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ABSTRACT

This thesis examines the rates and mechanisms of chemical reactions leading to
production of nitrogen oxides during nitrosation reactions and, in particular, those
occurring under conditions relevant to the sensitisation of emulsion explosives, where
these toxic gases pose a hazard to explosive users. The decomposition of nitrous acid
and nitrosyl thiocyanate were identified in the literature review as likely sources of
nitrogen oxides during nitrosation reactions and were subjected to detailed experimental

and computational studies.

Stopped-flow spectrophotometry was employed to study the decomposition of nitrous
acid in order to resolve discrepancies in the rate constants reported in the literature. The
decomposition reactions were examined under conditions where the rate limiting step
comprised the hydrolysis of nitrogen dioxide (NO,), enabling the derivation of a
simplified rate law based on the known elementary reaction mechanism. The rate
constant, 1.34 x 10° M's”, is thought to be of higher accuracy than those in the
literature as it does not depend on the rate of parallel reaction pathways or on the rate of
interphase mass transfer of gaseous reaction products. The activation energy for the
simplified rate law was established to be 107 kJ mol”. Quantum chemistry calculations
indicate that the majority of the large activation energy results from the endothermic
nature of the equilibrium 2HNO, S NO + NO, + H,0. The rate constant for the
reaction between nitrate ions and nitrous acid, which inhibits HNO, decomposition, was

also determined.
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The decomposition of nitrosyl thiocyanate (ONSCN) comprises a complex sequence of
reaction steps involving three reaction pathways, and results in the formation of NO and
(SCN),, with the latter undergoing a series of disproportion and hydrolysis reactions to
ultimately yield SO4*, HCN and SCN. The first reaction pathway involves an
irreversible reaction second order in ONSCN, producing NO and (SCN), directly,
whilst the second pathway constitutes a reversible reaction between ONSCN and SCN’
to yield NO and an (SCN), intermediate. The rate limiting step of the second pathway
involves the reaction between (SCN),” and ONSCN, which could occur via S-
nitrosation of (SCN),” by ONSCN or through a radical substitution mechanism. The
third reaction pathway, which becomes significant at low thiocyanate concentrations,
involves the formation of a previously unreported species, ONOSCN, via reaction
between ONSCN and HOSCN, the latter being an intermediate in the hydrolysis of
(SCN),. The proposed kinetic mechanism provides an excellent fit to the experimental
measurements, and enables accurate modelling of the ONSCN decomposition reactions.
Comparison of the HNO, and ONSCN decomposition kinetics showed that HNO,
decomposition is the dominant NOy formation pathway under conditions relevant to

explosive sensitisation.

A quantum chemistry study was undertaken to determine the thermodynamic feasibility
of the nitrosyl thiocyanate decomposition mechanism proposed on the basis of kinetic
experiments. The procedure involved combining the results of accurate gas phase
calculations, performed with the G3B3 and CBS-QB3 methods, with solvation free
energies computed using continuum solvent models. Eight different procedures for
calculating the solvation free energy were benchmarked against a set of six reactions

with established reaction free energies, with the combination of the B3LYP/6-
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31+G(d,p) method and the PCM solvation model with either UAHF or UFF atomic radii
yielding the best results, with a mean absolute deviation on the order of 6 kJ mol™”. The
quantum chemistry results support the experimentally determined reaction mechanism,
and confirmed the formation and subsequent decomposition of the previously

unreported species, ONOSCN, to be thermodynamically feasible.

The solubility of nitric oxide in ammonium and sodium nitrate solutions was examined
at temperatures ranging from 25 to 55 °C, at salt concentrations up to 7.5 and 10 mol L™
for the sodium and ammonium salts, respectively.  The solubility decreased
significantly with increasing salt concentration, as predicted from the Sechenov
equation. The enthalpy of solvation of NO decreased considerably with increasing salt
concentration, indicating that the effect of temperature on the solubility diminishes with
increasing salt concentration. The effect of sodium nitrate on NO solubility was
significantly greater than that of ammonium nitrate, in agreement with previous
literature results, which show that sodium ions have a much greater effect on gas
solubility than ammonium ions. A model was developed to describe the solubility of
NO as a function of salt concentration and temperature. The model predicted the
solubility of NO in 13 mol L™' NH4NO; (as found in emulsion explosives) to be 5 times

lower than in water at 25 °C, and largely independent of temperature.

A novel membrane inlet reactor was employed to examine the effect of ammonium and
sodium nitrate concentrations on the decomposition equilibrium of nitrous acid. An
increase in the observed equilibrium constant was recorded at low salt concentrations
(up to 1 mol L") owing to the initial rapid decline in the nitrate activity coefficient with

increasing salt concentration, whilst a steady decline in the observed equilibrium



constant at high salt concentrations was attributed to the relative increase in the activity
coefficients of NO and H' compared to that of HNO,. Modelling of the activity
coefficients of species involved in nitrous acid decomposition permitted extrapolation
of the results to supersaturated solutions of ammonium nitrate relevant to emulsion
explosives. Owing to cancellation effects among the activity coefficients of species
involved in the decomposition equilibrium, the model predicts a similar aqueous NO
concentration in concentrated salt solution to that observed in dilute acid. However,
owing to the salting out effect, under the conditions of the present study, the equilibrium
partial pressure of nitric oxide is approximately four times higher in concentrated

ammonium nitrate compared to dilute acid solution.

A kinetic model was developed to predict the rate of N, and NO formation from the
nitrosation of ammonia under conditions relevant to emulsion explosives. Experiments
in ammonium nitrate solution showed that the model correctly predicts the rates of both
N, and NO formation, including the catalytic effect of thiocyanate ions. The kinetic
model was then employed to predict the amount of NO produced during the gassing of
an emulsion explosive, and the results compared to laboratory measurements.
Simulations showed that inclusion of sulfamate ions in the emulsion could significantly
reduce the amount of NO formed, whilst addition of urea was predicted to have a
negligible effect owing to its poor reactivity with nitrous acid. The levels of NO
predicted by the model were similar to those observed experimentally, confirming

nitrous acid decomposition as the sole source of NOy during explosive sensitisation.

A common commercial chemical gassing technology involves sequential addition of

concentrated acid and nitrite solutions to the explosive. Both experiments and

xi



simulations showed that, provided the components required to effect nitrosation are well
mixed into the explosive, nitric oxide constitutes less than 1 % of the reaction products.
However, during large scale explosive sensitisation, inadequate mixing could lead to
direct contact between the concentrated acid and nitrite solutions. Experiments showed
that direct contact between concentrated acetic acid and sodium nitrite solutions results
in rapid nitrous acid decomposition, with the stoichiometric amount of nitric oxide
produced within 5 min. As such, direct contact between these solutions is the likely
cause of visible NOy emissions during explosive sensitisation. The amount of NO
formed can be reduced by inclusion of a nitrous acid scavenger in the acid solution to
convert nitrous acid into harmless N,, however, owing to the rapid rate of nitrous acid
decomposition in concentrated solutions, NO formation cannot be completely

eliminated.
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CHAPTER 1 — Introduction and hypothesis

1.1 Background

Nitrosation reactions, in which the nitroso (NO") group is transferred from a nitrosating
agent to a substrate, are important in a diverse range of industrial, environmental and
biological settings. Industrially, nitrosation reactions find application in the synthesis of
azo dyes', the production of hydroxylamine’, the sensitisation of emulsion explosives’
and have potential to assist in removal of wax deposits in oil pipelines*. In biology,
nitrosation reactions have received great attention owing to the importance of S-
nitrosothiols as a source of nitric oxide in the human body™ ¢, and due to the potential
for formation of carcinogenic N-nitrosamines, which can occur under acidic conditions
in the human body or in the environment’. Under acidic conditions, nitrosation
reactions occur via the nitrosating agents N>Os and H,NO,", derived from nitrous acid®.
N,Oj3 is the primary nitrosating agent under mildly acidic conditions, (pH > 1), whilst

H,NO," dominates under highly acidic conditions.

HNO, + NO, + H" = N,03 + H,0 (1)

HNO, +H" = H,NO," (2)

In the presence of added nucleophiles, such as CI', Br', I’ and SCN’, a new nitrosation
pathway is introduced due to the formation of nitrosyl halides, denoted ONX (where X
= CI', Br, I' or SCN’). The formation of nitrosyl halides catalyses a wide range of
nitrosation reactions, owing to an increase in the concentration of nitrosating agents in
the system. Thiocyanate ions, in particular, are a powerful catalyst owing to the large

equilibrium constant for the formation of nitrosyl thiocyanate, ONSCN, and in many
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cases the catalysed rate of nitrosation can be many orders of magnitude faster than the

9-11

uncatalysed rate. For a wide variety of substrates, the formation of ONSCN is

sufficiently fast that it can be considered to be at equilibrium as shown below'*:

H' +HNO, + SCN" = ONSCN + H,0 (3)
o [ONSCN ]
s H* [HNO, | SCN ™ | @

The interest in nitrosation reactions in the present study originates from their application
in the sensitisation of emulsion explosives. Emulsion explosives consist of discrete
droplets of super-saturated ammonium nitrate solution dispersed within a continuous
hydrocarbon phase, usually diesel. This type of explosive is deployed extensively for
mineral extraction in both open cut and underground mining due to the advantages of
low cost, high water resistance and improved safety compared to high explosives such
as trinitrotoluene, nitroglycerine and nitrocellulose’>. Owing to their high stability,
emulsion explosives must be sensitised prior to detonation via the introduction of small
voids within the emulsion matrix. These voids undergo adiabatic compression during
detonation, raising their temperature and propagating the explosion through the bulk
explosive'*. The voids can be introduced physically in the form of hollow, light weight
materials such as glass micro-balloons, grain hulls or polystyrene foam. Alternatively,
voids can be introduced in the form of gas bubbles generated from a chemical reaction
inside the emulsion. The latter process, known as chemical gassing, is the most
common sensitisation method and involves adding one or more chemicals to the

emulsion which react to generate gas bubbles within the explosive. A popular chemical
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gassing technique involves the generation of nitrogen gas in the explosive via the
nitrosation of ammonia, which is present in solutions of ammonium nitrate'>. The
reaction is effected by the addition of a concentrated solution of a nitrite salt to the
explosive, which can contain added nucleophiles such as thiocyanate ions, forming
nitrosating agents in situ according to Equations 1-3. These nitrosating agents react

with ammonia to form nitrogen gas, N,, as shown below:

N,Os5; + NH; — N, + HNO, + H,O ®)]

ONSCN +NH; — N, + H,0 + SCN" + H' (6)

This method, however, suffers from several drawbacks, including slow reaction rates at
ambient temperatures (particularly for Reaction 5) and the generation of toxic nitrogen
oxides (NOy) via side reactions'®. The formation of NOy poses a safety hazard to mine
workers prior to explosive detonation as a consequence of their high toxicity,
particularly nitrogen dioxide (NO,), which can cause severe respiratory problems
including lung oedema, and aggravate existing respiratory illnesses such as asthma'’.
Despite the significant dangers presented by NOy formation, the mechanisms for the

generation of NOy during chemical gassing are unknown.
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1.2 Objectives, hypothesis and focussing questions

The aim of this study is to determine the rates and mechanisms of the chemical
reactions leading to NOy formation during nitrosation reactions, and in particular, those
relevant to explosive sensitisation. Knowledge of the rates and mechanisms of NOy
formation will enable selection of reaction conditions, such as reagent concentrations,
pH and temperatures to minimise the formation of NOy during chemical gassing.
Furthermore, knowledge of the source of NOy will assist in the development of new
intrinsically safe gassing technologies, such as the deployment of new reaction

substrates that eliminate or reduce the prevalence of NOy formation pathways.

It is hypothesised that the formation of NOy during chemical gassing results from the
decomposition of chemical species associated with the explosive sensitisation process,
in particular, the nitrosating agents nitrous acid and nitrosyl thiocyanate. The aim of the
thesis is to investigate these reaction pathways and to address the following focussing

questions:

1. What are the mechanisms for the decomposition of nitrosyl thiocyanate and
nitrous in acidic aqueous solution, what are the products of the reaction and
how fast do these reactions occur? How do variables such as reactant

concentrations, temperature and pH affect the rate of these processes?

2. What corrections are required to enable models developed for nitrous acid

and nitrosyl thiocyanate decomposition in aqueous solution to be applied to
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predict the rates in solutions containing high concentrations (>60% wt) of

ammonium nitrate?

3. Are the results of (1) — (2) consistent with the levels of NOy observed when
gassing emulsion explosives? What are the optimum conditions (i.e., pH,
composition and temperature) for explosive sensitisation with respect to
minimising NOy formation? Could the formation of NOy be reduced or
avoided by employing an alternate reaction substrate or other modifications

of the gassing chemistry?
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1.3 Thesis structure

This thesis presents a comprehensive study on the NOy formation reactions associated
with nitrous acid and nitrosyl thiocyanate and the incidence of these reactions during the
chemical gassing of emulsion explosives. The literature related to nitrous acid, nitrosyl
thiocyanate and nitrosation chemistry is reviewed in the following chapter, whilst
Chapter 3 provides an overview of the experimental and computational methods
employed in the study. Chapters 4, 5 and 6 are concerned with the first focussing
question and present experimental and computational chemistry studies on the
decomposition of nitrous acid and nitrosyl thiocyanate in dilute acid solution. The
second focussing question is addressed in Chapters 7 and 8, which relate to the effect of
ammonium nitrate concentration on the solubility of nitric oxide and the equilibria
associated with the decomposition of nitrous acid. Chapter 9 addresses the third
focussing question by developing a kinetic model describing the concurrent formation
of NOy and N; during ammonia nitrosation, including the effect of pH, temperature, and
the addition of alternate reaction substrates. Simulation results are compared to
experimental NOy measurements during explosives sensitisation to confirm the source
of NOy during this process. Finally, Chapter 10 summarises the conclusions of the

thesis and presents recommendations for further research efforts in this area.
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CHAPTER 2 — Literature Review

2.1 Nitrosation chemistry

Nitrosation reactions represent a class of chemical reactions involving the formation of
a nitrosyl compound'. Nitrosation reactions typically comprise the transfer of the
nitrosyl cation (NO") from one species to another and are usually undertaken using
nitrous acid, formed in situ via the protonation of an inorganic nitrite salt, frequently
sodium nitrite (Reaction 1). Nitrous acid constitutes a weak acid, exhibiting a pK, of

3.16 at 25 °C>.

NO, + H;0" S HNO, + H,0 (1)

In most cases, the reaction does not occur with nitrous acid itself, but with species
derived from nitrous acid which act as better NO™ donors®. At low acidity (pH > 2), the
predominant nitrosating species is dinitrogen trioxide (N,O3) which typically exists in
equilibrium with nitrous acid (Reaction 2)*. Formation of N,O; has been interpreted as
the nitrosation of nitrite ions by H,NO,".> Experiments performed under conditions of
rate limiting N,O3 formation suggest that reaction between H,NO," and HNO, is also
possible.® At higher acidities (pH < 2), the equilibrium concentration of the nitrous
acidium ion (i.e. protonated nitrous acid)’ increases, and an additional nitrosation
pathway, referred to as the acid catalysed pathway, becomes significant. There is
debate in the literature as to whether the nitrosating species is H;NO, " or the NO" cation
itself; however, from a practical perspective the distinction is irrelevant as the species

are kinetically indistinguishable.

HNO, + NO, + H" 5 N,O; + H,0 )

13



CHAPTER 2 — Literature Review

HNO, + H;0" 5 H,NO," + H,0 3)

In the presence of nucleophilic species, such as thiocyanate ions, a parallel nitrosation
pathway becomes possible. The mechanism involves the formation of an additional
nitrosating agent, ONSCN, which exists in equilibrium with the thiocyanate ions and
nitrous acid®. As such, thiocyanate ions can act as a catalyst for nitrosation reactions as
they increase the concentration of active nitrosating agents. Analogous reactions have

been reported for CI', Br’, I" and thiourea.

