discussed in Section 3.6). Note that the
presence of about 1 x 10~ mol-dm™ organic impuri-
ties considerably lowers the steady-state ‘OH concen-
tration. The analytically obtained "OH concentration,
4.5 x 107" mol-dm ™2, is close to the full model value,
5-6 x 10~"* mol-dm ™3, at doses less than 5000 Gy, in-
dicating that the gross approximations for the "OH
production and decomposition [Reactions (5) to (7)]
may be used, if the reduction of water radiolysis reac-
tions is desirable.

If the organic level is low, such that it does not com-
pletely dictate the OH concentration (less than 1 x
10~* mol-dm™>), the reactions of water radiolysis pro-
ducts with "OH should be considered in determining
the steady-state concentration of ‘OH (Driver et al.,
2000). Likewise, if the I~ concentration is high, as is
expected under reactor accident conditions, the reac-
tion between I~ with "“OH should also be considered.
It should be noted that, for a given dose rate, the re-
duction of "OH concentration as a result of the reac-
tion with organic compounds also increases the
concentration ot H>O,, which is a key iodine reductant
in the event of an accident.

The steady-state assumption for “OH concentration
and its analytically derived steady-state concentration
were also examined by comparing the observed slope
of the first-order MEK decay plot and the calculated
slope from Eq. (3). The slope of the plot for the aera-
ted solution in Fig. 1 is —5.1 x 1073 s~!. The analyti-
cally derived value using Egs. (3) and (9) is —3.3 x
107> s7', somewhat lower than the observed slope.
The main reason for the discrepancy is that the ana-
Iytical solution yields a lower 'OH concentration.

Using an avcrage "OH concentration of 6 x 10714
mol-dm™, as calculated from the full model, Eq. (3)
yields a slope of —4.4 x 107> s, supporting the
assumption that the "OH reactions with MEK and the
intermediate molecular products are the main MEK
decay mechanism.

3.3. Formation of 3-hydroxy-2-butanone and 2,3-
butanedione

The initial MEK reaction produces the MEK rad-
ical, MEK", which in aerated solutions reacts rapidly
with Oy:

MEK' + O; — CH3CH(O> )COCHj3 (10)

where MEK™ represents one of the three possible
hydrogen abstraction products: CH;('CH)COCHs;,
(CH,)CH,COCH;, and CH;CH,CO('CH). The
MEK radical is expected to be at a pseudo steady-
state, with the pseudo-steady-state concentration being

AMER K _ k- [ OH), - [MEK],
dr (1

— kyo - [MEK']; - [O2]=0.

. ki - [OH], - [MEK],

MEK ) = = o, a2
Because [MEK] changes with time (see Eq. 3), [MEK'],
is not at a true steady-state but changes slowly with
time. (Owing to the fact that [MEK] changes very
slowly, it can be treated as a constant over the inte-
gration time interval. Therefore, the steady-state ap-
proximation used in Eq. (11) is still valid, and the
relationship given in Eq. (12) still applies to [MEK'] as
a function of time.) The dissolved oxygen concen-
tration is assumed to be saturated and constant with
time in the experiments because of efficient gas—aqu-
cous interfacial mass transfer of oxygen relative to the
degradation rate.

By analogy to the acetone system studied by Zegota
et al. (1986), the MEK peroxyl radical, MEKO," or
CH;CH(O, )COCH3, is assumed to dimerize to form a
tetroxide compound, which then decomposes rapidly
to 3-hydroxy-2-butanone (CH;CH(OH)COCHj;), 2,3-
butanedione (CH3;COCOCH;), and acetaldehyde
(CH3CHO):

2CH;CH(O; )COCH; —2CH;COCOCH3 + H,02  (13a)
— CH3;CH(OH)COCHj; + CH3;COCOCH; + O, (13b)

—2CH;CHO + 2CH3(C =0) + O, (13c)
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— 2CH3COCHO CH; + O3 (13d)

