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lling of the radical-induced
chemistry of acetohydroxamic acid in aqueous
solution†

Jacy K. Conrad, *a Corey D. Pilgrim, a Simon M. Pimblott, a

Stephen P. Mezyk b and Gregory P. Horne *a

Acetohydroxamic acid (AHA) is a small organic acid with a wide variety of industrial, biological, and

pharmacological applications. A deep fundamental molecular level understanding of the mechanisms

responsible for the radical-induced reactions of AHA in these environments is necessary to predict and

control their behaviour and elucidate their interplay with other attendant chemical species, for example,

the oxidative degradation products of AHA. To this end, we present a comprehensive, multiscale

computer model for interrogating the radical-induced degradation of AHA in acidic aqueous solutions.

Model predictions were critically evaluated by a systematic experimental radiation chemistry

investigation, leveraging time-resolved electron pulse irradiation techniques for the measurement of new

radical reaction rate coefficients, and steady-state gamma irradiations for the identification and

quantification of AHA degradation products: acetic acid, hydroxylamine, nitrous oxide, and molecular

hydrogen, with formic acid and methane as minor products. Excellent agreement was achieved between

calculation and experiment, indicating that this fundamental model can accurately predict the

degradation pathways of AHA under irradiation in acidic aqueous solutions.
Introduction

Hydroxamic acids have distinct chemical properties that have
been extensively leveraged for industrial, biological, and phar-
macological applications.1–3 For example, due to its strong
bidentate metal chelating properties,4 acetohydroxamic acid
(AHA, CH3CONHOH) has been proposed for use in used nuclear
fuel reprocessing technologies for the reduction and complex-
ation of plutonium and neptunium ions.5–8 AHA is also used as
an oral drug to treat struvite kidney stones,9 urinary tract
infections,10 metal poisoning,11 and to complex metalloenzymes
related to cancer progression.1,12,13 In addition, hydroxamic
acids are prevalent in creating new pharmaceuticals via the
promising strategy of linked hybrid bioactive fragments.14–16 In
each of these applications, the stability of AHA is an important
consideration. Hydroxamic acids are subject to degradation via
hydrolysis under acidic conditions. The hydrolysis of AHA yields
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acetic acid (CH3COOH) and hydroxylamine (HA, NH3OH
+)

products:17–19

CH3CONHOH + H3O
+ / CH3COOH + NH3OH+,

k1 ¼ 3.92 � 10−5 M−1 s−1. (1)

AHA will also interact with radiolysis products arising from
the intense, multi-component, radiation elds present in used
nuclear fuel reprocessing solvent systems, and with free radical
species generated in the human body. Further, the oxidative
decomposition of hydroxamic acids is important for consider-
ations in wastewater treatment, either by the use of poly-
hydroxamic acids as metal chelators and occulating agents for
treatment,20 or for its disposal via advanced oxidation processes
(AOPs), many of which leverage hydroxyl radical ($OH) and/or
hydrogen peroxide (H2O2) mediated chemistry to promote
complete mineralization of organic contaminants.21–26

Consequently, a quantitative understanding of these
hydroxamic acid oxidation and reduction processes at a funda-
mental molecular level is necessary to facilitate their prediction
and control in various macroscopic systems and processes. This
complete level of mechanistic understanding can readily be
attained by utilizing radiation chemistry, a powerful means for
directly characterizing the redox behavior of various transient
and steady-state radicals, ions, and molecules. For aqueous
solutions, the radiolysis of water produces a suite of primary
RSC Adv., 2022, 12, 29757–29766 | 29757
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radiolysis products, many of which are redox active (i.e., eaq
−,

Hc, cOH, and H2O2):27

H2O⟿ (0.27) eaq
−, (0.27) cOH, (0.06) Hc, (0.04) H2, (0.08) H2O2,

(0.27) Haq
+. (2)

Here the numbers in parentheses are the radiation chemical
yields for pure water,28 known commonly as G-values, in units of
mmol J−1.29 The reactive species from water radiolysis can
undergo subsequent reactions with many of the water matrix
chemicals present to generate secondary radiolysis products,
for example, the reduction of oxygen (O2 + eaq

−) to form
superoxide (O2c

−).27 Both the primary and secondary radiolysis
species have the potential to drive chemical changes in AHA.