HNO, + H" + SCN" 5 ONSCN + H,0 4)

Nitrosating agents such as ONSCN, N,Os and H,NO," react with ammonia to generate

nitrogen gas as outlined in Reactions 5-7°:

ONSCN + NH; — N, + SCN" + H' + H,0 (5)
N203 + NH3 = N2 + HN02 + HQO (6)
H,NO," + NH; —» N, + H,O + H" (7)

As can be seen in Reactions 5-7, the reactive form of ammonia is NHs, owing to the
lone pair of electrons which make NH; a much better nucleophile than its protonated
from, NH, "1 However, NHj is a weak base, and under conditions relevant to explosive
sensitisation, the overwhelming majority of NHj is in the form of unreactive NHy ions

(pK, NH;" = 9.2)!". Thus, under the low pH conditions required to generate nitrosating

14
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agents, the concentration of reactive NH; is very low, resulting in a slow reaction rate.

The rate expressions for each nitrosating agent are shown in Equations 5a-7a’.

Ny ] _ ksK ,[H*[HNO,1[SCN~][NH ;] (5a)
L kok, [HNOYINOS 1 (N (62)
d[z 2] _ k7 K5[H " [HNO,][NH,] (7a)

where square brackets denote the concentration of the species in solution. It can be seen
that the rate of the ONSCN pathway is first order in nitrous acid, hydrogen ion and
thiocyanate concentrations. The N,O; reaction rate is second order in nitrous acid,
whilst the H,NO," pathway is first order in both nitrous acid and hydrogen ion
concentrations. Equations 5a-7a, in conjunction with the known reaction equilibria of
1-4 can be employed to determine both the rate of nitrogen formation and the
concentrations of species present in the solution. Knowledge of the species present
during ammonia nitrosation under various reaction conditions is important, because it is
likely that NOy formation results from parallel reactions of the same species responsible
for N, production. As such, this literature review focuses on NOy formation from
species present during explosive sensitisation. This review identified that nitrous acid
and nitrosyl thiocyanate were both capable of undergoing decomposition reactions at
room temperature leading to NO,'* >, The following sections provide a detailed

discussion of the prior literature on these reactions.
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2.2 Decomposition of nitrous acid and related reactions

Motivation for the study of nitrous acid decomposition is diverse, with the reactions
playing important roles in many industrial and environmental processes. Industrially,
the decomposition of nitrous acid is a significant process occurring in the manufacture

.. . . . . 14. 15
of nitric acid, wherein a gaseous NOy stream is absorbed in water ™

and in synthesis
reactions involving nitrous acid (i.e., nitrosation reactions) where the NOy side products
pose a toxicity hazard" '°. In atmospheric chemistry, the reactions of nitrous acid and
NOy have received attention owing to their importance in acid deposition on the earth’s
surface and their role in smog formation'’, whilst the reactions may be of biological
importance under certain conditions where nitrous acid decomposition could contribute
to NO production in the body'®. The decomposition of nitrous acid can be employed as
a source of NO in the laboratory'’, and has been implicated in the release of nitrogen
oxides from plants®. Because of these considerations, the kinetics of nitrous acid

decomposition have received considerable attention in the literature, however, the

reported rate constants exhibit significant disagreement.

The decomposition of nitrous acid was first examined by Abel and Schmidt*', who
studied the reaction in a well mixed gas-liquid reactor assuming that dissolved NO was
in equilibrium with the gas phase in accordance with Henry’s law. The reaction was
discovered to have a stoichiometry of three moles of nitrous acid decomposing to
produce two moles of NO and one mole of nitric acid, and to have a rate law fourth

order in nitrous acid and inversely proportional to the square of the NO partial pressure.

3HNO, — 2NO + NO5;™ + H' (8)

17
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=—= (8a)

This rate law can be rationalised by assuming that nitrous acid is in equilibrium with
dissolved NO and NO; (Reaction 9) and that the hydrolysis of NO; is rate limiting
(Reaction 10). A derivation of Equation 8a is provided in Appendix A. The hydrolysis
of NO, comprises a reaction second order in NO, concentration, whilst two moles of
nitrous acid are required to produce one mole each of NO and NO,, yielding an overall

rate law that is fourth order in HNO, (Equation 11).

2HNO; S NO + NO; + H,O ko, k-9 9)

2NO, + H,0 5 HNO, + NO; + H' kio, k=10 (10)

d[HNO,| 3k Kg[HNO,]* 0
i (VO] (b

Reactions (9) and (10) proceed via N,O3 and N,O, intermediates, respectively, however,
this distinction is not important kinetically provided that these species are at
equilibrium. Under typical conditions of explosive gassing, the formation of N,O3 has
been shown to be sufficiently rapid for N;Os to be in equilibrium with HN029, whilst
the rate of formation of N,Oy4 is considerably faster than the hydrolysis of NO; and as

such, NO, exists in equilibrium with N204.22 This mechanism has been confirmed in a

18
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number of independent studies, which have been reviewed in detail by Schwartz and

White?.

Schwartz and White” performed a comprehensive review of experimental studies
related to the absorption of NO and NO; in water. Part of that study reviewed the
decomposition of nitrous acid, which is the reverse process of NOy hydrolysis. The
review by Schwartz & White recommended a set of values for the rate constants of (9)
and (10) based on a consensus of literature values. A major deficiency of the values
recommended by Schwartz and White for determining the rate of nitrous acid
decomposition is that many of the studies reviewed were concerned with either Reaction
9 or 10 occurring in isolation. Thus, the recommended value of k¢ comes from the

* and the diazotisation

isotope exchange experiments of Bunton and Stedman’
experiments of Hughes and Ridd * and assumes that the reaction proceeds through an
N,O3 intermediate, with NO and NO, in equilibrium with N,O;. The value of k;y) was
recommended based on a consensus of rate constants from studies concerned with the
dissolution of gaseous NO, in water and the pulse radiolysis or flash photolysis of
nitrite solutions, for which different estimates of the rate constants varied over an order
of magnitude. Although the selection of the “recommended” values in themselves
appears quite reasonable, it is unclear whether the combination of rate constants
determined by different methods will result in the correct value of K92k10. For example,
the quantity K92k10 determined from the individual rate constants of Schwartz and White
is 2.4 x 10° M's™, which is a factor of 2.5 larger than the value of 9.4 x 107 M's™
inferred from the data of Abel and Schmidt*' assuming a Henry’s constant for NO of

1.9 x 10° M atm™.?® Thus, it is unclear which rate constants should be selected when

attempting to accurately model the formation of NO from nitrous acid decomposition.
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A number of studies have been published since the review of Schwartz and White, the
results of which are summarised in Table 2.1. There are considerable differences in the
reported rate constants, which has a dramatic effect on the predicted rate of NO
production. In addition, the hydrolysis of NO, has been recently studied with ks
determined as 4.8 x 10" M's™.?"  Figure 1 illustrates the discrepancies in the literature

rate constants, wherein the production of NO from the decomposition of a 0.01 M

nitrous acid solution has been simulated based on the rate constants of the studies in

Table 2.1.

Table 2.1. Summary of rate constants for nitrous acid decomposition

Park and Beake and | Schwarz and Ram and
Lee' Moodie®® White® Stanbury29
(22 °C) (25 °C) (25 °C) (25 °C)

ko M 's™T) 134+ 1 15 5.6 10-25
1.58  0.13

ko M'sh x 108 9.00 x 10" | 3.00 x 10’ 1.75 x 10°

Ko 838x10° [1.67x107 |1.87x10" 5.7-143 x 10°
840+ 1.5

koM 's™) x 107 1.00 x 10* | 7.00 x 107 5.00 x 10’

k.o (M7sT 0 0.005 0.0089 0.0122

kiokeMT'sh) [5.9x107 [2.8x10° [2.4x10° 0.16-1.0 x 10

20




[NO] (mM)

CHAPTER 2 — Literature Review

06 |
05 |
0.4
0.3

02 |

0.1

Ram & Stanbury

Ram & Stanbury

Park & Lee (1988)

(1985) (lower)
(1985) (upper)

Beake & Moodie (1995)
— — — — Schwartz & White (1983)

0 1 T 1 1 T 1 1 1 T

150
Time (s)

200

Figure 2.1: Formation of nitric oxide predicted using different rate constants for

HNO; decomposition

As demonstrated in Table 2.1, there are significant differences in the rate constants

determined for nitrous acid decomposition reported in the literature, which could cause

significant error when attempting to model the formation of NO from these reactions. It

is therefore of great interest to determine the correct values of the rate constants that are

required to accurately model the formation of NO from nitrous acid decomposition.

The studies cited in Table 2.1 and Figure 2.1 are discussed below, with potential reasons

given for the discrepancies in the reported rate constants.

Perhaps the most comprehensive individual study to date is that of Park & Lee,'? who

determined both the forward and reverse rate constants of Reaction 9 and the forward
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rate constant of Reaction 10. The decomposition of HNO, was studied using a gas-
liquid reactor with the gas phase concentrations of NO, NO, and HNO, measured using
a chemiluminescence NOy detector. The decomposition kinetics were analysed by
assuming steady state concentrations of NO and NO,, and by determining the
convective mass transfer coefficient of their reactor setup by measuring the rate of CO,
dissolution in separate experiments. These authors also studied the temperature
dependence of the reactions, but did not calculate activation energies owing to
uncertainties in the measurements at temperatures other than 22 °C, because the mass
transfer coefficient was only measured at that temperature. The rate constants
determined in this study are considerably lower than those recommended by Schwartz
and White, being smaller by a factor of four. The rate constants would be expected to
be marginally smaller due to the slightly lower temperature used in this study (22 °C
versus 25 °C for the others), however, this would not account for the size of the

discrepancy.

Beake & Moodie™ have studied the decomposition of HNO, in the presence of
dissolved oxygen, determining the change in nitrous acid concentration with time from
the UV absorbance of nitrous acid at 385 nm. In the presence of oxygen, the oxidation
of NO by O also occurs, which will influence the reaction kinetics by reducing the NO

concentration.

2NO + 0, — 2NO, ko> (12)
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The approach taken was to assume values of the rate constants ko, k;p and k;, from the
literature and to determine the value of k¢ by solving the set of ordinary differential
equations describing the reaction mechanism and varying k.o to provide the best fit to
their experimental data. The results provide a value of ngkm that is similar to that of
Schwartz & White, and considerably larger than that of Park & Lee. It is important to
note, that whilst Beake & Moodie claim to be determining k.o, the result would actually
depend on the initially chosen value for k9 as Reaction 9 is at equilibrium under these
conditions. The rate constants determined in this study would be sensitive to the value

of k;> chosen, as under these conditions, Reaction 12 is partially rate limiting.

Ram and Stanbury” examined the reactions of the IrCle®”* redox couple in nitrous acid
over a variety of nitrous acid, nitrate and hydrogen ion concentrations. Reaction 13,

shown below, was found to occur in parallel with Reactions 9 and 10.

H,0 + IrClg” + NO S IrClg” + HNO, + H' (13)

The rate and equilibrium constants for Reaction 13 were determined under conditions
where the rate did not depend on the rates of Reactions 9 and 10. The reactions were
then studied under a range of conditions where Reactions 9 and 10 influence the
kinetics, including a range of acidities (pH 0-7), initially starting with either IrCl¢> or
IrClg’ and also in the presence of nitric acid to promote the reverse of (10). The value
for the rate constant kg was adjusted to give the best fit to the data, with values of k¢ and
k1o chosen from the literature and adjusted slightly to improve the fit. The resulting

values of ko ranged from 10 to 25 M's™ depending on the experimental conditions,
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leading to K¢’k; values of 0.16 — 1 x10° M's™. These values are considerably lower

than those of Schwartz and White, but bracket the value of Park and Lee.

Despite the widespread interest in the decomposition of nitrous acid and agreement on
the reaction mechanism, there is no general consensus on the correct values of the rate
constants, with differences in the reported values of about an order of magnitude (for
Ko’kjg). Discrepancies in the results reported are likely caused by the differences in the
methods used for studying the reaction and the assumptions employed when analysing
the data, for example, Park and Lee assumed that the concentrations of NO and NO,
were in steady state and that the mass transfer characteristics of NO and NO, were the
same (and equal to that of CO,), the results of Ram and Stanbury depended on the
values employed for rate constants of parallel reactions pathways (i.e. Reaction 13),
whilst the results of Beake and Moodie depended on the assumed initial concentration
of oxygen and value of k;,. Therefore, it would be desirable to study the decomposition
of nitrous acid without the following complications (1) mass transfer between the
aqueous and gas phase and (2) the presence of parallel reaction pathways that influence
the reaction kinetics. This can be achieved by monitoring the decomposition of nitrous
acid spectrophotometrically, with precautions taken to prevent any transfer of gases in
or out of the reacting solution. Such conditions can be readily achieved in a stopped
flow mixing device, wherein two reactant solutions contained in gas tight syringes are
mixed together rapidly before flowing to a UV-Vis observation cuvette. Such a study
may yield an accurate value for the quantity K92k10 to be used for modelling NO

formation from nitrous acid decomposition during nitrosation reactions.
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2.3 Decomposition of nitrosyl thiocyanate

2.2.1 Formation of ONSCN

The evidence for the existence of ONSCN originates from spectroscopic and kinetic
studies, which both indicate the presence of a species formed according to Equation 4 in
acidic aqueous solutions containing nitrous acid and thiocyanate ions. These solutions
have a characteristic red colour, the intensity of which is dependent on the
concentrations of H', SCN” and HNO,. The red coloured species has a broad absorption
band with a maximum at 460 nm (g460 = 100 M"'cm™), and an equilibrium constant of
32 M has been determined in perchloric acid medium®. The kinetic evidence for
ONSCN comes from the observation that a wide variety of nitrosation reactions are
catalysed by the presence of thiocyanate ions. The rate of the catalytic reaction is also
first order in the concentrations of H', SCN™ and HNO,, indicating that the same species

is responsible for the UV absorption and the catalysis caused by thiocyanate ions'.

HNO, + H" + SCN" 5 ONSCN + H,0 4)

_ [ONSCN ]
| [HNO, |scN |

(14)

K ONSCN

The high value of the equilibrium constant for formation of nitrosyl thiocyanate
(Konscny) makes thiocyanate ions a powerful catalyst for nitrosation reactions. Similar
catalytic mechanisms are observed for other nucleophilic species, including CI’, and Br,
which form the corresponding nitrosyl halides ONCI and ONBEr, although the catalytic

effect is less pronounced due to their smaller formation constants’. The apparent value
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of Konscn varies considerably with ionic strength and has been reported as 21.0, 28.6,
36.3 and 44 M for ionic strengths of 0.42, 1.02, 1.42 and 2 M respectively'”. Jones et
al®® also measured the equilibrium constant in perchloric acid and found similar
increases in the equilibrium constant with increasing perchloric acid concentrations. In
the cases above, the reported equilibrium constant is an apparent equilibrium constant.
That is, it is determined classically from the concentrations, and does not take into
account the changes in activity coefficients of the species involved. The apparent
increase in the equilibrium constant is therefore postulated to be caused by changes to
the activity coefficients’®, however, the activity coefficients have not been estimated

due to absence of data for the activities of SCN™ in HC1O4.

An alternate explanation posed by Bazsa and Epstein’' is that the red species observed
is in fact ONSCNH'" not ONSCN. A species of this stoichiometry gives an
approximately constant value of Koyscn for perchloric acid concentrations ranging from
1 to 6 M. This claim is strongly refuted by Jones et al. (1996)*° who cite the kinetic
evidence that the species is ONSCN (i.e., the rate law for its formation is A{H']J[SCN"
J[HNO;]) and note that, owing to changes in activity coefficients, there is no
requirement for the observed equilibrium constant to remain the same with increasing
ionic strength. The activity coefficient of hydrogen ions in concentrated acids is
substantially higher than unity’’, explaining the increase in apparent equilibrium

constant with ionic strength, showing that the formula ONSCN is indeed correct.

26



CHAPTER 2 — Literature Review

2.3.2 Decomposition of ONSCN: Background and potential pathways

ONSCN is known to be unstable in pure form, decomposing readily even at

temperatures approaching -60 °C to form nitric oxide and thiocyanogen™.

20NSCN — 2NO + (SCN), (15)

Dilute aqueous solutions of ONSCN are relatively stable, however, the red colour of the
solutions is observed to fade over time with evolution of bubbles of NO'. Despite its
widespread application as a catalyst for nitrosation reactions, the kinetics and
mechanism of ONSCN decomposition appear not to have been previously studied.
Thus, it is of interest to determine the kinetics and mechanism of ONSCN
decomposition in order to assess the contribution of ONSCN to the formation of NOy

during explosive sensitisation.