The initial formation rates of the intermediate pro-
ducts, 3-hydroxy-2-butanone (IP1), 2,3-butanedione
(IP2) and acetaldehyde (IP3), are then determined by
the following rate law;

d[IPx]
dr

= fipx - km - [MEKO 13 (14)

where [Px represents the intermediate product (IP1,
IP2 or IP3), fip, represents the branching fraction for
the intermediate, IPx (detailed definition of fip, is dis-
cussed later). The overall decay rate constant of the
tetroxide intermediate, k—n (:k13a+k131—,+k13c+k13d)
is estimated to be 8 x 10°® dm*mol~"s™! based on the
acetone system as described in the full model (Glowa
et al., 2000).

Assuming a pseudo steady-state also for MEK per-
oxyl radical, its concentration is determined as follows:

d[MEKO-" . .
AMEKO=T _ - MEK'] - [02] — et - MEKO, T 0.
(15)
By substituting [MEK ], from Eg. (12), for [MEK']
ki - [MEKO, |} x k1 - [MEK'], - [0],
(16)
~k; -[[OH],, - [MEK],

The rate equation for intermediate product, TPx, is
thus [using Eq. (3)]

d[IP>
A ek - [OHI, - [MEKL ~ i K4
[OHI,, [MEK], - exp(~k, - [ O], - ) a7

resulting in
[IPx} ~fipy - [MEK], - (1 — exp(—k, - [ OH],, - £)) (18)

since [IPx]=0 at time 0
For small (1 << Wzloss), the rate equation
further simplified to

[IPx} ~fipy %1 [OH] - [MEK], - ¢ (19)

or [IPx], % fips - k1 - [ OH],, - [MEK], - (%) 20)

The branching fractions, fip,, for the production of
these intermediate species is

Jier = (1/2Kki3p tKi3a)/(Kiza + kize + kize + kiaq)
= 0.22 for 3-hydroxy-2-butanone,

N2 = (ki + 1 2kae)/(kisa + Kise + kise + kisa)
= 0.72 for 2,3-butanedione and

JSiea=kiae/(kisa + kysp+ ks +hy3q)=0.06  for  acet-
aldehyde,
based on the rate constants of Reactions (13a)-(13d)
used in the full model. These branching fractions thus
yield the following calculated initial slopes of each con-
centration versus total absorbed dose plots:

59 x  107*  moldm™*Gy' (or 057
molecules-(100 eV)™") for 3-hydroxy-2-butanone,

1.9 x 107 moldm >Gy™' (or 1.9
molecules-(100 eV)™!) for 2,3-butanedione, and

1.6 x 107%  moldm™>Gy' (or 0.16

molecules-(100 eV)~™") for acetaldehyde.

The initial slope corresponds to the G-value of the
process  which can also be expressed in
molecules-(100 e¢V)~'. The initial slope calculated for
3-hydroxy 2 butanone is closc to the cxpcrimentally
observed slope, (5+1) x 107° mol-dn1‘3~Gy" (Fig. 4).
Note that the dose profile of 2,3-butanedione was not
obtained experimentally owing to the problems associ-
ated with the HPLC analysis (Driver et al., 2000). The
calculated dose profiles of 2,3-butanedione are shown
in Fig. 5.

For acetaldehyde. the slope was observed ta be
about (3 £ 1) x 107® mol-dm™>.Gy~" (Fig. 6), larger
than the calculated value. This discrepancy is likely
caused by fact that acetaldehyde is mainly formed
from the intermcediatc products, 3-hydroxy-2-butanone
and 2,3-butandione (see discussion below). In fact, the
direct formation of acetaldehyde from the MEK tetr-
oxide intermediate can be ignored in approximating
the behaviour of acetaldehyde. Therefore, in construct-
ing the simplified model Reaction (13c) is ignored and
the branching fractions for 3-hydroxy-2-butanone and
2.3-butanedione are taken to he 075 and 0 75, respect-
ively.