There have been a few studies that characterized the overall
products from the gamma irradiation of AHA in concentrated
nitric acid solutions for applications in used nuclear fuel
reprocessing, but these works did not attempt to determine
specic reaction mechanisms.30,31 In addition to those, Samuni
and Goldstein measured second-order rate coefficients (k) for
the reactions of AHA with cOH, cCO3

−, azide (cN3), and nitrite
(NO2c) radicals using time-resolved electron pulse radiolysis
techniques to show that the product of these radical-induced
AHA one-electron oxidations was always a nitroxide radical,
CH3CONHOc, and that no reaction occurs between AHA and the
O2c

− radical.32 The structure of the nitroxide radical has been
established using electron paramagnetic resonance (EPR)
methods.33,34 A mechanism was proposed for the dispropor-
tionation of the transient nitroxide radical to form AHA and an
unstable acyl nitroso intermediate (CH3CON]O):32

CH3CONHOc + CH3CONHOc / CH3CONHOH +

CH3CON]O,

k3 ¼ (1.51 � 0.02) � 109 M−1 s−1. (3)

Beyond these works, there is little mechanistic understanding
of the aqueous radical-induced oxidation of AHA, and no
studies of the complementary mechanisms for its radical-
induced reduction chemistry.

To this end we present a new, comprehensive, multiscale
computer model for the prediction of the free radical-induced
mechanistic behavior of AHA in acidic aqueous solutions. The
approach combines a stochastic model of the radiation track
structure35–37 with a deterministic homogeneous bulk chemistry
model, both pieces of which are essential to fully represent the
system behavior. This model accounts for different solute
concentrations, varying radical production rates, and pH, and
has been validated and veried by comparison with experimental
results from a new systematic study of the steady-state gamma
radiolysis of AHA in pure water and aqueous perchloric acid
solutions, in which the concentrations of AHA, and its potential
nal degradation products: acetic acid, HA, nitrite/nitrous acid
(NO2

−/HNO2), formic acid (HCOOH), molecular hydrogen (H2),
nitrous oxide (N2O), and methane (CH4) were analyzed. These
data augment the hydrolysis kinetics previously established for
AHA,17–19 providing a complete model for the loss of this acid
under different aqueous conditions.
29758 | RSC Adv., 2022, 12, 29757–29766
Methods
Chemicals and analytical methods

Details of the chemicals used and the UV-visible spectroscopy,
ion chromatography (IC), gas chromatography (GC), and proton
nuclear magnetic resonance (1H-NMR) spectroscopy methods
are given in the ESI.†

Time-resolved electron pulse radiolysis

Radical reaction kinetics were measured for AHA and HA by
transient absorption spectroscopy using the Brookhaven
National Laboratory (BNL) picosecond Laser Electron Acceler-
ator Facility (LEAF)38 and the Notre Dame Radiation Laboratory
(NDRL) nanosecond electron pulse linear accelerator
facility.39,40 Dosimetry to determine absolute radical yields per
electron pulse was performed using the thiocyanate dosimeter
solution (lmax ¼ 470 nm, using G* 3 ¼ 5.2 � 10−4 m2 J−1).41

Isolation and measurement of specic radical species was
achieved using the following solution conditions:

�Hydrated electron (eaq
−): direct transient decay kinetics of the

eaq
− were observed at 720 nm using N2- or Ar-saturated aqueous

solutions of 0.5 M tBuOH at pH 4.0 or 9.8 buffered by 10 mM
phosphate with pH adjusted by concentrated HClO4 or NaOH.

� Hydrogen atom (Hc): the growth kinetics of the pCBA
radical adduct ([pCBA-H]c) were monitored at 365 nm in N2-
saturated aqueous solutions containing 100 mM pCBA, 20 mM
tBuOH, and 3.0 M HClO4.