Whilst the mechanism for the decomposition of ONSCN in particular has not been
studied, the mechanisms for decomposition of other related species, including
thionitrites (i.e. RSNO), nitroso thioureas and nitrosyl halides have received some
attention in the literature. RSNO compounds, in particular, have been of considerable
interest to biochemists, owing to their importance as a source of nitric oxide in the body.
The decomposition of these species is known to yield the disulfide and NO, the

formation of which has been postulated to occur via two parallel pathways34.

RSNO = NO + RS (16)

2RS — RSSR (17)
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RSNO + RS — RSSR + NO (18)

The first pathway involves the homolytic fission of the S-NO bond to form NO and a
thiyl radical. Two thiyl radicals then combine, forming the disulfide. The second

pathway for disulfide formation involves the substitution of NO for RS in the thionitrite.

The decomposition of nitroso-thioureas has also been studied. Two pathways have been
proposed, the first involving the reaction between a thiourea molecule and nitroso-
thiourea (Reactions 19 & 20), which generates a positively charged disulfide radical.
The second pathway involves a bimolecular reaction between two nitroso-thiourea
molecules (Reaction 21) yielding the products, formamidine disulfide, and two

molecules of NO®.

(NH,),CS + [(NH;),CSNO]" = [(NH,),CSSC(NH,),]" + NO (19)
2[(NH,),CSSC(NH,),]” — [(NH2),CSSC(NH,),]*" + 2(NH;,),CS (20)
2[(NH,),CSNO]" — [(NH,),CSSC(NH,),]*" + 2NO (21)

[(NH,),CSSC(NH,),]" + XNO — NO + [(NH,),CSSC(NH,),]*" + X (22)

By analogy with the decomposition of thionitrites and nitroso-thioureas, three possible
decomposition pathways for ONSCN could be expected. Pathway 1 involves the

homolytic fission of the S-N bond of ONSCN to generate NO and SCN radicals, with
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SCN reacting either by a radical combination reaction to generate (SCN),, or via
substitution with NO in ONSCN, to yield (SCN), and NO. Both routes of SCN
consumption lead to the same overall stoichiometry given in Equation 15. Pathway 2
involves the reaction between SCN™ and ONSCN to generate NO and (SCN), radicals,
which is analogous to the reaction between thiourea and nitrosothiourea (19). The third
potential pathway is a second order reaction in ONSCN, directly generating NO and
(SCN),. This pathway is analogous to Reaction (21) in the decomposition of nitroso-

35, 36

thiourea and the oxidation of iodide ions by HN023 738 \which has a term that is

second order in nitrosyl iodide concentration.

Pathway 1:
ONSCN = NO + SCN (23)
2SCN — (SCN), (24)
ONSCN + SCN — NO + (SCN), (25)
Pathway 2:
SCN" + ONSCN = NO + (SCN), (26)
Pathway 3:
20NSCN — 2NO + (SCN), (15)

Pathways 1 and 2 are both inhibited by nitric oxide, pathway 2 depends on the

concentration of thiocyanate ion whilst Pathway 3 depends only on the concentration of
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nitrosyl thiocyanate. It should therefore be possible to determine which, if any, of these
pathways are significant by examining the decomposition of ONSCN over a range of

SCN", ONSCN and NO concentrations.
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3.1 Experimental methods

3.1.1 Stopped flow UV-Vis spectrophotometry

Stopped flow UV-Visible spectrophotometry was employed to examine the kinetics and
equilibria associated with nitrous acid and nitrosyl thiocyanate decomposition. The
stopped flow apparatus affords a mechanism for rapidly mixing two solutions, as well
as providing an anaerobic environment. The flow circuit of the stopped flow apparatus
consists of two drive syringes, a mixing tee, observation cell and a stopping syringe.
For a kinetic run, the drive syringes are loaded with solutions containing the species to
be reacted. The drive syringes can be actuated either pneumatically or by hand,
propelling the solutions through a section of tubing to a mixing tee, before the solution
flows through the observation cell to the stopping syringe. The piston in the stopping
syringe expands until it contacts a rigid barrier, preventing further flow of fluid through
the system. At the instant immediately prior to stopping, the flowing solution has
achieved a high velocity and only a small time period elapses between the mixing point
and the observation cell, thereby enabling measurement of rapid reactions. The dead
time of a stopped flow instrument is defined as the time elapsed between the mixing
point and observation cell and governs the maximum reaction rate that can be observed
in a particular instrument. Typical dead times are on the order of a few milliseconds,
affording kinetic measurements of reactions with first order rate constants up to

approximately 200 — 2000 s™." Figure 1 shows a schematic of the stopped flow circuit.

37



CHAPTER 3 — Experimental and computational methods

Detector
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UV-Vis lamp @

Figure 1: Diagram of stopped-flow apparatus

Nitrous acid and nitrosyl thiocyanate exhibit characteristic UV or visible spectra®”,
allowing their concentrations to be determined from absorbance readings in accordance
with Beer’s Law, which states that the absorbance at a particular wavelength is
proportional to the concentration of the species and the distance that the light travels
through the solution (i.c., the cell path length). In the case of nitrous acid
decomposition, solutions of nitrous acid were generated in situ using the stopped flow,
by mixing a solution of sodium nitrite and a solution of perchloric acid (Reaction 1).
Similarly, for the study of nitrosyl thiocyanate decomposition, nitrosyl thiocyanate was
generated by mixing a solution containing both sodium nitrite and sodium thiocyanate
with a solution of perchloric acid, forming ONSCN in accordance with Reaction 2.
Both nitrous acid and nitrosyl thiocyanate are formed rapidly, and the kinetics of their

decomposition can be monitored by the decreasing absorbance at specific wavelengths.

NO, + H" = HNO, (1)

H' + HNO, + SCN" = ONSCN + H,0 (2)
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The apparatus employed in the present study consisted of a RX-2000 stopped flow rapid
mixing accessory equipped with anaerobic accessory from Applied Photophysics,
coupled to a Varian Cary50 UV-Visible spectrometer. The spectrometer was operated
with a data acquisition rate in single wavelength mode of 80 Hz and had a spectral
resolution of 0.15 nm. The drive syringes of the RX-2000 were surrounded by water
connected to a constant temperature circulating water bath at the desired reaction
temperature, whilst the observation cell was housed in a thermostatted cell holder
regulated by a Varian Cary single cell Peltier temperature controller to within + 0.1 °C.
The procedure for an experiment involved firstly removing oxygen from the reactant
solutions by bubbling with nitrogen gas for at least 15 min. Degassing for longer times
produced identical results. Prior to each experiment, the stopped flow apparatus was
flushed with de-oxygenated water and a baseline absorbance reading taken and stored in

the Varian software to be automatically subtracted from subsequent readings.

3.1.2 Gas analysis

Analysis of gases was performed by Fourier transform infrared spectroscopy (FTIR),
membrane inlet mass spectroscopy (MIMS)’ and a nitric oxide chemiluminescence
detector. The FTIR was a Varian IR-600 with 0.5 cm™ resolution used in conjunction
with a 10 m path length gas cell. The long path length of the gas cell permitted reliable
measurement of low gas concentrations and of weakly absorbing species. To collect the
gaseous products of ONSCN decomposition, a 50 ¢cm’ round bottomed glass reactor
containing a solution of SCN™ and NO;" at pH > 7 was de-oxygenated by flushing with
nitrogen for 30 min, prior to adding a small volume of 2 M HCIO4 though a septum side
port in the reactor, forming ONSCN in-situ. The product gases were purged from the

reactor with high purity nitrogen gas, dried by passage over a column of silica gel and
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collected in a 3 L gas transfer bag for analysis. Removal of water vapour from the
sample for the FTIR analysis was essential owing to the interference of the water
spectrum with other products of interest. It was established in separate experiments that
silica gel did not adsorb NO, by comparing the spectrum of a 1000 ppm NO calibration

gas before and after passage over the column.

Prior to analysis, the FTIR gas cell was evacuated and flushed with high purity nitrogen
three times before taking a background spectrum. The cell was subsequently loaded
with the sample for scanning, with the background being automatically subtracted from
the sample spectrum by the Varian software. The QASoft program (Infrared Analysis
Inc.) was employed to determine the concentrations of gaseous species from the FTIR
spectrum. The program utilises a region integration and subtraction (RIAS) method to
determine the concentrations based on standard spectra from the QASoft database. The
absorbance of traces of water vapour was subtracted from the sample spectrum prior to

the analysis, by employing a water spectrum recorded on the same instrument.

Membrane inlet mass spectroscopy experiments were performed using a Pfeifer
Thermostar quadrupole mass spectrometer. The end of the capillary from the MS was
housed within a 1 cm length of semi-permeable Silastic tubing mounted on a stainless
steel tube as described by Tu et al.” The Silastic tubing permitted diffusion of dissolved
gases whilst excluding water, thereby enabling direct measurement of dissolved gas
concentrations. In particular, this method was employed to determine if nitrogen was a
product of the ONSCN decomposition reaction. This was necessary because N, does

not absorb infrared radiation and hence cannot be detected by FTIR. In these
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experiments, the solution was degassed with high purity argon to remove oxygen and
nitrogen present from air. The purge gas was turned off at the start of the experiment.

Analysis of gaseous nitric oxide concentrations was performed with a Thermo 42i-HL
nitric oxide analyser. The analyser utilises the chemiluminescent reaction between
nitric oxide and ozone to quantify the concentration of nitric oxide in a gas stream. The
reaction between NO and O; produces electronically excited molecules of NO,, which
release light upon relaxation to the ground state, with the intensity of light emitted being

proportional to the concentration of NO°:

NO + O3 — NO," + 0, (3)

NO, — NO, + hv (4)

The analyser was calibrated weekly with a cylinder of 1016 ppm nitric oxide in
nitrogen, supplied by Coregas Pty Ltd. Linearity of the response was confirmed by
accurately diluting the calibration gas with high purity nitrogen by means of two mass

flow controllers.

3.1.3 Aqueous and membrane inlet reactors

The stopped flow UV-Vis apparatus was unsuitable for studying the decomposition of
nitrous acid in concentrated ammonium nitrate solutions, owing to the production of
nitrogen bubbles formed by the reaction between nitrous acid and ammonia and the high
concentration of nitrate ions. The formation of nitrogen bubbles within the stopped
flow cell results in light scattering, producing an artificial increase in absorbance, whilst

the high nitrate ion concentration reduces the rate and extent of the decomposition
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reaction. Consequently, an alternate method was required in order to study the
decomposition of nitrous acid in concentrated ammonium nitrate solutions. For this
purpose, two reactor setups were trialled, comprising a partially filled gas-liquid reactor
with gas phase analysis of NO concentrations, and a novel membrane inlet

chemiluminescence detector setup.

The first apparatus comprised a 125 cm’ round bottomed flask with septum side port,
operated partially filled with ammonium nitrate solution, and agitated by means of a
magnetic stirrer. The reactor was immersed in a water bath to maintain the desired
reaction temperature. To initiate reaction, 1 cm® of concentrated sodium nitrate solution
was added to an acidified solution of ammonium nitrate. Nitrogen gas was supplied to
the headspace of the reactor and the flow regulated to between 40 and 100 cm® min™ by
means of a mass flow controller. The gaseous concentration of NO was determined
with the Thermo 42i-HL chemiluminescence nitric oxide analyser. The transport of
nitric oxide from the aqueous to gas phase was modelled by means of an overall mass

transfer coefficient’ as outlined in Equation 5.

Ry = Ky (INO]-[NO]gp) (5)

where Ry is the rate of mass transfer (mol s'l), Kyr 1s the overall mass transfer
coefficient (L s™), [NO] is the concentration of nitric oxide (mol L) and [NO] Eo 1s the
aqueous concentration of nitric oxide that would exist in equilibrium with a given gas
phase partial pressure of NO. [NO]gp can be determined by employing Henry’s law,
which states that the concentration of a dissolved gas is proportional to the gas phase

partial pressure of that species:
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[NOlgg = knoPno = knoCnoRT (6)

where kyo is the Henry’s law constant for nitric oxide (mol m™ Pa™), Pyo is the partial
pressure of nitric oxide (Pa), Cyo is the gas phase concentration of nitric oxide (mol m”
%), R is the gas constant (J mol™ K™') and 7 is the absolute temperature (K). Substituting
Equations 5 and 6 into a mass balance over the gas and liquid phases of the reactor

yields Equations 7 and 8.

d[NO] kynoRTK 47 Kyr
= Cno ——ML[NO 7
0 Voo NO Vg [NOJ+ ryo (7)
dCyo _ Kyr NO- (v +kN0KMTRT)CNO &

dt

gas gas

where V,, is the volume of solution in the reactor (L), ryo is the rate of nitric oxide
generation by chemical reaction (mol L™ s™), Vgas 1 the volume of gas in the reactor (L)
and v is the volumetric gas flowrate into the reactor (L s™). If the mass transfer
coefficient for the reaction is known, Equations 7 and 8 can be solved simultaneously
for a given set of initial conditions to yield »yo versus time. Equations 7 and 8 consist
of a coupled set of ordinary differential equations and were solved numerically using
the Polymath 5.0 stiff ordinary differential equation solver. In the absence of chemical
reaction, K,r represents the only unknown term in Equations 7 and 8. As such, the
mass transfer coefficient was determined in separate experiments by injecting a small

volume of a solution saturated with nitric oxide into the reactor. The parameter Ky r

43



CHAPTER 3 — Experimental and computational methods

was determined by adjusting this variable in the Polymath simulations to provide the
best fit to the experimental data. The length of tubing connecting the reactor to the
analyser resulted in a delay between the injection of NO and the first NO reading. This

delay was accounted for by shifting the times of each data point by a constant amount.

The second apparatus employed to study nitrous acid decomposition in concentrated
ammonium nitrate solution comprised a novel membrane inlet reactor coupled to the
Thermo 42i-HL nitric oxide analyser. The apparatus consisted of a 125 c¢cm’ round
bottomed flask with septum side port containing a magnetic stirrer and was mounted in
a water bath to maintain a temperature of 25 °C in all experiments. Measurements of
nitric oxide in the reactor were performed using a membrane inlet NO probe. A similar
system has previously been employed for the measurement of nitric oxide by mass
spectrometry”™®. The reactor was partially filled with liquid, and the probe positioned in
the centre of the vessel such that the membrane section was exposed to the gas phase.
The motion of the magnetic stirrer created a vortex, with the probe located in the centre.
The probe consisted of a section of Dow Corning laboratory silastic tubing (catalogue
number 508-006) mounted on 1/16” (1.588 mm) stainless steel tubing. The stainless
steel tubes were mounted in a rubber stopper inserted in the top of the reactor. The
silastic tubing acts as a selective membrane that allows passage of nitric oxide whilst
being relatively impermeable to water. Nitric oxide diffusing through the membrane
was collected by a flowing stream of nitrogen gas for analysis using the Thermo 42i-HL

chemiluminescence NOy analyser.

The advantage of the membrane inlet setup over direct gas phase measurements of NO

was that it enabled the concentration of NO in the gas phase of the reactor to be
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established without the need for a purge gas to pass through the headspace. This
permitted the accumulation of NO in the gas phase over time to a point where the gas
and aqueous phase NO concentrations reached equilibrium, at which time the aqueous
NO concentration was determined using Henry’s law. To maintain a constant pressure
in the reactor, a syringe was mounted in the rubber stopper at the top of the reactor, and
the plunger allowed to expand with the increase in the gas volume (owing to the
production of gaseous NO, and N;). The reactor-probe setup was calibrated by
generating a known concentration of nitric oxide via the reaction between nitrous and
ascorbic acids’. Figure 2 presents a diagram of the membrane inlet reactor apparatus,

whilst Figure 3 provides a typical calibration plot.