If there is no decomposition of IPx, its concen-
tration would reach a maximum value of f;p,-[MEK],
[scc Cq. (18)]. However, IPx does decompose in the
presence of radiation, resulting in the concentration
decrease observed at longer times. It should be noted
that the above analysis uses a steady-state approxi-
mation for "OH concentration for simplicity, but the
"OH concentration is calculated as a function of time
in the simplified model by the coupled differential
equations solver (FACSIMILE).

3.4. Decomposition of 3-hydroxy-2-butanone and 2.3-
butanedione to acetaldehyde and acetic acid

The analysis above indicates that the various steps
between Reactions (1) and (13) in the full model can
be reduccd to

MEK + OH—IPx (x=1,2) (21)

with a rate constant, fin .k,, where IPx is 3-hydroxy 2
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Fig. 4. Dose profile of 3-hydroxy-2-butanone: experimental data (4), full model prediction ( — ), and simplified model prediction

=

butanone (x = 1) or 2,3-butanedione (x = 2). That is,
subsequent reactions, leading to IPx formation follow-
ing the initial hydrogen abstraction from MEK by
"OH, are ignored.

These intermediate products further decompose to
acetaldehyde and acetic acid. The concentrations of
acetaldehyde and acetic acid were measured as a func-
tion of dose (or time) (Figs. 6 and 7, respectively).
Thus, not only the dose profile of 3-hydroxy-2-buta-
none, but also the dose profiles of acetic acid and acet-
aldehyde were analyzed to determine the key
decomposition steps for 3-hydroxy-2-butanone (IP1)
and 2,3-butanedione (IP2). In the simplified model
these decomposition steps are reduced to

3-hydroxy-2-butanone + "OH

(22)

—acetic acid + acetaldehyde
2,3-butanedione + 'OH— acetic acid + acetaldehyde (23)
2,3-butanedione + ¢, — acetic acid + acetaldehyde (24)

The decomposition mechanisms of IP1 and IP2 to
acetic acid and acetaldehyde are considered to be simi-
lar to the decomposition of MEK and, thus, can be
simplified to one reaction step as shown in Reactions
(22)-(24). For the decomposition of 3-hydroxy-2-buta-
none, the hydrogen abstraction by "OH (Reaction 25)

300
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Fig. 5. Calculated dose profile of 2,3-butanedione: full model prediction ( — ), and simplified model prediction (- — -).
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forming an organic radical is also the rate determining
step for Reaction (22), similar to the case of MEK de-
composition.

3-hydroxy-2-butanone + 'OH— CH;C (OH)COCH;  (25)

Thus, the rate constant for Reaction (22), kipy, should
be approximately the rate constant of Reaction (25),
i, kpy=1.2 x 10° dm*mol™"s™" (Lilie et al., 1968).

The decomposition of 2,3-butanedione via the reac-
tion with "OH is slower:

2.,3-butanedione + "OH— CH3;COCOCH," (26)

with the rate constant 1.7 x 10® dm®mol~'-s~" (Lilie et
al., 1968). This rate constant is about an order of mag-
nitude smaller than the "OH reaction with 3-hydroxy-
2-butanone. However, the reaction of 2,3-butanedione

1600

), and simplified model prediction (- — -).

with e is fast with the rate constant being 1 x 10'°
dm®mol~"s™' (Lilie et al., 1968):

2,3-butanedione + e, —CH3;COC O~ CH3 (27)

Thus this reaction needs to be considered in the de-
composition of 2,3-butanedione. The electron attach-
ment on 2,3-butanedione is assumed to lead to the
dissociation eventually to acetaldehyde and acetic acid,
whereas the electron attachment onto organic com-
pounds with single ketone groups does not necessarily
lead to dissociation. Although there is little available
experimental evidence of the decomposition of the elec-
tron attachment product, modeling results (using the
full model) support the assumption (Glowa et al.,
2000).