� Hydroxyl radical (cOH): competition kinetics with SCN−

were performed by monitoring the (SCN)2c
− transient absorp-

tion at 470 nm in N2O-saturated aqueous solutions using
0.1 mM KSCN at pH 4.0 for protonated AHA, pH 9.8 for
deprotonated AHA, and pH 4.0 for HA, buffered by 10 mM
phosphate with pH adjusted by concentrated HClO4 or NaOH.

All transient absorption measurements were made using
1 cm optical pathlength quartz cells at ambient room temper-
ature (23–24 �C). Kinetic traces were the average of 8–15 indi-
vidual measurements. Second-order rate coefficients (k) were
derived from pseudo-rst-order exponential ts (k′) to raw
kinetic data by plotting k′ against the reactant concentration
weighted by the inverse squares of the experimental uncer-
tainties. Quoted errors for the presented second-order reaction
rate coefficients are a combination of measurement precision
and sample concentration errors.

Steady-state gamma irradiations

Gamma irradiations were performed on aqueous solutions of
0.50 M AHA with doses up to 100 kGy using the Idaho National
Laboratory (INL) Center for Radiation Chemistry Research (CR2)
Foss Therapy ServicesModel 812 Cobalt-60 Gamma Irradiator. The
dose rates (Gy min−1) for different positions in the irradiator were
determined to be 50–250 Gy min−1 using Fricke dosimetry42

subsequently corrected for the decay of cobalt-60 (60Co, s1/2 ¼ 5.27
years, Eg1 ¼ 1.17 MeV and Eg2 ¼ 1.33 MeV) throughout the dura-
tion of this study. Solution temperatures were monitored in situ
during irradiation using a K-type thermocouple and found to be
35–45 �C. Samples for irradiation consisted of aqueous solutions
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Measured kinetic decay traces of the eaq
− at 720 nm for

electron pulse irradiated solutions at room temperature for: 0.230
( ), 0.461 ( ), 0.691 ( ), and 0.921 ( ) mM HA. (B) Second-
order rate coefficient determination from the pseudo-first-order values
obtained for each HA concentration for the reaction of HA with the eaq

−.
The weighted linear fit corresponds to a second-order reaction rate
coefficient of k (HA + eaq

−) ¼ (2.55 � 0.10) � 109 M−1 s−1, R2 ¼ 0.996.

Fig. 2 Concentration of 0.50 M AHA as a function of absorbed
gamma dose in water ( ), and 0.20 M HClO4 ( ). The experimental
data points are divided into three regions: (A) 51 Gy min−1 at 36 �C
(solid curve); (B) 150 Gy min−1 at 40 �C (dashed curve); and (C) 250 Gy
min−1 at 42 �C (dash–dot curve). Lines are predicted values from
multiscale modelling calculations.
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View Article Online
of 0.50 M AHA in water or in 0.20 M HClO4 sealed in screw-cap
glass vials or ame-sealed glass ampoules. The HClO4 solutions
were chosen to probe the effects of pH on the reactivity and
distribution of water radiolysis products, since ClO4

− is essentially
radiolytically inert.43

Multiscale computational modelling

A combination ofMonte Carlo radiation track35,36 and independent
reaction times (IRT)37 models, in conjunction with a deterministic
kinetic model, were used to construct a multiscale predictive
computer model for the radical-induced oxidative and reductive
behavior of AHA in aqueous solutions.44,45 Calculated stochastic
radiation track yields, listed in ESI Table S1† were used as inputs
for the deterministic kinetic model, which represents chemical
mechanistic reactions as coupled differential equations that are
solved numerically using the FACSIMILE kinetic modelling so-
ware package.46 The chemical kinetic reaction set used by these
calculations consisted of an existing reaction scheme for water
radiolysis28 supplemented by radical reactions for AHA and its
degradation products, as summarized in ESI Table S2.† Where
available, Arrhenius parameters were incorporated to accommo-
date for changes in temperature between irradiations. Gas parti-
tioning between the aqueous and gaseous phases was accounted
for using a simple stagnant two-lm model47 with standard Hen-
ry's law coefficients48 and temperature-dependent diffusion
parameters.49–52