/ -
Rubber stopper

Stainless steel tubing

Gas inlets and outlets

125 ecm® glass reactor with

septum side port Silastic membrane

Water surface

Magnetic stirrer bar

Figure 2: Diagram of membrane inlet reactor apparatus for measurement
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Figure 3: Calibration plot for membrane inlet reactor

3.1.4 Measurement of NO solubility in concentrated nitrate solutions

The solubility of nitric oxide in solutions of NaNO; and NH4NO;3; was established by
first saturating the solutions with nitric oxide, and determining the concentration of
dissolved NO using the chemiluminescence analyser, as described below. Saturated
solutions of nitric oxide (NO) were generated by first flushing the target solution with
N, to remove oxygen, prior to bubbling with NO generated via the reduction of nitrous
acid by ascorbate'®. The reaction of ascorbic and nitrous acids produces two moles of

nitric oxide per mole of ascorbic acid.
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OH OH

o o
HO o HO 0

_ + 2HNO, — 2NO + + 2,0 (9)

HO OH ¢} (¢}

The apparatus employed to generate the NO solutions consisted of a 50 cm® reaction
flask, with the inlet connected to a supply of high purity nitrogen. The reactor was
filled with 40 cm® of a solution containing approximately 0.375 mol L™ ascorbic acid
and 0.75 mol L™ HCIO, prior to purging the system of air using N,. The N, purge was
stopped after 30 min and a steady flow of NO initiated by adding a 25% solution of
sodium nitrite dropwise to the reactor via a syringe inserted through a rubber stopper.
The NO flowed through a scrubber containing a 0.1 M NaOH solution to trap any traces
of NO, formed in the first reactor, before bubbling through the target solution contained
within a 10 cm’ reaction flask with septum side port. The reaction flask containing the
salt solution was placed in a water bath at the desired temperature, and the NO allowed
to bubble through the solution for a period of approx 20 min. Over this time, 0.7 L of
NO was produced, corresponding to an average flow rate of 35 cm® min™. After half of
the NO had been produced (i.e., 10 min), a 0.5 cm’ sample of NO saturated solution was

withdrawn from the reactor by means of a gas tight syringe.

The NO solution was injected into a second reactor that was continually purged with
nitrogen gas supplied through a mass flow controller, with the outlet of the reactor
connected to the Thermo 42i-HL nitric oxide analyser. This enabled the total amount of
NO contained in the solution to be determined, allowing calculation of the NO

solubility at a particular ammonium nitrate concentration. A second sample of solution
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was taken and analysed with the same method just before the production of NO ceased
(after approx 20 min). Comparison of the concentration determined in the two samples
taken after different exposure times provided confirmation that the solutions were
indeed saturated with NO, as identical concentrations were determined. Figure 4 shows

a diagram of the apparatus.

Gas outlet to exhaust

NH,;NOj; solution

Water bath

Figure 4: Diagram of apparatus employed to generate salt solutions saturated with

nitric oxide

3.1.5 Emulsion preparation and NOy measurements

Emulsion explosives consist of a concentrated ammonium nitrate solution dispersed
within a continuos hydrocarbon phase. The oxidiser phase of the emulsion
(discontinuous phase) typically constitutes approximately 94 % of the emulsion mass
and comprises a 75 % w/w ammonium nitrate solution. The continuous phase (fuel
phase) constitutes the remaining 6% of the emulsion mass and typically contains a
mixture of diesel fuel and a polyisobutlylene succinic anhydride (PIBSA) based
emulsifier''. To prepare the emulsion, the oxidiser phase components were weighed
into a stainless steel jug, and heated to 80 °C with continuous stirring to dissolve all of
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the ammonium nitrate. Once the ammonium nitrate was dissolved, the pH of the
solution was adjusted to 5 by addition of concentrated sodium hydroxide solution. The
fuel phase was weighed out in a separate stainless steel container and heated to 60 °C.
The emulsion was formed by slowly pouring the oxidiser phase solution into the fuel
phase with continual stirring by an overhead mixer, over a period of 60 s. The speed of
the mixer was increased gradually from 600 to 1700 rpm over a further 120 s, or until
the viscosity had reached between 22 — 28 Pa s. Viscosity measurements were

performed on a Brookfield RVDVII+ viscometer with no. 7 spindle at 20 rpm.

The standard process for gassing an emulsion explosive in the laboratory involves
consecutive addition of concentrated acetic acid (45 % w/w solution in water) and
sodium nitrate solutions (25 % w/w solution in water) to the emulsion, mixing each
solution for a period of 30 s. The emulsion is then weighed into a stainless steel cup of
known mass and volume. A spatula is used to scrape the emulsion from the top of the
cup, such that the emulsion is level with the rim of the cup, and the initial mass
recorded. As gas is produced, the emulsion expands over the rim of the cup, and the
excess emulsion is removed with a spatula and the cup re-weighed. The density change
of the gassed emulsion can then be determined from the change in the mass of emulsion
held within the cup. This type of experiment enabled determination of the time taken

for complete gassing to occur.

A similar procedure was employed to determine the level of NOy produced during
gassing, except that in this case the gassing process occurred within a sealed glove box.
The apparatus consisted of the Thermo 42i-HL NOx analyser connected to a plastic

glove box with a volume of 50 L, similar to the apparatus described by Vestre (2003)"2.

49



CHAPTER 3 — Experimental and computational methods

A cylinder of nitrogen gas and a flow meter enabled the box to be purged with nitrogen
prior to the start of experiments. A container holding a known mass of emulsion, along
with syringes holding the gassing chemicals were loaded into the glove box. The box
was then sealed to the atmosphere, and flushed with nitrogen for at least 15 min at a
flow of 10 L min™'. After this time, the gas flow was reduced to 25 cm’ min'l, and the
gassing chemicals were added sequentially to the emulsion. The concentration of
nitrogen oxides in the box was continually monitored using the NOy analyser. After
gassing was substantially complete (typically around 90 min), the gas was stirred out of
the emulsion using a spatula, liberating any NOy contained within the emulsion gas

bubbles, and a final NOy reading taken. Figure 5 shows a diagram of the apparatus.

Glove box
|
Flowmeter l

T~ Tee

Y)—Q Q

MFC

Three-way valve

Nitrogen
—
D
(¢]

[
y
—O

NO4
Analyser

Figure 5: Diagram of apparatus for NO, measurements during emulsion gassing
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3.2 Computational methods

This study employed computational chemistry to examine the reaction mechanisms of
the decomposition of nitrous acid and nitrosyl thiocyanate. Computational chemistry
utilises the principles of quantum mechanics to determine the structure, energy and
reactivity of molecules. It is particularly useful for studying systems or species that are
difficult to observe experimentally, including short lived intermediates and transition
structures. The overall decomposition reactions of nitrous acid and nitrosyl thiocyanate
comprise complex sequences of elementary reaction steps. Many of these reactions
involve intermediate species present at very low concentrations, making them near
impossible to observe experimentally. In this manner, computational chemistry has
been employed to explore the elementary reactions involved in nitrous acid and nitrosyl
thiocyanate decomposition, to study the properties of proposed intermediate species that
could not be experimentally observed, and to investigate the thermodynamic feasibility
of reaction mechanisms proposed to explain the experimental results. This section
provides a discussion of the types of computational methods available including key
assumptions and limitations.  Detailed descriptions of specific computational

procedures are provided in the associated thesis chapters.

3.2.1 Ab-initio methods and basis sets

Ab initio, or first principles methods, determine the structure and energy of molecules

by solving the Schrédinger equation'.

HY(q;,491) = ErosY(q:591) (10)
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where H is the Hamiltonian operator, £, is the systems energy, ¥ is the wave function
and ¢g; and gy are the electronic and nuclear coordinates, respectively. The Hamiltonian
is composed of terms representing the electronic kinetic energy, the nuclear kinetic
energy and the potential energy. In practice, exact solutions to the Schrodinger equation
are possible only for systems with one electron and a series of approximations are
required in order to solve the Schrédinger equation for multi-electron systems of

practical interest.

The Hamiltonian contains pairwise attraction and repulsion terms describing the fact
that the motion of the particles is interdependent, or correlated. To simplify this
situation, the Born-Oppenheimer approximation'* can be invoked to separate out the
motion of the nuclei and the electrons. Owing to the larger mass of the nucleus, the
electrons in a molecule are moving much faster than the nucleus and, consequently, it is
assumed that the electrons in the system react instantaneously to changes in nuclear
position. As such, the nuclear positions are treated as parameters, reducing the
dimensionality of the problem and eliminating the difficulty in describing the nuclear
component of the wave function. Invoking the Born-Oppenheimer approximation

yields the electronic Schrédinger Equation':

(Hy +Vy)¥e(qi59;) = Eo¥er(g:59;) (11)

where H,; is the electronic Hamiltonian, Vy is a constant for a given set of fixed nuclear

coordinates, ‘¥,; is the electronic wave function, E,; is the electronic energy, ¢; denotes
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the electronic coordinates which are independent variables and ¢, denotes the nuclear

coordinates which are parameters.

The earliest ab-initio technique is the Hartree-Fock (HF) method, which forms the basis
of subsequent more accurate procedures'>. The HF method takes advantage of the
variational principle, that is, the computed energy of the system will always be higher
than the true energy, and solves the Schrodinger equation iteratively using a self
consistent field (SCF) method. The SCF process involves making an initial guess for
the molecular orbital coefficients, then solves the HF equations to yield a new set of
coefficients. The HF equations are then solved with the new coefficients and the
process iterated to convergence'>. The primary approximation employed in Hartree-
Fock calculations is the mean-field approximation, wherein the instantaneous
coulombic electron-electron repulsion (known as electron correlation) is not explicitly
taken into account; rather, the method considers the interaction of each electron with the

average charge distribution of all the other electrons in the molecule.

To solve the HF equations, the molecular orbitals are expressed as a linear combination
of atomic orbitals which describe the distribution of an electron around an atom. A
linear combination of atomic orbitals yields molecular orbitals, and a molecular wave
function corresponds to an antisymmetric combination of molecular orbitals. For
computational reasons, the atomic orbitals are approximated by a linear combination of
Gaussian basis functions. This combination of basis functions is known as the basis set.
The better the basis functions describe the true atomic orbitals, the more accurate will
be the calculations. However, to accurately describe the true atomic orbitals requires a

very large number of basis functions. The time taken to perform a calculation is highly
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dependant on the size of the basis set, and as such, there is a trade-off between the
accuracy of a calculation and the time required to perform it.

Basis functions are derived from atomic orbitals of hydrogen. They are combined in
sets to describe atomic orbitals of an element, with basis sets containing one, two and
three basis functions per atomic orbital denoted as single-(, double-{ and triple-C basis
sets respectively. In practice, chemical interactions between atoms affect the outer
valence electrons much more than inner core electrons, and it is common to use a larger
number of basis functions to describe the valence orbitals than the core orbitals. For
example, the 6-31G basis set'® uses two basis functions to describe the valence orbital
and one basis function for each core orbital. In this notation, the number 6 preceding
the hyphen denotes that each core basis function is constructed from six primitive
Gaussian functions, whilst the numbers 3 and 1 after the hyphen indicates that the
valence orbitals are described by two basis functions, one composed of three primitive
Gaussians and a second composed of a single primitive. Further additions to the basis
set include polarisation functions'” and diffuse functions'®. Polarization functions allow
greater flexibility in the shape of the orbitals and are necessary to take into account the
distortion of atomic orbitals which occurs as a result of bond formation. These are
denoted by letters appearing in parentheses following the basis function information.
For example, the 6-31G(d,p) basis set denotes that a d function is added to heavy atoms
and a p function to light atoms. Diffuse functions on the other hand are essential for
describing situations where there is a high electron density away from the nucleus,
including molecules with lone electron pairs or those carrying a negative charge.
Diffuse functions applied to heavy atoms are denoted by a plus sign (+), whilst two plus
sign indicate that diffuse functions are added to both light (i.e. hydrogen) and heavy

atoms.
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The errors introduced by neglecting electron correlation mean that the results of HF
calculations can be in significant error. With an infinite basis set, the difference
between the true energy and the HF computed energy results solely from the effect of
neglecting electron correlation. As such, significant effort has been expended in
developing methods that take into account electron correlation, including Maller-Plesset
(MP) perturbation theory'’, configuration interaction (CI)** and coupled cluster (CC)
methods®'. These methods attempt to modify the HF wave function to account for the
effect of electron correlation, and as such, have considerably improved accuracy.
However, the complexity of these calculations means that these procedures are
significantly more computationally expensive than the HF method. The CCSD(T)
method with a large basis set is considered the “gold standard” of the ab initio methods
and is capable of calculating enthalpies of reaction to within 4 kJ mol™.”” The
CCSD(T) method employs an exponential cluster operator to account for electron
correlation, with the notation signifying that both single and double excitations are

included with triple excitations accounted for pertubatively.

3.2.2 Density functional theory

The ab initio methods described in the preceding section attempt to determine a
molecule’s energy by calculating its wave function. An alternative approach is the
density functional theory (DFT), which determines the energy of a molecule based on
the electron density. The foundations for DFT are the Hohenberg-Kohn theorems®,
which demonstrate that the energy of the ground state can be uniquely determined by

the electron density, and that the density obeys a variational principle (that is, the
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calculated energy is always greater than the true ground state energy). The total energy

of a system can be expressed as a function of the electron density, p(r):

E(p)=Er(p)+Ey(p)+E;(p)+ Exc(p) (12)

where E7 is the kinetic energy of the electrons, Ey is the potential energy of the nuclear-
electron attraction, E; is the electron-electron repulsion and Eyc is the exchange-
correlation energy. The exchange energy arises from the antisymmetry of the quantum
mechanical wave function whilst the correlation energy arises from the interactions
between individual electrons. Modern implementations of DFT employ the Kohn-
Sham theory® and calculate the electron density from the molecular orbitals, which are
solved iteratively to find the electron density that yields the lowest energy. These
molecular orbitals are constructed from the same basis sets described in Section 3.2.2.
The primary challenge in the development of DFT is the description of the exchange-
correlation term of Equation 12, Exc. A variety of exchange correlation functionals
have been proposed, ranging from those dependant on the electron density and derived
from the localised density approximation (LDA), those that depend on the electron
density and the gradient of the density (e.g., those employing the generalised gradient
approximation, GGA) and hybrid methods®*, wherein Exc includes a proportion of the

Hartree Fock exchange energy.

The advantage of DFT methods is that they achieve significantly greater accuracy than
Hartree Fock methods for a similar computational cost. In addition, DFT methods
produce very accurate molecular geometries and vibrational frequencies, at a fraction of
the computational cost of correlated ab initio methods such as MP2 and CCSD(T).

However, the results of energy calculations are relatively poor compared to accurate ab

56



CHAPTER 3 — Experimental and computational methods

initio methods, and particularly large errors can result for the calculation of energies of
non-equilibrium structures, including transition states. For this reason, the primary use
of DFT is for calculating accurate geometries for subsequent energy calculations by
accurate ab initio methods, and for studying large systems where high level molecular
orbital theory calculations are unfeasible. A wide variety of DFT methods have also
been optimised to yield accurate results for a particular class of chemical species. As
such, it is essential to confirm that a chosen method is suitable for studying a particular
system. This is typically achieved by performing benchmarking calculations on similar
species or reactions with experimentally determined properties/energies, before

proceeding to the study of unknown compounds.

3.2.3 Compound methods

A series of multi-level methods have been developed for very accurate energy
calculations. These methods perform several calculations at different levels of theory
and with a variety of basis sets, and combine the results to calculate accurate
thermochemical parameters. A typical multi-level method optimises the geometry of
the molecule using DFT, HF or an MP2 method with a relatively small basis set.
Moller-Plesset (MPn) methods attempt to account for dynamic electron correlation by
treating electron-electron repulsion as a perturbation of the HF Hamiltonian'. The
perturbation is expressed as a power series with n=2,3,4 or 5 denoting truncation at the
second, third, fourth or fifth order term. Subsequent calculations are performed with
increasing levels of theory and/or basis set size on the previously optimised geometries
(known as a single-point energy calculation). For example, the G3B3 method employs

B3LYP geometries in conjunction with single point MP2, MP4 and QCISD(T)
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(denoting a quadratic configuration interaction calculation including single, double and
perturbed triple excitations®) calculations, which are combined in accordance with

Equations 13-18:

Table 1: Calculations employed in G3B3 method

Calculation Method

Geometry B3LYP/6-31G(d)
Single point energies MP4/6-31G(d)
MP4/6-31+G(d)
MP4/6-31G(2df,p)
QCISD(T)/6-31G(d)
MP2(Full)/G3large
Higher level correction A4 =6.760
B=3.233

Zero point energy B3LYP/6-31G(d)

E,(G3) = E[MP4/6-31G(d)] + A(+) + 2A(2df,p) + AQCI + A + AHLC + ZPE (13)

A(+) = E[MP4/6-31+G(d) — MP4/6-31G(d)] (14)
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A(2df,p) = E]MP4/6-31G(2df.p) — MP4/6-31G(d)] (15)

AQCI = E[QCISD(T)/6-31G(2df.p) — MP4/6-31G(d)] (16)

A = E[MP2(Full)/G3large — MP2/6-31G(2df,p) — MP2/6-31+G(d) + MP2/6-31G(d)]

17

AHLC = —A4ng — B(n, — ngp) (18)

where n, and ny are the number of a and f valence electrons, respectively. The G3B3
and CBS-QB3 multilevel methods have been employed in the present study for accurate
calculation of gas phase reaction enthalpies and free energies. These methods have
average absolute errors of 4.14 and 3.64 kJ mol' for G3B3 and CBS-QB3

L1262
respectively”®*.