In the simplified model, the rate constants for Reac-
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Fig. 7. Dose profile of acetic acid: experimental data (), full model prediction ( -— ), and simplified model prediction (- — —).
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tions (23) and (24), kipa_on and kipy_g, are assumed
to be the rate constants of the initial reactions of 2,3-
butanedione with "OH and ey, ie., 1.7 x 10® and 1 x
10° dm3mol~"s™!, respectively. In summary, the rate
constants for Reactions (22) to (24) are:

ko (™) =kip;=1.2 x 10° (dm*mol™'s7")

ko ™) =kipr_on=1.7 x 10 (dm*mol~"s7")

kaa (s~ =kipr_p =1 x 10'° (dm* mol~'s7!)

It should be noted that although the rate of kyq4 is
high, the contribution of the 2,3-butanedione de-
composition reactions (23) and (24) to the acstic acid
and acetaldehyde formation is less than that of 3-
hydroxy-2-butanedione, (except at larger doses),
because of the low electron concentration.

The simplified model reproduces the dose profile of
3-hydroxy-2-butanone calculated by the full model, as
well as measured experimentally (Fig. 4), indicating
that the kinetics of the radiolytic decomposition from
3-hydroxy-2-butanone to acetaldehyde and acetic acid
can be adequately represented by one reaction step
(22).

The simplified model does not reproduce the dose
profile of 2,3-butanedione calculated using the full
model as accurately, although the peak concentration
is still reproduced within 50% of the full model results
(Fig. 5). Note that for this compound, there is no ex-
perimental data to compare with. The larger discre-
pancy between the full and simplified model
calculations for 2,3-butanedione arises due to the fact
that the overall rates (rate constant x concentration) of
the initial "OH and e;q reactions are relatively slow.
Reactions with other radiolysis products become an
important contributing factor to the decay of 2,3-buta-
nedione. For example, the reaction with H->O, contrib-
utes significantly to the decomposition of 2,3-
butanedione:

2,3-butanedione + H,0, — acetaldehyde + acetic acid
(28)

When this reaction is added, the simple model repro-
duce the full model result of the dose profile of 2,3-
butanedione. However, its contribution to the for-
mation of the next molecular products (acetaldehyde
and acetic acid) is relatively small. As discussed above,
the main route for acetaldehyde and acetic acid for-
mation is Reaction (22). If the H,O, reaction to be
included in the reduced model, the behaviour of H,O,
also needs to be closely modelled. This reaction is not
included in the simple model, which results in the
differences observed between the full and reduced
model calculations for acetaldehyde and acetic acid.

3.5. Decomposition of acetaldehyde and acetic acid to
CO,

The four carbon intermediate molecular products, 3-
hydroxy-2-butanone and 2,3-butanedione decompose
to two carbon molecules, acetaldehyde and acetic acid,
which decompose further to CO,. As described earlier,
assuming that the initial hydrogen abstraction reaction
by "OH (or electron attachment followed by dis-
sociation) is the rate determining step, the overall
decay of 3-hydroxy-2-butanone (and 2,3-butanedione)
to acetic acid and acetaldehyde can be simplified to
Reactions (22)—(24).

Decomposition of acetaldehyde and acetic acid to
the final degradation product CO, is also assumed to
occur mainly via reactions with "OH:

Acetaldehyde + "OH—2CO, (29)

Acetic acid + 'OH— 2CO, (30)

The initial hydrogen abstraction reactions, which are
the rate determining steps for CO, production are:

Acetaldehyde + "OH— CH; CO (31)
CH;COO™ + 'OH— 'CH,COO~ (32)
CH;COOH + "'OH— 'CH>COOH (33)

where the rate constants are 1 x 10° dm*>mol~"s! for
CH;COO™ (acetate), 2.3 x 107 dm*mol~!s™! for
CH,COOH (acetic acid) and 3.6 x 10° dm*mol 's™"
for acetaldehyde (Buxton et al, 1988; Schuchmann
and von Sonntag, 1988).