Results and discussion
Radical reaction kinetics

The radiolytic degradation of AHA is driven by a combination of
radical-induced oxidation and reduction processes in the
aqueous solutions investigated by this work. The second-order
rate coefficients (k) of these radical-induced reactions with the
protonated and deprotonated forms of AHA (pKa ¼ 8.7 at 25 �C)
and its major degradation product HA, were determined, or re-
evaluated, at different pHs to quantify their relative contribu-
tions. The radical-induced chemical reactions of acetic acid, the
other major AHA hydrolysis product (eqn (1)), have been well-
studied and their rates are considered established, therefore
they did not require measurement for inclusion in the model
developed in this work.53–61 Although there are a few possible
isomers of AHA, only the Z-amide is considered in this work as it
is the most stable form in aqueous solution.62,63

Typical data from the electron pulse kinetic measurements
from this study are presented in Fig. 1 for the reaction of HA
with the eaq

−. All other kinetic data are given in ESI Fig. S4–S8.†
The second-order rate coefficients derived from these
measurements are listed in Table 1. These rate values were
incorporated into the multiscale modelling chemical kinetic
reaction set, as outlined in the ESI.†

Radical-induced degradation mechanism of acetohydroxamic
acid

The loss of 0.50 M AHA under gamma irradiation in aerated
water and 0.20 M HClO4 aqueous solution is shown in Fig. 2.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Multiscale computer model predictions are plotted alongside
the experimental data and are in excellent agreement for both
solutions. Model predictions are broken into three distinct
RSC Adv., 2022, 12, 29757–29766 | 29759
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Table 1 Measured second-order rate coefficients (k) for the reactions
of the protonated (CH3CONHOH) and deprotonated (CH3CONHO−)
forms of AHA (pKa ¼ 8.7) and NH3OH+ (pKa ¼ 6.17) with the eaq

−, Hc
atom, and cOH radical at room temperature

Radical
species

Second-order rate coefficient (k, M−1 s−1)

CH3CONHOH CH3CONHO− NH3OH
+

eaq
− (6.02 � 0.86) � 108 — (2.55 � 0.10) � 109

Hc (5.43 � 0.56) � 106 — (4.01 � 0.43) � 105

cOH (4.75 � 0.76) � 108 (3.86 � 0.11) �
109

(1.59 � 0.06) � 109

Fig. 3 Multiscale model calculated cumulative reaction outputs for
the major pathways involved in the radical-induced loss of 0.5 M AHA
for 51 Gy min−1 at 36 �C in (A) water and (B) 0.20 M HClO4.
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‘regions’ chosen as representatives for the specic experimental
conditions under which these measurements were performed:
Region A, from 0–25 kGy is for a constant temperature of T ¼
36 �C at 51 Gy min−1; Region B from 25–65 kGy is for a constant
temperature of T ¼ 40 �C at 150 Gy min−1; and Region C from
65–110 kGy is for a constant temperature of T ¼ 42 �C at 250 Gy
min−1. These three sets of experimental conditions were chosen
to keep the hydrolysis time relatively consistent between irra-
diations. The different regions are separated by vertical lines in
Fig. 2, and the change in model conditions are indicated by
changes in the line style (solid, dash, and dash–dot) used in the
plot. AHA is consumed as a function of absorbed gamma dose
and time in both aqueous solutions because of a combination
of radiolysis and hydrolysis. This behavior is linear as a function
of dose for H2O, but the loss is much more rapid in the HClO4

solution due to the hydrolysis reaction (eqn (1)).
Themechanisms for the radical-induced degradation of AHA

can be better understood from viewing the cumulative reaction
outputs, i.e., the sum concentration of products produced by
a given reaction, as shown in Fig. 3. For AHA in aerated water,
Fig. 3(A), the radiolytic loss of AHA proceeds primarily via its
reaction with the major radical products from water radiolysis
(i.e., AHA is lost by reaction with the cOH radical (48.7%), eaq

−

(46.5%), and Hc atom (4.6%), at 100 kGy) according to the
reactions:

CH3CONHOH + cOH/H2O + CH3CONHOc,

k4 ¼ (4.75 � 0.76) � 108 M−1 s−1, (4)

CH3CONHOH + eaq
− / CH3Cc(O

−)NHOH,

k5 ¼ (6.02 � 0.86) � 108 M−1 s−1, (5)