3.2.4 Solvation modelling

The methods discussed so far pertain to the calculation of molecular energies in the gas
phase, where molecules are treated as isolated, non-interacting entities. However, the
decomposition of nitrous acid and nitrosyl thiocyanate are aqueous processes, in which
the interaction between the reactants and the solvent, water, must be taken into account.
Generally, the target for calculations is to compute the aqueous Gibbs Free Energy
change of reaction, enabling calculation of the equilibrium constant. Such a calculation
can be achieved by accurately determining the gas phase free energy of solvation with

methods such as G3B3 or CBS-QB3, and combining these results with a calculated free
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energy of solvation using a thermodynamic cycle and making appropriate corrections

for changes in standard states, as depicted in Figure 6.2

Algas) AG e » Bes) T Cas
AG §(A) AG's(B) | AG"§(C)
AG (o
Aqg) @) , Bag + Cag

AG*(gaS) = AGo(gas, 1 atm) + AI’IRT[I’I(2446)(1

AG (1= AG (gas) + AG s(B) + AG §(C) — AG s(A).

Figure 6. Thermochemical cycle for determining aqueous free energy change of
reaction, for reaction A — B + C. “The value 24.46 reflects the ratio of the molar

volume of a gas at 1 atm to that at 1 M

where AG's is the free energy of solvation and An is the difference in the number of
moles of products and reactants. Computational chemistry programs typically calculate
gas phase reaction free energies assuming a standard state of 1 atm or 1 bar, whilst
aqueous free energies employ a 1 mol L' standard state. As such, if the number of
moles of species changes in the course of a reaction, a correction must be applied to
account for the difference in the entropy component of the free energy for the 1 mol L™
standard state compared to the one based on 1 atm. Figure 6 demonstrates that it is
possible to calculate the aqueous reaction free energy by combining the gas phase
reaction free energy and the free energy of solvation. As such, most solvation models

are concerned with the calculation of AG*S.
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The solvation free energy is composed of electrostatic, cavitation, dispersion and
solvent rearrangement components. Owing to the complexity of describing solvation by
explicit inclusion of water molecules, which require consideration of hundreds if not
thousands of individual water molecules, a family of solvation models has been
developed which treat the solvent as a homogeneous continuum of uniform dielectric
constant. These models, known as the self consistent reaction field (SCRF) or
polarisable continuum models (PCM), place the solute inside a cavity surrounded by the
continuum and use an iterative procedure to calculate the electrostatic interaction
between the solvent and solute. A variety of different models have been presented,
differing primarily in their description of the solvent cavity, including its shape and
size/radius®’, and the calculation of non-electrostatic components of the solvation free
energy’". Typically, the solvent models are optimised to reproduce experimental free
energies of solvation. For neutral species, typical accuracies for polarization continuum
models are on the order of +4 kJ mol™, but are much higher for ionic species, on
average +20-30 kJ mol™. More recent methods which address short range interactions
through analysis of the solvent accessible area afford a slight improvement in accuracy
to +2 and +17 kJ mol™ for neutrals and charged species, respectively’’. In the present
work, a variety of solvent models were investigated to calculate the reaction free
energies of reactions where experimental data is available, to select the best solvent

model for a particular reaction system.

3.2.6 Optimisation, frequency and transition state theory calculations

The present study utilises the Gaussian03 and Gaussian09 software packages for

electronic structure calculations®. The first step in determining the reaction free
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energies is to optimise the geometry of the reactant and product species®>. From a
practical perspective, this involves supplying an initial guess of the molecular geometry,
and performing an “optimisation” calculation, which minimises the energy of the
molecule with respect to the molecules internal coordinates (that is, bond angles and
bond lengths). Because the potential energy surface can contain many local minima, it
is necessary to trial different initial guesses for the initial geometry to ensure that the

optimised structure is a global minimum.

Once the minimum energy structure is located, a “frequency” calculation is performed.
This calculation yields thermodynamic quantities of interest including the enthalpy and
free energy at a specified temperature, usually 298.15 K, and assists in the
characterisation of the stationary point. The vibrational frequencies of stable structures
will all be positive, whilst those for transition structures will contain one negative
vibrational mode™. The transition structure is the point of highest energy on the path
connecting the reactants to products known as the reaction coordinate. Location of the
transition structure of a reaction is of great interest because it enables the calculation of
the reaction rate constant via transition state theory. Transition state theory states that
there is a thermodynamic equilibrium between the reactants and the transition state and
that the rate of reaction is proportional to the concentration of the transition state®. The

rate constant is calculated as:

VAL
k=kl;lTexp[ 2? } (19)
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where k is the reaction rate constant, kz is the Boltzmann constant, # is the Planck
constant, AG” is the free energy of activation (the difference between the transition state
free energy and the reactant free energy), R is the gas constant and 7 is the absolute

temperature.
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CHAPTER 4 — Accurate rate constants for the decomposition of agueous nitrous acid

1.1 Introduction

Interest in the decomposition of nitrous acid decomposition is widespread, with the
reactions playing important roles in many industrial and environmental processes.
Industrially, the decomposition of nitrous acid is a significant process occurring in the
manufacture of nitric acid, wherein a gaseous NOy stream is absorbed in water? and in
synthesis reactions involving nitrous acid (i.e., nitrosation reactions) where the NOy side
products pose a toxicity hazard™. In atmospheric chemistry, the reactions of nitrous
acid and NOy have received attention owing to their importance in acid deposition on
the earth’s surface and their role in smog formation’, whilst the reactions may be of
biological importance under certain conditions where nitrous acid decomposition could
contribute to NO production in the body’. The decomposition of nitrous acid can be
employed as a source of NO in the laboratory’, and has been implicated in the release of
nitrogen oxides from plants®. Because of these considerations, the kinetics of nitrous
acid decomposition have received considerable attention in the literature, however, the

reported rate constants exhibit significant disagreement.

The present study aims to establish accurate rate constants for the decomposition of
nitrous acid to enable kinetic modeling of NOy formation that results as a side reaction
during nitrosation reactions, in particular, the sensitisation of emulsion blasting agents
via ammonia nitrosation. The nitrosation of ammonia (Reaction 1) aims to produce
small nitrogen bubbles within the explosive which act as hot spots to propagate the
explosion front through the bulk explosive, and result in more reliable and efficient
detonation’. Formation of NOy as a side product of ammonia nitrosation, however,
poses a hazard to miners prior to explosive detonation, particularly in confined
underground mines. For industrial applications such as this, accurate knowledge of the
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kinetics of the decomposition of nitrous acid is essential to safely implementing

nitrosation reactions.
HNO, + NH; — N, + 2H,0 (1)

The reaction kinetics of the decomposition of nitrous acid were first elucidated by Abel
and Schmidtlo, who discovered a rate law fourth order in nitrous acid concentration and
inversely proportional to the square of the NO concentration (Equation 2). The reaction
was demonstrated to have a stoichiometry of three moles of nitrous acid decomposing to

produce two moles of NO and one mole of nitric acid (Reaction 3).

d[HN02 ]T _ k/wd [HNOz ]4
dt [NOT

)

3HNO, — 2NO + NO5;" + H" + H,0 (3)

where [HNO,]r = [HNO;] + [NO;]. Equation 2 can be rationalised by assuming that an
equilibrium establishes rapidly between nitrous acid, dissolved NO and NO, (Reaction
4), and that the hydrolysis of NO; (Reaction 5) comprises the rate limiting reaction step.
The hydrolysis of NO; consists of a reaction second order in NO, concentration, whilst
two moles of nitrous acid are required to produce one mole each of NO and NO,. This
yields an overall rate law fourth order in HNO, concentration and gives kp,q = 3K42k5.
Combining Reactions 4 and 5 yields the stoichiometry identified in Reaction 3.

Derivations are provided in Appendix A.
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2HNO, S NO + NO, + H,0 ky, k-4 “4)

2NO, + H,0 — HNO, + NO; + H" ks (5)

Reactions 4 and 5 proceed via N,O; and N,O4 intermediates, respectively, which

typically exist in equilibrium with NO and NO,. Reactions 6-9 below describe the

1112
commonly accepted elementary mechanism ~ “:

2HNO, S N,03 + H,0 (6)
N,0; 5 NO + NO, (7
2NO, 5 N,0, (8)
N,O, + H,O 5 HNO, + NOy + H' 9)

Schwartz and White'? performed a comprehensive review of experimental studies
related to the absorption of NO and NO; in water. Part of that study reviewed the
decomposition of nitrous acid, which constitutes the reverse process of NOy hydrolysis.
Further details of that study are discussed in Chapter 2. The quantity K/ ks determined
from the individual rate constants of Schwartz and White is 2.4 x 10 L mol™ s'l, which
is a factor of 2.5 larger than the value of 9.4 x 107 L mol™ s inferred from the data of

Abel and Schmidt'® assuming a Henry’s constant for NO of 1.9 x 10~ mol L™ atm™."
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Thus, it is unclear which rate constants should be selected when attempting to

accurately model the formation of NO and NO; from nitrous acid decomposition.

Three studies relating to nitrous acid decomposition have been published since the

review of Schwartz and White, the results of which are summarised in Table 1. There

are considerable differences in the reported rate constants; these have a dramatic effect

on the predicted rate of NOy production. In addition, the hydrolysis of NO, has been

recently studied with ks determined as 4.8 x 10’ L mol” s".'* Figure 1 illustrates the

discrepancies in the literature rate constants, wherein the production of NO from the

decomposition of a 0.01 mol L' nitrous acid solution has been simulated based on the

rate constants of the studies in Table 1.

Table 1. Summary of rate constants for nitrous acid decomposition
Park and Lee"” | Beake and | Schwarz and Ram and
(22 °C) Moodie'® | White'?* (25°C) | Stanbury'’
(25 °C) (25 °C)
ks(Lmol's") [13.4 15 5.6 10-25
ks(Lmol's" [1.60x10° 9.00 x 10" | 3.00 x 10’ 1.75 x 10°
K, 8.38 x 107 1.67x107 | 1.87x 107 5.7-14.3 x 107
ks(Lmol's™) [8.40x10 1.00 x 10° | 7.00 x 10’ 5.00 x 10’
ks (L mol™s™) |0 0.005 0.0089 0.0122
ksK 4 5.9 x 10”7
(L mol™s™) 9.2 x 107" 28x10°% |2.4x10° 0.16-1.0 x 10°°

“Value in parentheses corrected from 22 °C to 25 °C using the activation energy

calculated in the present work
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Figure 1: Formation of nitric oxide predicted using different rate constants for HNO,

decomposition

Discrepancies in the reported results are likely caused by the differences in the methods
deployed to study the reaction and the assumptions employed when analysing the data.
Park and Lee'® studied Reactions 4 and 5 by employing a chemiluminesence NOy
analyser to measure the gaseous concentrations of NO, NO, and HNO,; sparged from a
solution of nitrous acid. That study assumed that the concentrations of NO and NO,
were in steady state and that the mass transfer characteristics of NO and NO, were the
same (and equal to those of CO,). The rate constant (i.e. K/’ks) derived from this study
is four times smaller than the recommended values provided by Schwartz and White. A
small portion of this difference could be attributed to the slightly lower temperature of

the experiments in that study (22 °C versus 25 °C).
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Ram and Stanbury'’ examined the reactions of the IrCle*” redox couple in nitrous acid
over a variety of nitrous acid, nitrate and hydrogen ion concentrations under conditions
where the overall reaction rate was dependent on the rate of Reactions 4 and 5. The
results of that study depended on the values employed for rate constants of parallel
reactions pathways, hence any errors in the rate constants assumed for parallel reaction
pathways in simulations would result in errors in the rate constants for Reactions 4 and
5. The resulting values of k, ranged from 10 to 25 L mol”' s depending on the
experimental conditions, leading to K, ks values ranging from 1.6 x10” L mol™ s to 1

x10° L mol' s,

Beake and Moodie'® studied the decomposition of HNO, by UV spectrophotometry at
385 nm in solutions saturated with atmospheric oxygen. The presence of oxygen results
in the oxidation of NO to NO, via Reaction 10, which influences the reaction kinetics

by reducing the NO concentration, hence driving Reaction 4 to the right.

2NO + 02 — 2N02 k]() (10)

The approach taken was to assume values of the rate constants k,, ks and k;y from the
literature and to determine the value of k., by solving the set of ordinary differential
equations describing the reaction mechanism and varying k.4 to provide the best fit to
their experimental data. The results provide a value of K42k5 similar to that of Schwartz
and White, and considerably larger than that of Park and Lee. An important distinction,
as outlined by Butler in Ridd®, should be made regarding the rate limiting reaction step

in gas-liquid systems versus purely liquid phase experiments. In gas-liquid
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experiments, rapid removal of reaction products can result in rate limiting formation of
N,O3, (Reaction 6) whilst in purely aqueous systems Reaction 4 rapidly reaches
equilibrium and the dissolution of NO, via Reaction 5 becomes the rate limiting step.
Thus, whilst Beake and Moodie'® claim to be determining k., the result would actually

depend on the initially chosen values for k; and ks.

Owing to the discrepancies between reported values for rate constants for nitrous acid
decomposition, it is desirable to study the reaction kinetics without the complications of
(1) mass transfer between the aqueous and gas phase and (ii) the presence of parallel
reaction pathways that influence the reaction kinetics. This can be established by
monitoring the decomposition of nitrous acid spectrophotometrically, with precautions
taken to prevent any transfer of gases in or out of the reacting solution. Such conditions
can be readily achieved in a stopped flow mixing device, wherein two reactant solutions
contained in gas tight syringes are mixed together rapidly before flowing to a UV-Vis
observation cuvette. Such a study may yield an accurate value for the quantity K, ks
suitable for modeling NO formation from nitrous acid decomposition during nitrosation

reactions.
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1.2 Experimental

The decomposition of nitrous acid was studied at concentrations ranging from 2.5 to
100 mmol L™ using UV-Vis stopped flow spectrophotometry. The setup comprised an
Applied Photophysics RX-2000 rapid mixing accessory coupled to a Varian Cary50
spectrophotometer. The temperature of the stopped flow cell was regulated via a Varian
Cary peltier thermostated cell holder, whilst the drive syringes of the rapid mixing
accessory were surrounded by water connected to a circulating cooling/heating bath at
the desired reaction temperature. Nitrous acid was generated in situ by reacting a
solution of sodium nitrite with a solution of perchloric acid, with an excess of perchloric
acid of at least 0.02 mol L™, providing near complete conversion of nitrite ions into
nitrous acid. The precise fraction of nitrite converted to nitrous acid was determined by

examining the absorbance at 371 and 386 nm as outlined in Appendix A.

The ionic strength ranged from 0.08 to 0.2 mol L™, with increasing concentrations of
NaNO; necessitating higher HC1O4 concentrations for complete protonation of NO;".
Small changes in the ionic strength do not affect the reaction rate because the rate
depends only on the concentration of neutral species, whose activity changes minimally
with increasing ionic strength. Prior to each kinetic experiment, oxygen was removed
from the solutions by sparging them with high purity nitrogen for at least 20 min.
Degassing for longer time periods produced identical results. The reaction kinetics
were determined based on the decrease in absorbance at 357.5, 371, and 386 nm. The
absorbance at 500 nm (where neither NO or HNO, absorbs) was monitored in each
experiment to confirm that gas bubbles of nitric oxide were not forming in the solution.