In the simplified model, the rate constant of Reac-
tion (29) is the initial hydrogen abstraction from acet-
aldehyde by "OH (ie., 3.6 x 10° dm*mol™"s™"). For
Reaction (30), a pH dependent rate constant (i.e., (1 x
10%)-(1+ K.o/[H"]) where Keq is the equilibrium con-
stant of Reaction (34)) is used because acetate and
acetic acid are in fast equilibrium [Reaction (34)].

CH;COOH « CH3;COO™ +H™ (34)

The addition of the extra route via Reaction (33) to
the simple model did not change the results, indicating
that the extra reaction is not required. Because of this
equilibrium, the measured concentrations of acetic acid
were also the sum of acetic acid, CH;COOH, and acet-
ate ion, CH;COO™. The calculated acetic acid concen-
trations presented in Fig. 7 are also the sum of acetic
acid and acetate ion concentrations.

The simplified model reproduces the full model
results and the experimental data on the dose profile
of acetaldehyde reasonably well (Fig. 6). The simplified
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Fig. 8. Dose profile of pH: experimental data (#). full model prediction ( -— ), and simplified model prediction (- — —).

model does not reproduce the full model result on the
dose profile of acetic acid/acetate, but it reproduces
the experimental data better. The large discrepancy
between the full and the reduced model results on
acetic acid behaviour, however, has a relatively small
impact on CO, production and pH behaviour (see Sec-
tion 3.6). The reason for this is that CO, is produced
mainly via the reaction of acetaldehyde, Reaction (29),
whose rate constant is about 20 times larger than that
of Reaction (30). Reaction (30) becomes important for
CO, production only at later times or larger doses.
Because CO, and its associated equilibria contributes
significantly to the pH behaviour, the impact of the
uncertainties in the overall rate of Reaction (30) on
pH is also small.

3.6. pH and the concentrations of water radiolysis
products

One of the key issues in determining iodine beha-
viour in containment is to develop the capability of
predicting pH behaviour. The acid-base equilibrium
of acetic acid [Equilibrium (34)] and the equilibria
between CO, H,CO;, HCO3 and CO3™ must be
included to properly simulate the H™ concentration:

CO; + H,0 < H,CO; (35)
H,CO; < HCOj +H* (36)
HCO; <« CO}™ +H™'. (37)

*Note: An inaccurate pH profile was presented in the
previons report

The simplified model reproduced the observed dose
profiles of pH reasonably well (Fig. 8)°. The discre-
pancy between the full and simplified model results
observed in the dose range of 2000-3000 Gy is mainly
due to the difference in acetic acid concentration pre-
diction. For the simulations (using both the full and
simple models) shown in this figure, the initial total
carbonated carbon concentration in the solutions was
assumed to be about 2 x 107% mol-dm™. This is the
approximate initial carbon concentration expected in
neutral pH water while in equilibrium with ordinary
air. (We assume that no further CO, uptake takes
place during the pH adjustment to 10 in the exper-
iments.) Note that both the full and simplified model
include aqueous—gas interfacial mass transfer of O,
and CO,. The effect of CO; in the head-space of the ir-
radiation vessel is also shown in Fig. 8. The calculated
pH initially decreases quicker when gas phase CO; is
present, than if it is not. This sensitivity to initial CO,
concentration may account for the scatter in the pH
profile of the experimental data during the first 2000
Gy.