CH3CONHOH + Hc / CH3Cc(OH)NHOH,

k6 ¼ (5.43 � 0.56) � 106 M−1 s−1, (6)

where the product of eqn (6) is discussed below in the context of
the gaseous products. The carbon-centered radical anion
produced in eqn (5) is expected to protonate to CH3Cc(OH)
NHOH. Under oxygenated conditions, it would then react
quickly with dissolved oxygen to produce a peroxyl radical,
which would then undergo a second-order combination with
itself to form a tetroxide intermediate.64–66 The tetroxide species
would break apart to form O2 and two alkoxyl radicals,66 which
would ultimately hydrolyze to form CH3COOH and NH2Oc.67
29760 | RSC Adv., 2022, 12, 29757–29766
The oxygen in our system is quickly depleted, and in the
absence of oxygen, the protonated alkoxy radical product will
primarily undergo b-scission68 as follows:

CH3Cc(OH)NHOH / CH3CHO + NH2Oc,

k7 ¼ 1 � 107 M−1 s−1. (7)

The rate coefficient for k7 is approximated by the rates of similar
reactions.67,69,70 The acetaldehyde (CH3CHO) that is formed is
expected to react with the primary radiolysis products of
water,55,71,72 primarily by oxidizing to acetic acid, and to speciate
via its own equilibria73 and acidic degradation reactions74 in
solution.

AHA is also expected to react with other minor radical
products generated in the solution such as cCH2COOH, cCH3,
and cCONHOH. The transient nitroxide radical (CH3CONHOc),
formed in the AHA reaction with the cOH radical and other
minor carbon radical species undergoes bimolecular combi-
nation according to eqn (3), resulting in an acyl nitroso
(CH3CON]O). Acyl nitroso compounds are unstable and have
been shown to undergo hydrolysis as follows:75,76

H2O + CH3CON]O / HNO + CH3COOH, k8 ¼ 1 s−1. (8)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Multiscale model calculated relative contributions of hydrolysis
and gamma radiolysis reactions to the cumulative loss of 0.50 M AHA
for 51 Gy min−1 at 36 �C in 0.20 M HClO4.
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The HNO formed undergoes bimolecular combination with
itself to ultimately yield H2O and N2O according to:77–79

HNO + HNO / N2O + H2O, k9 ¼ 8 � 106 M−1 s−1.79 (9)

Finally, there is also a small contribution from the direct
radiolysis of AHA, i.e., the direct deposition of ionizing radia-
tion energy into the electrons of AHA. Calculations based on the
electron density of AHA predict that less than 4% of the gamma
radiation would interact directly with AHA molecules.29 From
these interactions, the AHA can become excited or ionized,
resulting in different breakdown pathways to form a variety of
products. One pathway suggested in the literature is:31

CH3CONHOH ⟿ CH3CONHOH* / cCONHOH + cCH3,

(10)

the products of which ultimately result in the formation of HA,
HCOOH, and CH4, all of which were detected in the character-
ization methods used by this work. The G-value for this pathway
was found to be 0.05 mmol J−1 in H2O, and 0.21 mmol J−1 in
HClO4 by optimizing to t the HCOOH and CH4 detected
experimentally, as shown in ESI Fig. S9.†

Fig. 3(B) shows the cumulative reaction yields for the
radiation-induced degradation of AHA in 0.20 M HClO4. Since
the perchlorate anion is essentially radiolytically inert under the
given conditions,43 the reaction set here is much the same as for
water, and proceeds via the same primary radical species. One
major difference, however, is the low solution pH (�0.7). At low
pH, the excess of protons (Haq

+) alters the suite of water radi-
olysis products (ESI Table S1†), predominantly converting the
yield of the eaq

− into Hc atom via the fast reaction:

eaq
− + Haq

+ / Hc, k11 ¼ 2.3 � 1010 M−1 s−1.27 (11)