Had gas bubbles formed, an increase in absorbance at 500 nm would be observed due to
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light scattering. The 10 mm path length of the RX-2000 dual path cell was employed
for concentrations of 20 mmol L™ and below, and the 2 mm length utilised for higher
concentrations. The total concentration of nitrous acid ([NO,] + [HNO;]) was

determined using Equation 11, where 4 is the absorbance at a particular wavelength:

A
[HNOZ ]Total = [HNOZ ]Tolal,initial A— (1 1)

initial

Equation 11 is valid provided that the ratio of the nitrous acid to nitrite ion
concentration remains constant. Employing an excess of hydrogen ions in the
experiments ensures that this criteria is met. The reaction kinetics were analysed by
fitting the data from individual experiments over the first 1200 s of reaction to the
integrated form of Equation 2, which is provided in Appendix A. The fitting procedure
was performed by employing the solver function in Microsoft Excel to find the value of
K/ ks that produced the minimum error between the experimental data and that
predicted from the integrated rate equation. In the case of the experiments involving
dissolved oxygen at low HNO, concentrations, a system of ordinary differential
equations describing the reaction mechanism was solved in Polymath 5.1 for different

values of K42k5.

Quantum chemistry calculations were performed with the Gaussian 03 software
package'® to investigate the thermochemistry of nitrous acid decomposition. The
G3B3" and CBS-QB3* methods were employed for accurate determination of gas
phase reaction free energies, whilst enthalpies and free energies of solvation were
determined at the B3LYP/6-31G(d,p) level*! with the PCM model (UAHF radii)**>. This

was established by comparing the PCM energies to those calculated for the gas phase
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with the same method and basis sets. Combination of the calculated solvation free
energies with the gas phase free energy of reaction by means of the thermochemical
cycle depicted in Figure 2 enabled calculation of the aqueous phase reaction free

energies.

Algas) AG e » Bes) T Cas
AG s(A) AG's(B) | AG™§(C)
AG (o
A @) , Bag + Cuag

AG*(gaS) = AGo(gas, 1 atm) + AI’IRT[I’I(2446)(1

AG (2= AG (gas) + AG s(B) + AG §(C) — AG s(A).

Figure 2. Thermochemical cycle for determining aqueous free energy change of
reaction, for reaction A — B + C. “The value 24.46 reflects the ratio of the molar

volume of a gas at 1 atm to that at 1 mol L’

Thermochemical parameters calculated in Gaussian are based on a standard state
pressure of 1 atm, whilst aqueous free energies of reaction employ the 1 mol L
standard state. Results for reaction free energies must therefore be corrected for the
change in entropy associated with the transition from a pressure of 1 atm to the
concentration of 1 mol L. This correction has been discussed by Bryantsev et al..”>

and acts to make the free energy of each species 7.9 kJ/mol more positive. Thus, there

is no net correction for reactions where there is no change in the number of moles in a
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reaction, whilst reactions exhibiting a greater number of moles of products than

reactants become less favorable in the 1 mol L™ standard state, and vice-versa.
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1.3 Results and discussion

4.3.1 Kinetics at 25 °C in anaerobic solution

Over the concentration range of interest, Reaction 4 is sufficiently rapid to be at
equilibrium and the rate of nitrous acid decomposition is therefore dependent on the rate
of hydrolysis of NO,, leading to the simplified rate law given in Equation 2. Equation 2
provided an excellent fit to the data, with the value of K,’ks remaining constant at 1.34
(+ 0.06) x 10° L mol™ s™ for nitrous acid concentrations ranging from 0.02 to 0.1 mol
L', demonstrating the validity of this rate law under the present experimental
conditions. The kinetics show an initial period of rapid decomposition, after which the
accumulation of nitric oxide in the solution causes a continued decline in the reaction
rate. The importance of completely removing oxygen from the reaction medium cannot
be stressed enough, particularly at low nitrous acid concentrations where small amounts
of oxygen have a significant impact on the reaction kinetics and cause a deviation from
the simplified rate equation. As expected from Equation 2, the rate of decomposition
increases significantly with increasing nitrous acid concentration. At low
concentrations of nitrous acid, the rate of reaction declines such that the fraction of
nitrous acid decomposed in the time frame of the experiments becomes quite low,
leading to small changes in absorbance. Thus, we place the highest confidence in the
results obtained for nitrous acid concentrations of 20 mmol L™ or greater. Figure 3
shows kinetic traces for 0.02-0.1 mol L™' HNO, including the best fit of Equation 2 to

the data, whilst Table 2 provides the results of the individual experiments.
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Figure 3: Experimental and simulated nitrous acid decomposition results for 20-100

mmol L’ NaNO,. For simulations, K42k5 remains constant at 1.34 x 10° mol L 5™

The value of K,’ks presently deduced amounts to approximately half that recommended
by Schwartz and White'? and determined by Beake and Moodie'®. It exceeds the largest
value of Ram and Stanbury'’ by 30%, and surpasses the value of Park and Lee'” by a
similar margin, after correcting that result from 22 °C to 25 °C. The difference between
the present result and that derived from the values recommended by Schwartz and
White'? most likely stems from the uncertainty in the individual constants ky, k.4 and ks
of that study, in particular k_,, for which the upper and lower estimates span an order of
magnitude. The study of Beake and Moodie employed a similar method to the present
study (UV spectroscopy, but with stoppered cells rather than stopped flow) and

recorded a significantly larger rate constant. That study concentrated on relatively low
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HNO, concentrations (2-8 mmol L") and very long reaction times (> 3 hours), which
could have allowed the measurements to be influenced by a slow rate of oxygen
diffusion past the cell stopper. In contrast to the measurements of Beake and Moodie,
the present result coincides relatively closely with the values of K,’ks deduced from the
measurements of Park and Lee and Ram and Stanbury, supporting the present

determination.

1.3.2 Kinetics at 25 °C in the presence of oxygen

To extend the measurements to lower concentrations of nitrous acid (2.5 mmol L),
experiments were performed with solutions initially saturated with atmospheric oxygen.
This had the advantages of both increasing the change in absorbance and removing the
error associated with the presence of a small amount of residual oxygen in the degassed
solutions, which can have a significant effect on the kinetics at low concentrations of
nitrous acid. It does, however, introduce some uncertainty owing to the fact that the
oxidation of NO by O, could become at least partially rate limiting, and hence the
values determined would depend on the rate constant assumed for that reaction. The
oxidation of NO to NO, by O; is a third order reaction, second order in NO and first
order in O, (Reaction 10)24. Rate constants for that reaction have been determined in a
number of studies with estimates ranging from 1.6-2.9 x 10° L mol®s'.** A value of
kijp=2.1x 10° L? mol™ s'l, consistent with the results of Lewis and Dean24, provides an
identical value of K,/ks to that in the anaerobic experiments. Figure 4 compares the
results for decomposition of 2.5 mmol L! HNO, in air saturated solutions to

simulations for different values of K42k5.
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Figure 4: Comparison of experimental result and simulations for decomposition of

2.5 mmol L HNO); in air-saturated solutions
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Table 2: Rate constants at 298 K for HNO; decomposition

Experiment | NaNO, HCIO; | NaClO;, | T (K) K/'ks

(molL™") | (molL™") | (molL™) (L mol's™)
1 0.02 0.04 0.04 298.15 | 1.39x10°
2 0.02 0.1 0.08 298.15 | 137x10°
3 0.02 0.1 0.08 298.15 | 133 x10°
4 0.02 0.1 0.08 298.15 | 1.35x10°
5 0.05 0.1 0.05 298.15 | 1.33x10°
6 0.05 0.1 0.05 298.15 | 129 x10°
7 0.05 0.1 0.05 208.15 | 1.34x10°
8 0.05 0.1 0.05 208.15 | 1.32x10°
9 0.1 0.15 0.05 298.15 | 1.46 x10°
10 0.1 0.15 0.05 298.15 | 1.32x10°
11 0.1 0.15 0.05 208.15 | 1.21x10°

4.3.3 Kinetics of reverse reaction

Under the conditions of the present study with relatively low nitrite and acid
concentrations, nitrate ions are produced at sufficiently low concentrations that the
hydrolysis of NO, (Reaction 5) can be assumed to be irreversible. In the presence of
added nitrate, or very high acid concentrations, the reverse of Reaction 5 results in the
formation of NO,, reducing the net rate of nitrous acid decomposition. This reaction
exhibits first order dependencies on nitrous acid, hydrogen ion and nitrate ion

concentrations®?’

. Analogous rate laws are observed for the nitrosation of a range of
species by nitrous acid®, suggesting that a similar mechanism operates for the reaction

of nitrous acid and nitrate. The rate law for nitrous acid decomposition can be modified
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to incorporate the effect of this reaction, by assuming that the rate of decomposition

depends on the net rate of NO, hydrolysis; i.e., the net rate of Reaction 5Sa.

2NO, + H,0 5 HNO, + NO3 + H" ks, k.s (5a)

d[HNO,],  3Kk][HNO,| S N
i or kol [vog] (12)

Experiments with added nitrate ions showed a similar initial rate of decomposition, but
did not proceed to as great an extent as the accumulation of NO eventually makes the
two terms of Equation 12 equal. That is, the presence of nitrate causes the reactions to
reach an equilibrium position. The constant ks was evaluated by performing a series of
experiments with different hydrogen and nitrate ion concentrations and ascertained to be
5.9 (£ 0.6) x 107 L? mol™ s at an ionic strength of 0.18 mol L. This result is 20-40%
smaller compared to previous values reported in the literature at zero ionic strength'?.
This discrepancy arises as a result of non-unity activity coefficients of nitrate and
hydrogen ions at 0.18 mol L™ ionic strength, which reduce the observed rate of the
reverse reaction. Our result lies in close agreement with the prior determination by
Abel and Schmidt®™ and Jordan and Bonner®®. This provides further support for the
value of K,/ ’ks (1.34 x 10° L mol™ s) determined in the present study, as employing
this constant in Equation 12 results in the same value of k.5 determined independently in
the literature. Had the value of K,/ ks been in error, it would not have been possible to
reproduce the correct value of k-5. Figure 5 provides a comparison of a kinetic trace for
0.1 mol L NOs™ to an equivalent experiment with no added nitrate, whilst Table 3

provides the experimental conditions and associated values of £_s.
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Figure 5. Experiment and model for decomposition of 0.02 mol L HNO; in 0.1 mol
L" HCIO, and 0.1 mol L' HNO;

Table 3: Rate constants for reverse reaction at 298 K

Experiment H' NOjs NaNO, k_s
(mol L") | (molL™") | (molL?) | (L mol?s™)
21 0.05 0.05 0.02 6.48 x 107
22 0.05 0.05 0.02 6.69 x 107
23 0.1 0.05 0.02 6.23 x 10~
24 0.1 0.05 0.02 513 x 107
25 0.1 0.15 0.02 533 %107
26 0.1 0.15 0.02 5.87 x 107
27 0.1 0.1 0.02 528 x 107
28 0.1 0.1 0.02 5.83 %107
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1.3.1 Temperature dependence and thermochemical analysis of the

elementary reaction mechanism

The temperature dependence of both the forward and reverse reactions was examined
between 20 and 55 °C. The rate of nitrous acid decomposition increased markedly with
increasing temperature, a plot of In(K,’ks) yielding an apparent activation energy of
106.6 + 3 kJ mol™ (Figure 6). The uncertainty represents the standard error obtained
from a plot of In(K,/’ks) versus 1/7, which was determined using a least-squares linear
fitting routine. This large activation energy may have contributed to the considerable
scatter in the literature data, with a temperature increase of just 1 °C resulting in an
increase in K, ks of approximately 20% at 25 °C. This underscores the importance of
accurately maintaining the temperature when studying this reaction. The activation
energy of the reverse reaction was determined to be 76 + 4 kJ mol” from a plot of In(k.s)
versus 1/7 (Figure 7), in close agreement with the prior determination of 74 kJ mol™ by
Akhtar et al.”’. Tabulations of the experimental conditions and individual results are

provided in Appendix A.
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Figure 6: Plot of In(K’ks) verus 1/T
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Figure 7: Plot of In(k_s) verus 1/T

A quantum chemistry study was undertaken to determine the origin of the high
activation energy associated with K,’ks. The gas phase free energies and enthalpies of
Reactions 6-9 were established using the average results of the CBS-QB3 and G3B3
methods. The gas phase free energy of the proton, -26.3 kJ/mol, was taken from the
literature.”” Nitrous acid exists in both the cis and #rans conformations, with the energy
of the cis isomer located 2.2 and 2.5 kJ higher than trans for CBS-QB3 and G3B3,
respectively. Owing to the small difference in the calculated energy of HONO isomers,
we use the average energy when determining all thermodynamic quantities, as
previously reported®®. The first reaction results in the formation of dinitrogen trioxide
and involves the combination of two nitrous acid molecules with simultaneous

elimination of H,O (Reaction 6). The transition states (TS) for the gas phase reaction
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d*"*? and because this reaction has been demonstrated to

have previously been identifie
be at equilibrium’, we do not investigate the TS further. N,O; undergoes homolytic
fission producing NO and NO,, followed by combination of two NO, molecules
forming N,O4. The final reaction involves the hydrolysis of N,O4, forming nitrous acid,
nitrate and hydrogen ions. The calculated gas phase enthalpies and free energies of
reaction are in good agreement with experimental values®, with mean absolute errors in
the gas phase AH, and AG, of 1.9 kJ and 3.0 kJ/mol respectively, for Reactions 6-8.
There was however a significant difference of 14 kJ/mol between the experimental

results for Reaction 9 and those calculated with the CBS-QB3 method, inclusion of

which increases the average error in AH, to 3.5 kJ/mol.

The aqueous phase enthalpies and free energies of reaction were determined by
combining the solvation enthalpies and free energies determined with the PCM solvent
model to the accurate gas-phase results in accordance with the thermochemical cycle
depicted in Figure 2. In the case of water and the hydrogen cation, the experimental
enthalpies and free energies of vaporisation were applied, as opposed to the calculated
ones™?*. Table 4 presents the calculated aqueous enthalpies and free energies of
reaction for Reactions 6-9, including the calculated equilibrium constants which are
compared to experimental results. Note that the free energies include a correction for a
change in standard state from 1 atm to 1 mol L",** and that the calculated equilibrium

constants are derived based on the average of G3B3 and CBS-QB3 free energies of

reaction.
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Table 4. Calculated aqueous enthalpies and free energies of reactions 6-9 and

comparison of calculated and experimental equilibrium constants. All energies are in

kJ.
Reaction | AHgg AH 98 AG1og AGog K.u' Ko Unit | Source
G3B3 | CBS-0B3 | G3B3 | CBS-0B3

6 -4.0 2.4 252 27.0 2.65%x10° | 3x10° | Lmol' | Ref
7 50.7 46.9 15.4 11.6 430%x107 |33 x10° [ mol L | Ref.
8 -69.3 66.6 | -19.4 | -16.5 139x10° | 7x10* | Lmol’ | Ref.
9 -18.5 269 | -243 -32.9 1.04 x 10° | 1.25x10° | mol L™ | Ref. *

4(6+7) | 467 44.5 40.7 38.6 1.14 x 107 | 1.87x107 Ref. 2

“ Calculated equilibrium constants are based on the average of G3B3 and CBS-QB3

results

Table 4 shows that the predicted equilibrium constants for Reactions 6 and 7 deviate
from the experimental values by two orders of magnitude, equivalent to a 12 kJ error in
AG,. The predicted equilibrium constant for Reaction 8 is almost two orders of
magnitude smaller than the experimental value. The higher error of the aqueous
reaction free energies relative to the gas phase results arises due to inaccuracies in the
prediction of solvation free energies, which are typically in the order of 4 kJ/mol for
neutral species’®. With regard to Reactions 7 and 8, the present method predicts that
formation of the compound oxides N,Os; and N,O4 (from the simple oxides NO and
NO,) is considerably less favorable than predicted from experiments. Considering that
the calculated gas phase energies are in good agreement with experimental results, it
appears that the PCM model underestimates the solvation free energies of N,O4 and
N,Oj5 relative to the simple oxides NO and NO,. Despite the errors associated with K

and K7, combining Reactions 6 and 7 into the overall Reaction 4 provides close

agreement between the calculated and experimental equilibrium constants. The results
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for Reaction 9 with CBS-QB3 and G3B3 differ by 8.6 kJ/mol, however, the average is

fortuitously in excellent agreement with experiments.