As discussed in the introduction section, the other
key parameters that need to be modelled adequately in
determining iodine behaviour in containment are the
steady-state concentrations of "OH, O3 and H,0; in
the sump (Wren et al., 1999, 2000a). Fig. 9 compares
the simplified model results with the full model results
on the dose profiles of these water radiolysis products.
The concentration of O3 /HO; in the figure is the sum
of the O; and HO, concentrations. Except during a
couple of small dose ranges, the simplified model
reproduces the full model results to within 50%. The
discrepancy in the calculated O3 /HQO; concentrations
in 2000-3000 Gy is due to the difference in the pH pre-
dicted by the two models.
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4. Conclusions

Methy! ethyl ketone has been studied as a model ali-
phatic organic compound for the radiolytic degra-
dation of organic impurities in the sump water. Based
on the experimental results and a detailed reaction kin-
etic model for the continuous y-radiolysis of aerated
aqueons solutions containing MEK, a simplified MEK
degradation model was developed.

In the simplified model, the radiolytic decomposition
of MEK in aerated aqueous solutions was approxi-
mated using single reaction steps from the reactant or-
ganic species, MEK, containing four carbon atoms to
oxidized four-carbon species (3-hydroxy-2-butanone
and 2,3-butanedione), from the oxidized four-carbon
compounds to two-carbon species (acetaldehyde and
acetic acid), and from the two-carbon intermediate
products to one-carbon species (CO,, H,CO;, HCO3,

aud CO%‘). The overall rate constant for each siep
was approximated using the rate constant for the in-
itial hydrogen abstraction by 'OH from the reacting
molecule. For diones, an additional path through elec-
tron attachment was required.

The simplified model, consisting of only seven reac-
tions and four equilibria (Table 2), reproduces the ex-
perimental data and the full model results of the
behaviour of MEK, the intermediate decay products
and pH during the radiolysis reasonably well. The sim-
plified model also reproduces the full model results on
water radiolysis products such as H', e;, "OH, O3
and H,0,.

The objective of the simplified organic degradation
model was to calculate the values of key parameters
affecting iodine behaviour in containment (pH and the
concentrations of "OH, O3 and H»O0;) to match the
values observed experimentally, or the values calcu-
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Fig 9 Concentratians of water radiolysis products calenlated by the full model ( — ) and simplified model (- — ).
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lated hy a comprehensive mechanistic model. An
acceptable level of reproducibility should depend on
the level of uncertainties that can be tolerated in the
model prediction on iodine behaviour in containment.
Because of various assumptions used in nuclear safety
analyses, model prediction of gaseous iodine concen-
trations observed in large scale tests such as RTF
(Radioiodine Test Facility) tests (Ball et al., 1996b;
Wren et al., 1999) to within an order of magnitude is
considered acceptable. This standard is partially
imposed by the uncertainties in the experimental data
and the uncertainties associated with postulated con-
tainment conditions. Model prediction of pH to within
one unit and the concentrations of "OH, O3 and H,0,
to within an order of magnitude must be achieved in
urder to meet this goal. The simplified modcl for MEK
degradation is the first step toward obtaining a simple
generic organic degradation that can be used in iodine
codes. Because uncertainty in pH prediction will poten-
tially compound when this model is applied to safety
analysis, the acceptability of the simple MEK model
should be more stringent. For the same reason, the
simple model should also predict the intermediate
degradation products whose behaviour are not
required for modelling iodine behaviour. The simplified
MEK model developed in this work is believed to meet
these requirements.

Although this report has focused on MEK, it pro-
vides the technical basis for developing a generalized
model for the radiolytic decay of other organic com-
pounds. It may be premature to generalize the simpli-
fied reaction scheme of other organic compounds, but
it may be reasonable to assume, for example, that six
carbon containing organic compounds, such as methy-
lisobutylketone (MIBK), would progress to oxidized
six-carbon species, to three- and four-carbon species,
to one- and two-carbon species, and eventually convert
entirely to CO,. Measurements of MIBK concentration
and pH as a function of time, without extensive
measurements of intermediate products, may be suffi-
cient to extract necessary kinetic information for
MIBK. Further generalization may be possible once
the relationship between the type of organic species
(i.e., number of carbons, functional group, etc.), the
acid production (pH drop), and the rate constant for
its reaction with "OH, is established.
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