Although both the eaq
− and Hc atom can be powerful

reductants, the Hc atom can undergo addition and abstraction
reactions with organic molecules, resulting in different product
distributions.27 Further, under these acidic conditions the
majority of AHA loss in solution is due to hydrolysis (eqn (1)) as
opposed to radical-induced processes. As shown in Fig. 4, the
predicted relative contributions of hydrolysis and radiolysis as
a function of absorbed dose for 0.50 M AHA in 0.20 M HClO4

irradiated at a rate of 51 Gy min−1 at 36 �C amounts to 85% and
15%, respectively at 100 kGy.
Fig. 5 Yields of acetic acid from the gamma irradiation of 0.50 M AHA
in water ( ) and 0.20 M HClO4 ( ). The experimental data are from IC
(filled symbols) and 1H-NMR (open symbols) and are divided into three
regions: (A) 51 Gymin−1 at 36 �C (solid curve), (B) 150 Gymin−1 at 40 �C
(dashed curve), and (C) 250 Gy min−1 at 42 �C (dash–dot curve). Lines
are predicted values from multiscale modelling calculations.
Overview of aqueous degradation products

Based on the above reaction schemes, the major aqueous
products of AHA degradation under the given conditions are
acetic acid and HA, formed from both the radiolysis and
hydrolysis processes. Although the yields of these two species
from hydrolysis are equimolar, HA is negligibly produced from
the radiolysis reactions. Further, both hydrolysis products react
at different rates with the various aforementioned radicals,
resulting in differences in their overall steady-state yields and
subsequent degradation product distributions. The in-growth
of acetic acid and HA from the degradation of 0.50 M AHA in
© 2022 The Author(s). Published by the Royal Society of Chemistry
water and 0.20 M HClO4 are shown in Fig. 5 and 6, respectively.
Our multiscale model predictions are plotted alongside exper-
imental data and again are in excellent agreement. In both
solutions there is more acetic acid formed than HA, consistent
with the stoichiometry predicted by Sanchez-Garcia et al.80 As
expected, more acetic acid and HA are formed in the HClO4

solution than in water due to the increased rate of AHA hydro-
lysis. There was no NO2

− or HNO2 detected in these systems by
IC or UV-vis methods.
Radical-induced degradation mechanism of hydroxylamine

The cumulative reaction yields for the loss of HA as a function of
absorbed gamma dose for each of the two solution conditions
are shown in Fig. 7. The primary contributors to the degrada-
tion of HA in water, as shown in Fig. 7(A), are its reaction with
RSC Adv., 2022, 12, 29757–29766 | 29761
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Fig. 6 Yields of HA from the gamma irradiation of 0.50MAHA in water
( ) and 0.20 M HClO4 ( ). The experimental data are from UV-vis
spectroscopy (filled symbols) and 1H-NMR (open symbols), and are
divided into three regions: (A) 51 Gymin−1 at 36 �C (solid curve), (B) 150
Gy min−1 at 40 �C (dashed curve), and (C) 250 Gy min−1 at 42 �C
(dotted curve). Lines are predicted values from multiscale modelling
calculations.

Fig. 7 Calculated cumulative reaction yields for the major pathways
involved in the radiolytic loss of HA for 51 Gy min−1 gamma irradiation
at 36 �C in 0.5 M AHA in (A) water, and (B) 0.20 M HClO4.
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the eaq
− (53% at 100 kGy), the cOH radical (45% at 100 kGy), and

its molecular reaction with H2O2 (2% at 100 kGy):

NH3OH+ + eaq
− / cOH + NH3,

k12 ¼ (2.55 � 0.10) � 109 M−1 s−1, (12)

NH3OH+ + cOH / H2O + NH3Oc+,

k13 ¼ (1.59 � 0.06) � 109 M−1 s−1, (13)

NH3OH+ + H2O2 / NH3Oc+ + cOH + H2O,

k14 ¼ 2.2 � 10−4 M−1 s−1,81 (14)

where this oxidant predominately arises from the recombina-
tion of the cOH radical in the radiation track, with its escape
yield as given in ESI Table S1†.81 The k14 rate coefficient was
determined by Chen et al.81 and found to be consistent with
benchtop reactions of H2O2 and HA as shown in ESI Fig. S10.† It
should be noted that the reaction given in eqn (12), although
originally proposed82 to produce cNH3

+ and OH−, has since been
demonstrated by Neta et al.83 to occur as given here.