The calculated enthalpy of Reaction 4 can be employed to determine the contribution of
this reaction to the activation energy of K, ks by means of Equation (13). Provided that
the enthalpy of reaction is independent of temperature, a plot of In(K) versus the
reciprocal of temperature is linear with a slope equal to the negative of the enthalpy of
reaction. Combining the expression for the equilibrium constant with the Arrhenius
expression for the temperature dependence of the reaction rate of (5) yields Equation
(13), as shown in the Appendix A. Thus, the apparent activation energy, determined
from of a plot of In(K,/’ks) versus 1/T, is equal to twice the enthalpy of reaction (4)

summed with the activation energy of reaction (5).

2AH 4 +E
@A @ *+ Eas)) 2585 s (13)
RT R

In(K 3ks) =~

Reaction 4 is considerably endothermic, with gas phase enthalpies of reaction of 34.4
and 37.7 kJ at the G3B3 and CBS-QB3 levels respectively. The effect of solvation
serves to make the reaction more endothermic, leading to an average value of 45 kJ for
the aqueous enthalpy of Reaction 4. Thus, this reaction contributes approximately 90 kJ
to the apparent activation energy of K, ks due to the second order dependence on K. It
can therefore be concluded that Reaction 5 has a small activation energy on the order of
17 kJ. Although the solvation energies introduce some uncertainty in the value of AH y),
the contribution of K’ to the apparent activation energy is clearly much higher than the
contribution of k5. The close agreement between the experimental and calculated free

energies for Reaction 4 provides support for the calculated enthalpy of reaction.
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1.1 Conclusion

The decomposition of nitrous acid, including the reverse reaction between nitrous acid
and nitrate ions has been studied by stopped flow spectrophotometry to resolve
discrepancies in literature values of the rate constants. The value determined (K, ks =
1.34 + (0.06) x 10° L mol™' s™), is of higher accuracy than those previously reported in
the literature as it does not depend on the rate of parallel reaction pathways or on the
rate of interphase mass transfer of gaseous reaction products. The activation energy
associated with K,’ks is 107 kJ, the majority of this being attributable to the

endothermic nature of the reaction 2HONO — NO + NO, + H,0.
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5.1 Introduction

Nitrosation reactions, in which the nitroso (NO") group transfers from a reactant to a
substrate, are important in a diverse range of industrial, environmental and biological
applications. Under acidic conditions, nitrosation reactions proceed via the nitrosating
agents N,O3 and H,NO,", derived from nitrous acid'. N,Os serves as the primary
nitrosating agent under mildly acidic conditions (pH > 1), whilst H,NO," dominates

under highly acidic conditions.

HNO, + NO, + H" = N,0; + H,0 (1)

HNO, + H" = H,NO," (2)

In the presence of added nucleophiles, such as CI', Br', I’ and SCN’, a new nitrosation
pathway operates as a consequence of the formation of nitrosyl halides, denoted ONX
(where X = CI, Br, I' or SCN’). The formation of nitrosyl halides catalyses a wide
range of nitrosation reactions, with elevated reaction rates induced by an increase in the
concentration of nitrosating agents in the system. Thiocyanate ions, in particular,
represent powerful catalysts owing to the large equilibrium constant for the formation of
nitrosyl thiocyanate, ONSCN, and in many cases the catalysed rate of nitrosation can be
many orders of magnitude faster than the uncatalysed rate”®. For a wide variety of
substrates, the formation of ONSCN is sufficiently fast for this species to reach its

equilibrium concentration as shown below’.

H" + HNO, + SCN" = ONSCN + H,0 3)
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~ [ONSCN |
| [HNO, |SCN |

4

KONSCN

The interest in nitrosyl thiocyanate in the present study stems from the potential for this
species to produce nitric oxide as a side product during thiocyanate catalysed nitrosation
reactions, in particular, the sensitization of emulsion explosives, wherein thiocyanate
ions catalyse the nitrosation of ammonia (from ammonium nitrate) forming small
bubbles of nitrogen gas within the explosive. Whilst the sensitization reaction produces
primarily Ny, a fraction of the gas generated consists of NO and NO,, which can pose a
safety hazard to miners prior to explosive detonation, particularly when used in
confined underground mines. It has been shown that the reaction between nitrosyl
thiocyanate and ammonia is the primary pathway for nitrogen formation during
explosive sensitisation®, and it is of interest to determine whether this species also
contributes to the formation of unwanted nitric oxide under the conditions relevant to

explosive sensitisation.

Pure nitrosyl thiocyanate is known to be highly unstable, decomposing readily even at

temperatures approaching -60 °C to form nitric oxide and thiocyanogen’.

20NSCN — 2NO + (SCN), (5)

Dilute aqueous solutions of ONSCN are relatively stable, however, the red colour of the
solutions fades over time with evolution of nitric oxide'®. Despite its widespread
applications as a catalyst for nitrosation reactions, the kinetics and mechanism of
ONSCN decomposition have not been studied in detail. Thus, it is of interest to

determine the kinetics and mechanism of ONSCN decomposition, allowing an
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assessment of the contribution of ONSCN to the formation of NOy during explosive
sensitisation. In addition to its industrial applicability, ONSCN has the potential to
function as a source of nitric oxide in living systems. Knowledge of the mechanism and
rate of ONSCN decomposition will enable an assessment of its contribution to NO
formation in biological systems. Further to its role as a catalyst for nitrosation
reactions, ONSCN has been detected during the oxidation of thiocyanate ions by nitric
acid,“’ 12 however, the role of ONSCN in the reaction mechanism is unclear.
Knowledge of the rate and mechanism of ONSCN decomposition will also assist in

elucidating this reaction pathway.
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5.2  Experimental

5.2.1 Reagents and solutions

Sodium nitrite (>99.5%), sodium thiocyanate (>98%) and sodium perchlorate (ACS
reagent, 98%) were obtained from Sigma Aldrich, whilst perchloric acid (analytical
reagent grade) was purchased from Ajax. Reactant solutions were prepared by
dissolving a known mass of solid in distilled deionised water. In the case of NaSCN,
the solid was dried in an oven at 150 °C to constant weight before use>. Sodium
perchlorate was stored in a desiccator to prevent moisture absorption. Solutions of
perchloric acid of the desired concentration were produced by diluting 70% HClO4 in
distilled deionised water and were standardised by titrating against Na,COs3. The ionic
strength of all reactant solutions was adjusted to 1 mol L™ using NaClOy, except for the

initial rates study in which the ionic strength was 2 mol L™.

Nitric oxide (NO) solutions were prepared by first degassing the target solution with N,
to remove oxygen, prior to bubbling with NO generated via the reduction of nitrous acid
by ascorbate'*. Dissolved NO concentrations were determined by UV absorbance (as
nitrite) subsequent to reaction of a small aliquot of NO solution with water containing
dissolved oxygen. Results coincided with literature values'® for NO saturation in water
(1.9 10 mol L™ atm™), and in 1 mol L' NaClO4 (1.2 x10~ mol L™ atm™). Further

details of this procedure are contained in Appendix B.
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5.2.2 Kinetics - Stopped flow UV-Vis

An RX-2000 rapid mixing accessory from Applied Photophysics was coupled to a
Varian Cary50 UV-Visible spectrometer, to study the decomposition kinetics of
ONSCN. A constant-temperature circulating bath supplied the water to surround the
drive syringes of the RX-2000 and maintain them at a preset temperature. A
thermostatted cell holder, regulated by a Varian Cary single cell Peltier temperature
controller, housed the observation cell. All experiments were performed at 298 K. De-
oxygenation of reactant solutions was achieved by bubbling with nitrogen gas for at
least 15 min, with longer degassing times yielding identical results. Prior to each
experiment, the stopped flow apparatus was flushed with de-oxygenated water and a
baseline absorbance reading acquired and stored in the Varian software to be
automatically subtracted from subsequent measurements. ONSCN was produced in
situ, by reacting a solution containing both NaNO, and NaSCN with a solution of
perchloric acid. The absorbance at 460 nm (e4690 = 100 L mol! cm'l) served to

determine the concentration of ONSCN.

5.2.3 Analysis of gaseous products — FTIR and MIMS

Fourier transform infrared spectroscopy (FTIR) of product gases was performed on a
Varian IR-600 with 0.5 cm™ resolution and 10 m path length cell (Infrared Analysis
Inc.). Gas samples were generated in a sealed 50 mL glass reactor initially containing a
deoxygenated solution of SCN™ and NO,™ at pH > 7. Reaction was initiated by addition
of a small volume of 2 mol L™ HCIO, through a septum side port in the reactor, forming

ONSCN in-situ. The product gases were purged from the reactor with high purity
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nitrogen gas, dried by passage over a column of silica gel and collected in a 3 L gas
transfer bag for analysis. Separate experiments established that silica gel did not adsorb
NO. Prior to recording a background spectrum, the gas cell was subjected to three
cycles of evacuation and filling with high purity nitrogen. The cell was then loaded
with the sample for scanning, with the background automatically subtracted from the
sample spectrum by the Varian software. Gases were quantified using the QASoft
program (Infrared Analysis Inc.) which applies a region integration and subtraction
(RIAS) method to determine the concentrations based on standard spectra from the

QASoft database.

The membrane inlet mass spectroscopy (MIMS)'® experiments employed a Pfeifer
Thermostar quadrupole mass spectrometer to detect the gases diffusing from the
aqueous solution. A 1 cm length of semi-permeable silastic tubing housed the end of
the MS capillary, allowing direct measurement of dissolved gases. In these
experiments, the solution was degassed with high purity argon to remove oxygen and

nitrogen present from air. The purge gas was turned off at the start of the experiment.

5.2.4 Analysis of aqueous products

Analysis of ionic products was performed on a Dionex DX-100 ion chromatograph with
an eluent containing 8§ mmol Lt Na,CO;5 and 1 mmol Lt NaHCOs, an Ionpac AS14A
analytical column and AG14A guard column, with suppressed conductivity detection.
The same reactor set up was employed for these experiments as was used for generating
gases for the FTIR analysis. In these experiments, HCl functioned to acidify the

solution rather than HCIO4 due to the incompatibility of ClO4 with the IC column.
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Samples were drawn from the reactor using a gas tight syringe via a septum side port
and quenched with 0.1 mol L' NaOH to cease the reaction, before being diluted
between 20 and 50 times for analysis. Concentrations of NO,, NO;™ and SO42' were
determined by comparing the peak area and retention time of the sample solution to a
calibration plot generated using known standards. A Nico2000 cyanide ion selective
electrode and double junction reference electrode, connected to a Hanna 213 pH/mV
meter via a Nico2000 dual electrode head, determined the cyanide ion concentration
after the sample was diluted in 0.1 mol L™ NaOH. The electrode system was calibrated
with cyanide solutions prepared by dissolving solid NaCN in 0.1 mol L' NaOH and

diluting to the appropriate concentration.

5.2.5 Data analysis

We fitted the measurements for the first 5 min of experiments to potential reaction
mechanisms using the DynaFit program'’. The mechanism was written into a Dynafit
script file, and rate constants included for all known reactions. In the case of
protonation equilibria, we followed the same approach as da Silva et al.® whereby the
association reaction between the hydrogen ion and a negatively charged base (i.e.
reaction between NO,  and H+) was assumed to occur with a rate of 10'° L mol™ s'l,
with the dissociation reaction rate constant determined from the equilibrium constant.
The DynaFit program automatically generates a system of first order ordinary
differential equations describing the reaction mechanism, and fits the rate constants in
these equations to minimize the error between the model and the experimental data
using a Levenberg—Marquardt algorithm. For each potential mechanism, several initial

guesses were trialled to ensure the convergence of the program to a global minimum.
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Under the experimental conditions of this study, conversion of HNO; to ONSCN is
incomplete, and absorbance readings must be corrected for this when determining the
overall rate of nitrous acid consumption (or NO generation). Equation 6 relates the

concentration of ONSCN to the total nitrous acid concentration:

KONSCN[SCNi][H+]

[ONSCN] = e
1+ K gy [SCN 1[H ']

[HNO, 17510 (6)

Under the conditions of the present study, with high H™ and relatively low nitrous acid
concentrations, the concentrations of nitrite ion and dinitrogen trioxide are negligible,

and the total nitrous acid concentration is defined according to (7).

[HNO:] 1011 = [HNO;] + [ONSCN] (7
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5.3 Results

5.3.1 Equilibrium constant for the formation of ONSCN

Applying the molar absorptivity of 100 L mol™ cm™ for ONSCN reported by Stedman
and Whincup'®, we determined the equilibrium constant for the formation of nitrosyl
thiocyanate at an ionic strength of 1 mol L™ as 22.1 £ 0.7 L* mol™. This value agrees
with those of Jones et al.'! (Konsen = 22 L’ mol'z) and Bazsa and Epstein12 (Konscn =
20.4 L* mol™), measured in 1 mol L™ perchloric and nitric acids, respectively. Note that
Konscn constitutes an apparent equilibrium constant as it involves no correction for the
effect of non-unity activity coefficients. The apparent molar absorptivity of nitrosyl
thiocyanate increases at high thiocyanate ion concentrations. Doherty et al. investigated
this increase in absorbance and found it to be consistent with formation of an adduct

between SCN” and ONSCN.

ONSCN + SCN™ 5 ON(SCN), (8)
The absorbance of ON(SCN), must be taken into account when determining the
concentration of ONSCN, especially at higher SCN™ concentrations where reliance on

the 100 L mol' cm” extinction coefficient would result in considerable error.

Appendix B provides further details of these experiments.
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5.3.2 Reaction products

The decomposition of pure nitrosyl thiocyanate produces NO and (SCN),’. Aqueous
solutions of (SCN), are unstable'’, decaying to form SCN", SO,* and HCN (Reaction
9). Therefore, if ONSCN decomposition in aqueous solution proceeds with the
stoichiometry of Reaction 5, the overall stoichiometry of ONSCN disappearance
corresponds to that of Reaction 10. We therefore attempted to analyse both the aqueous

and gaseous reaction products to determine if this is indeed the correct stoichiometry.

3(SCN), + 4H,0 — 5SCN™+ SO4* + HCN + 7H" 9)

60NSCN + 4H,0 — 6NO + 5SCN™ + SO4* + HCN + 7H" (10)

Analysis of gaseous reaction products using FTIR and MIMS:

As quantified by FTIR, nitric oxide accounted for 87% (245 ppm) of the detected gases.
A considerable amount of NO, also formed, corresponding to 10% (27 ppm) of the
products as a result of NO oxidation by a small volume of air contaminating the sample
bag. Thus, in complete absence of oxygen, NO would constitute 97 % of the gaseous

reaction products.

Unexpectedly, we observed a small amount of N»O, corresponding to 2.5% (7 ppm) of
the gaseous products. This result indicates a side reaction leading to N,O rather than
NO, as outlined in the Discussion. A small amount of CO; also appeared in the

analysed mixture, corresponding to less than 1 % (1.5 ppm) of the gases detected. The
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very low concentration of CO, made it impossible to determine whether CO; arises in a
side reaction, or whether it results from the liberation of dissolved CO,/HCO;3; upon
acidification of the reactant solution. The yields of CO, and N,O are sufficiently small
that the reactions generating these species have a negligible impact on the overall

kinetics of ONSCN decomposition.

The gases were also analysed by MIMS to determine if any N, formed as a product of
ONSCN decomposition. The reaction solution was degassed with argon prior to
generation of ONSCN via the addition of a small volume of HCIO4 to a sealed reactor
housing the MIMS probe. The results showed a rapid increase in the ion current at m/z
= 30 corresponding to the production of NO. The signal at m/z = 28 remained constant
throughout the experiment, indicating that no N, formed as a result of ONSCN

decomposition.

Analysis of aqueous products:

Ion chromatography afforded the analysis of the ionic products, with the exception of
CN’, as quantified with an ion selective electrode. The nitrite concentration decreased
with increasing decomposition time, owing to the decomposition of ONSCN. Nitrate
was detected at concentrations corresponding to less than 1 % of the initial nitrite added,
with the nitrate concentration initially increasing with time before decreasing slowly.
This small amount of nitrate formed from the decomposition of nitrous acid. This
process is reversible under the experimental conditions and explains why the

concentration of nitrate displays non-monotonic concentrations during experiments®’.
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The concentration of sulfate increased with time, with the final yield enclosed between
75 and 90 % of the stoichiometric conversion according to Reaction 10, for acid
concentrations ranging from 0.18 to 0.33 mol L. Under the same conditions, the final
concentration of cyanide varied from 35 to 50 % of that expected for complete
conversion according to Reaction 10. The results appear very similar to those of a prior
study on the oxidation of SCN™ by HNOs;, which also proceeds via an (SCN),
intermediate.”’ In that study, Stedman and Wincup reported lower than expected yields
of sulfate and HCN, findings consistent with a competing reaction between (SCN), and
CN" forming sulfur dicyanide, S(CN),. More recently, sulfite and cyanate have been
reported as products of the decomposition of (SCN), at pH 4-7 which may account for

the incomplete yields of sulphate and HCN?.