For 0.20 MHClO4, as shown in Fig. 7(B), a signicant portion
of the eaq

− yield is converted to Hc atom (eqn (11)). This allows
for its reaction with HA to have an additional contribution to
the overall loss of HA:

NH3OH+ + Hc / H2 + NH3Oc+,

k15 ¼ (4.01 � 0.43) � 105 M−1 s−1. (15)

The HA radical formed in these reactions was originally
proposed to take the form cNHOH/cNH2OH

+.82,84,85 However, it
has since been shown by EPR studies and quantum chemical
calculations that the more thermodynamically stable isomer is
NH2Oc/NH3Oc

+.81,86,87 Decay of NH2Oc proceeds by one of several
competing pathways, yielding either N2 or N2O as gaseous
products. Under anoxic conditions, we have:88
29762 | RSC Adv., 2022, 12, 29757–29766
NH2Oc + NH2Oc / N2 + 2H2O,

k16 ¼ 4.5 � 108 M−1 s−1,82

(16)

and under aerated conditions, the following reactions must also
be considered:88

NH2Oc + O2 / HNO + HO2c,

k17 ¼ 1 � 104 M−1 s−1, (17)

NH2Oc + H2O2 / HNO + cOH + H2O,

k18 ¼ 10 M−1 s−1,

(18)

NH3Oc+ + H2O2 / HNO + cOH + H2O + Haq
+,

k19 ¼ 150 M−1 s−1. (19)

Although reactions eqn (17)–(19) have been proposed in the
literature,81,82,84,88 their rates have not been reported. In our
model, the rates of these reactions were optimized to match the
experimental production of N2O. In agreement with these
optimized values, Simic and Hayon suggest that the rate coef-
cient for reaction eqn (18) is likely slower than eqn (19),82 and
Karpel Vel Leitner et al.88 found that eqn (19) did not occur
signicantly under their experimental conditions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 G-values for the gaseous products resulting from the irradi-
ation of 0.50 M AHA in water and in 0.20 M HClO4

Experimental gas yields (G-values) in mmol J−1

Water 0.20 M HClO4

N2O 0.076 � 0.003 0.061 � 0.005
H2 0.045 � 0.002 0.139 � 0.015
CH4 0.0016 � 0.0002 0.0075 � 0.0005
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The HNO produced in eqn (17)–(19) undergoes bimolecular
combination according to eqn (9) and therefore, in both solu-
tions, the HA that reacts is primarily converted into N2O andH2O.
Fig. 9 Yields of H2 from the gamma irradiation of 0.50M AHA in water
( ) and 0.20 MHClO4 ( ). The experimental data are divided into three
regions: (A) 51 Gymin−1 at 36 �C (solid curve), (B) 150 Gymin−1 at 40 �C
(dashed curve), and (C) 250 Gy min−1 at 42 �C (dash–dot curve). Lines
are predicted values from multiscale modelling calculations using eqn
(20) ( , ) and eqn (21) ( , ) for the reaction of AHA + Hc in
0.20 M HClO4 and H2O respectively.
Overview of gaseous degradation products

Themeasured G-values (yields) for the gaseous species resulting
from the irradiation of aqueous solutions of AHA are listed in
Table 2. The yield of CH4 is very low, as it is produced only from
the direct radiolysis of AHA (eqn (10)), which, based on electron
fraction calculations, should receive less than 4% of the total
gamma radiation at a concentration of 0.50 M. The relative
order of magnitude of the G-values for the three gaseous
products agree with the volume fraction ratios suggested by
Wang et al.31

The experimental yields of the major gaseous products, N2O
and H2, are shown with our computer model predictions in
Fig. 8 and 9, respectively. As shown in Fig. 8, the calculations
agree well with the measured yields of N2O and demonstrate
a small reduction in this yield for the HClO4 solutions as
compared to pure water.

Our cal culations show that H2 is primarily produced from
water radiolysis. These radiolytic yields have been extensively
investigated in aqueous systems and are attributed to a series of
reactions involving H2O, the eaq

−, and the Hc atom.89 Our model
Fig. 8 Yields of N2O from the gamma irradiation of 0.50 M AHA in
water ( ) and 0.20 M HClO4 ( ). The experimental data are divided
into three regions: (A) 51 Gy min−1 at 36 �C (solid curve), (B) 150 Gy
min−1 at 40 �C (dashed curve), and (C) 250 Gy min−1 at 42 �C (dash–
dot curve). Lines are predicted values from multiscale modelling
calculations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
predicts higher H2 yields at lower pH, as expected due to an
increase in Hc atom yield under these conditions (as per eqn
(11)). In the presence of AHA, there are additional contributions
to the yield of H2 from H-atom abstraction reactions with the
hydrolysis products acetic acid and HA, and with the radiolytic
product acetaldehyde. Wang et al.31 proposed an analogous H-
abstraction reaction for AHA:

CH3CONHOH + Hc / H2 + CH3CONHOc, (20)

However, ourmodel predicts that if the products of this reaction
included H2, the G-value for H2 in water would be �1.5� the
experimentally determined value of 0.045 mmol J−1. This result
is demonstrated by the blue and green curves in Fig. 9 for
0.20 M HClO4 and H2O respectively. Therefore, considering the
level of agreement between multiscale model calculations and
experiment demonstrated thus far, the pathway proposed by
Wang et al.31 is not considered to be the major mechanism.
Furthermore, in an experiment measuring CH3CONHOc
Samuni and Goldstein32 were unable to assign products to the
reaction between Hc and AHA, and therefore the nitroxide
radical is also unlikely to be signicantly produced. Accord-
ingly, the reaction of AHA and Hc is proposed to proceed
primarily via:

CH3CONHOH + Hc / CH3Cc(OH)NHOH, (21)

which yields more accurate H2 yields for 0.50 M AHA in water
and 0.20 M HClO4. The radical formed in this reaction is the
same as the protonated form of the radical from the reaction of
AHA and the eaq

−, and it will react primarily according to eqn (7)
under the given conditions.

All these reactions together provide a detailed picture of the
degradation of AHA in acidic aqueous solutions via free radical
RSC Adv., 2022, 12, 29757–29766 | 29763
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reactions. The foundational aqueous solution model developed
in this work can be further developed to apply to specic
applications, as this model has been shown to agree with
changes in pH and rate of radical generation at moderate
temperatures above ambient conditions. For example, this
model could be adapted for use under physiological conditions
where the primary radicals generated are reactive oxygen and
nitrogen species, because radicals like O2

− and cNO2 do not
react with AHA, and ROc species like cCO3

− will yield the same
AHA oxidation product as cOH.32

Conclusions

Amultiscale computer model has been developed and rigorously
evaluated against experimental results for the prediction of the
radical-induced behavior of AHA in aqueous solutions. Both
calculations and experiment demonstrate that: (i) the major
products of AHA degradation in acidic aqueous solution are
acetic acid, HA, N2O, and H2, with formic acid and CH4 as
additional minor products; (ii) hydrolysis plays a more signi-
cant role in the decomposition of AHA than radiolysis under
highly acidic conditions; (iii) the radical-induced AHA degrada-
tion occurs predominantly through oxidation by the cOH radical
and reduction by the eaq

−, with an increasing contribution from
the Hc atom with decreasing pH. The computational model
developed in this work can be used to accurately predict the
degradation behavior of AHA in simple acidic aqueous solutions.

Beyond the current work, this modelling methodology has
been shown to be extremely effective in providing quantitative
mechanistic insight into the radiation chemistry occurring over
multiple time and distance regimes—from the point of energy
deposition, through the lifetime of the non-homogenous radi-
ation chemical track, and ultimately bulk solution—for several
aqueous systems including nitrate and nitric acid in the
absence44 and presence of neptunium90 and americium91 ions,
and for organic molecules, including diglycolamides.92 The
proof of principle of these multiscale models has again been
demonstrated by the agreement here between calculation and
experiment over changes in pH, temperature, and dose rate.
This ultimately demonstrates the power of this type of model-
ling methodology, which will be expanded in future works to
apply to different types of chemistry occurring in aqueous
solutions and beyond.
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