(SCN), + CN" — S(CN), + SCN' (11)

During the initial stages of reaction, when the concentration of HCN is low, the
formation of HCN and sulfate advances in accordance with Reactions 9 and 10, which

strongly suggests the intermediacy of (SCN),.

5.3.3 Spectrum of intermediate species

The formation of sulfate and cyanide ions suggests that ONSCN decomposition
proceeds through an (SCN), intermediate. (SCN), has been identified as a product of
the oxidation of SCN™ by a variety of oxidizing species, including H,0,, HNO3,”
C10,** and HOCI*, and has a UV spectrum with an absorption maximum near 290 nm.

By following the procedure outlined by Barnett et al. (2004)", we recorded the
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spectrum of (SCN); to confirm that it did not extend into the visible region where it
might interfere with the absorbance of ONSCN, and to aid in identifying (SCN), as a
reaction intermediate. This involved the oxidation of a NaSCN solution by acidified

NaOCl to generate (SCN), as shown below:

HOCI + 2SCN + H" — (SCN), + CI'+ H,0 (12)

(or equivalently Cl, + 2SCN™ — (SCN), + 2CI")

The reaction was performed with 1 mol L HCl1O4, 0.9 mmol L' NaOCI and SCN
concentrations of 0.1 and 0.2 mol L™, conditions leading to reasonably stable solutions
of (SCN), and reliable measurements of its spectrum. Figure 1 confirms a negligible
absorbance of (SCN), above 420 nm that does not interfere with the measurements

acquired at 460 nm, the absorbance maximum of ONSCN.
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Figure 1: Spectrum of (SCN); generated from 0.1 mol L' SCN, 1 mol L' HCIO, and
0.9 mmol L™ NaClO. The spectrum shown was calculated by subtracting the
spectrum after 1 h (at which time (SCN), had been almost completely hydrolysed)

from the initial spectrum.

Non-uniform changes to the spectra of decomposing ONSCN solutions indicated the
formation of a UV absorbing species not present at the start of the experiments. To
isolate the spectrum of the intermediate, we subtracted the spectrum of SCN™ and
assumed that species in equilibrium with nitrous acid (e.g. HNO,, ONSCN and
ON(SCN),) accounted exclusively for the initial absorbance. In the absence of
additional absorbing species, the decomposition of ONSCN should therefore result in a
consistent decrease in absorbance across all wavelengths. This was the case only for

wavelengths above 400 nm, with absorbance at lower wavelengths decreasing at a
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Scaled Absorbance

slower rate. Assuming that ONSCN was solely responsible for the absorption at 460
nm, the additional absorbance caused by the reaction intermediate at other wavelengths
was calculated and compared to that of (SCN), in Figure 2, after scaling the spectrum to
a common absorbance. The spectrum of the intermediate concurs with the spectrum of
(SCN), generated in the independent experiment, indicating that (SCN), indeed
represents the observed intermediate. The absorbance of the intermediate below 310
nm exceeds that of (SCN),, suggesting the presence of an additional species absorbing
in this region. However, the data at these wavelengths display considerable scatter,
induced by high absorbance of ONSCN, which confined the measurements to

wavelengths longer than 300 nm.
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Figure 2: Comparison of spectrum of intermediate species and (SCN),; intermediate
spectrum from experiment with 3 mmol L NaNO,, 0.2 mol L™ HCIO,, 0.2 mol L™

NaSCN.
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5.3.4 Effect of initial dissolved oxygen on reaction kinetics

Initial kinetic experiments with solutions that had not been degassed exhibited an
induction period of slow decomposition during the early stages. Bubbling nitrogen gas
through the reactant solutions for 15 min prior to starting the reaction removed the
induction period, as demonstrated in Figure 3. The induction period arises as a
consequence of dissolved oxygen, initially present in the solutions from the atmosphere,
reacting with nitric oxide to form NO,. NO, combines with NO and water to regenerate
nitrous acid, and as nitrous acid exists in equilibrium with ONSCN, the concentration of

ONSCN remains unchanged, as illustrated in Scheme 1:

Scheme 1: Regeneration of ONSCN via oxidation of NO by O;

20NSCN — 2NO + (SCN), (1.1)
2NO + 0, = 2NO, (1.2)
NO +NO, + H,0 — 2HNO, (1.3)
HNO, + SCN" + H" 5 ONSCN + H,0 (1.4)
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Figure 3: Effect of oxygen on ONSCN decomposition, . = 460 nm. Both experiments

started with 1 mmol L' NaNO,, 1 mol L HCIO, and 0.1 mol L' NaSCN.

Therefore, to avoid complications owing to dissolved oxygen, we degassed all reactant
solutions by bubbling high purity nitrogen for at least 15 min. This was sufficient to
remove the induction period, however, some experiments showed a miniscule but
noticeable rise in the curve suggesting a residual contamination of the solutions by a
minute amount of oxygen. This rise, which was not reproducible and was not removed
by degassing for longer time periods, arises because of diffusion of a small amount of
O, through the fluorinated ethylene propylene (FEP) tubing in the stopped flow device.
This phenomenon appears to have no effect on the overall kinetics and was neglected in

the kinetic analysis.
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5.3.5 Kinetics: Initial rates and effect of thiocyanate ion concentration

ONSCN was generated in-situ via the reaction of HC104, SCN™ and NO, ions. To assist
in the development of the mechanism, the initial rates of ONSCN decomposition were
studied as a function of the concentrations of nitrous acid and thiocyanate ions. A
number of issues complicated this part of the investigation, limiting the quality and
usefulness of the initial rates measurements to identifying the early decomposition
mechanism and the inhibitory effect of NO on the reaction (described in Section 6). For
this reason, the measurements of initial rates did not serve to fit the kinetic parameters
of the model. The first problem involved the absorbance increasing slightly over the
first 200 ms of reaction, as opposed to an expected decrease. This increase was not
reproducible, suggesting inefficient mixing in the hand-driven stopped flow device.
The second problem comprised the rate remaining constant only for a very short period
of time (< 1 s) before commencing to decrease rapidly, leading to a small change in
absorbance. The resulting initial rate measurements displayed a significant uncertainty,
owing to the large noise in the measurements relative to the change in absorbance, and

to the irreproducible nature of the early increase in absorbance.

In the first set of experiments (see Appendix B), the nitrous acid concentration was
varied from 1 to 4 mmol L™ in increments of 1 mmol L™, with concentrations of 1 and
0.1 mol L' HCIO4 and NaSCN, respectively. Under these conditions, with a large
excess of SCN™ and H', the concentration of ONSCN becomes directly proportional to
the concentration of nitrous acid. Using higher concentrations of nitrous acid
engendered interference from the decomposition of nitrous acid, which is initially very
rapid. Plotting the log of the initial rate versus the log of the HNO, concentration

indicated a reaction order with respect to nitrous acid of 1.07 £ 0.09. In the second
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series of experiments, the concentration of SCN™ was varied from 0.1 to 0.25 mol L' in
increments of 0.05 mol L'l, with constant concentrations of HNO, and HCIO4 of 2
mmol L™ and 1 mol L™ respectively. Under these conditions, the fraction of initial
nitrous acid converted into ONSCN ranges from 0.77 to 0.9. The order with respect to
SCN™ amounted to 1.2, however, the slight elevation in ONSCN concentration with
increasing SCN™ concentration induced a portion of the rate increase. The initial rate
was corrected for the effect of the increased ONSCN concentration, assuming that the
initial rate was first order in ONSCN, resulting in an order in SCN" of 1.06 + 0.16.
Thus, a process first order in nitrous acid and first order in SCN™ dominates the initial
rate of decomposition of ONSCN, as described by Equation 13, assuming that ONSCN
accounts for the term first order in nitrous acid, where k = 0.28 L mol™ s gives the best

fit to the measurements.

—% = k\[ONSCN][SCN ] (13)

5.3.6 Kinetics: Effect of nitric oxide

The rate of ONSCN decomposition decreases rapidly with time, despite only relatively
small changes in ONSCN concentration. This decrease resulted from the inhibition of
the reaction by one of the reaction products, either (SCN), or NO. It was impossible to
test directly for inhibition of ONSCN decomposition by (SCN),, owing to the instability
of (SCN); in aqueous solution. However, we readily generated stable NO solutions by
passing NO gas through the solution of interest and ensuring that oxygen was strictly

excluded during generation and transfer of the solution. Our approach involved
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examining the effect of NO on the decomposition of ONSCN, by first saturating the
reactant solution containing SCN™ and NO," with NO before reacting it with HClOy4 in
the stopped flow apparatus. Figure 4 illustrates the results of a typical experiment,
confirming that the solution initially saturated with NO exhibits significantly slower
decomposition of ONSCN. Whereas the solution without NO exhibited a rapid
decrease in the rate over time, the solution with NO decomposed at a much steadier and
considerably slower rate.  This result appears qualitatively very similar to

decomposition of nitrosothiourea®*’, which is also inhibited by NO.
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Figure 4: Effect of nitric oxide on ONSCN decomposition, . = 460 nm. Both
experiments contain 3 mmol L NaNO;, 0.2 mol L HCIOy4 0.1 mol L NaSCN.
The fact that NO suppresses the initially rapid decomposition of ONSCN, yet the slope

decreases at a steady rate suggests a combination of reversible and irreversible reaction
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steps in the mechanism. The presence of NO suppresses the reversible step, responsible
for the initial rapid decrease in ONSCN concentration, whilst similar slopes of both
curves at 300 s indicate other pathways, or subsequent reaction steps that remain
unaffected by NO. Figure 5 illustrates plots of 1/[HNO;]rew versus ¢, with their
linearity after the first 350 s revealing a second order reaction in total nitrous acid

concentration, largely independent of NO concentration.
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Figure 5: Second order plots of ONSCN decomposition. All experiments contain

initially 0.01 mol L HNO; and 0.05 mol L NaSCN. HCIO4 concentrations are 0.4,

0.3 and 0.2 mol L for experiments 1, 2 and 3, respectively.
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5.3.7 Reaction mechanism — global kinetic fit

The initial rates study has identified the early decomposition of ONSCN to be first order
in both ONSCN and SCN" and has demonstrated the reaction to be inhibited by nitric
oxide. As the starting rate remained valid only for the first second or so of reaction, we
excluded the results of initial rates experiments when deriving the kinetic parameters.
Potential models were fitted to a set of 20 experiments simultaneously, each executed
for 300 s, with the experiments covering a reasonably wide range of HNO,, SCN™ and
H" concentrations including some with solutions initially saturated with nitric oxide.
Thus, [HNO;]1ota ranged from 2 to 10 mmol L'l, [SCN7] from 0.05 to 0.5 mol L' and
[H'] from 0.02 to 0.5 mol L. This approach allowed the inclusion of the
decomposition of HNO, in the model, by incorporating appropriate equations and rate
constants from the literature (Table 1, Reactions 28-30). Table B3 in Appendix B

provides the initial conditions of each experiment.

Kinetics at high SCN- concentration:

At thiocyanate concentrations of 200 mmol L' or higher, the kinetics of ONSCN
decomposition comprises two parallel reaction pathways. Pathway 1, denoted as the
thiocyanate dependent pathway, involves reaction between nitrosyl thiocyanate and
thiocyanate ions producing nitric oxide and (SCN), radicals (14), followed by rate
limiting consumption of (SCN),” forming NO and thiocyanogen, (SCN), (15). Pathway
2 consists of a second order reaction in nitrosyl thiocyanate, which produces two

molecules of NO and one of thiocyanogen.
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Pathway 1

ONSCN + SCN™ = (SCN)," + NO (14)
(SCN); + ONSCN — NO + (SCN), + SCN” (15)
Pathway 2

20NSCN — 2NO + (SCN), (5)

The principle of microscopic reversibility requires that K;,K;s = Ks. Simulations
suggest both reactions 5 and 15 are irreversible, and as such, the principle is not
violated. Provided that Reaction 14 governs the early rate, this mechanism is consistent
with our initial rates study, which highlighted a reaction first order in both ONSCN and
SCN-. Reaction 14 might be expected to be rate limiting initially, when the
concentration of NO remains low. Czapski et al.*® studied the reverse of Reaction 14,
the reaction between NO and (SCN),", by monitoring the decay of (SCN),” produced via
the pulse radiolysis of SCN” solutions containing NO. They reported k.4 as 4.3 x 10° L

mol™! 7!

, and we have adopted this value in our simulations. We fitted the kinetic
parameters of Reactions 5, 14 and 15 to the measurements at high [SCN], in
conjunction with relevant equations for formation of ONSCN, and for the protonation
and decomposition of nitrous acid as outlined in Table 1. For values of 10° < k;5 < 10®
L mol™ s'l, the simulations were insensitive to changes in k;, and k;s provided that the
product K;4k;s remained constant. A value of K45 of 1.15 X 102 L mol! s! in

-1

conjunction with k;s = 0.5 L mol! s afforded a good match to the acquired
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measurements. Figure 6 shows the best fit of Reactions 5, 14 and 15 to the results of
selected experiments, characterised by initial concentrations of SCN™ in excess of 200

mmol L. Appendix B provides additional graphs for other high [SCN'] experiments.
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Figure 6: Comparison of experimental data and kinetic model (Reactions 14-16) for
selected experiments with high thiocyanate ion concentrations. Data points
correspond to experimental measurements whist solid curves correspond to the best fit
of Pathways 1 and 2 to the dataset of 10 experiments with [SCN | > 0.2 mol L.
Conditions are 4: [SCN'] = 0.3 mol L', [H'] = 0.1 mol L, 5: [SCN] = 0.3 mol L’
[H']=0.3mol L, 6: [SCN] = 0.3 mol L', [H'] = 0.5 mol L , 7: [SCN] = 0.3 mol L
LIH']=0.3mol L, 8: [SCN] = 0.3 mol L, [H'] = 0.5 mol L, 9: [SCN'] = 0.5 mol

L [H]=0.5mol L.
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Kinetics at low SCN concentrations.

At thiocyanate concentrations below 200 mmol L', the decomposition of ONSCN
displayed faster kinetics than would be expected from Pathways 1 and 2, indicating the
presence of an additional reaction pathway operating under these conditions. A variety
of different reaction schemes were considered, with three potential mechanisms for
ONSCN decomposition found to provide similarly good fits to the data. All three
mechanisms contain Pathways 1 and 2 in conjunction with an additional reaction
channel. These additional pathways include (i) the homolysis of ONSCN followed by
rapid reaction of SCN radicals with SCN™ forming (SCN),, (ii) the nitrosation of
(SCN),” by NO/H,NO," forming NO and (SCN), or (iii) the nitrosation of HOSCN
(formed from (SCN), hydrolysis) to produce ONOSCN, and subsequent decomposition

of this species. These pathways are outlined below:

Pathway 3-(i)
ONSCN = NO + SCN (16)
SCN + SCN™ — (SCN), (17)

Pathway 3-(ii)

(SCN),” + HNO, + H" — NO + (SCN), (18)

Assuming that the rate limiting step in Pathways 3-(i) and 3-(ii) is the consumption of
(SCN),, the following simplified rate law can be derived for ONSCN decomposition,
where k, = k;skj¢/k.14 for pathway 3-(1) and k;3K;+/K; for pathway 3-(ii) (derivation
provided in Appendix B):
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2 - 2
_AUINO, Iroar _ ka[ONSCNT" | kisK14[SCN _J[ONSCN] +ks[ONSCNT>  (19)
dt [NO] [NO]

SCN radicals are known to react at or near the diffusion controlled limit with SCN" ions
forming (SCN),” radicals,”” with an equilibrium constant of 2 x 10° L mol”". Thus, in
accordance with Hess’ Law, the equilibrium constants for Reactions 14 and 16 must
satisfy the relationship K;4/K;s = K;7 = 2 X 10° L mol!. The best fit of Pathway 3-(1)
(occurring in parallel with Pathways 1 and 2) to the data resulted in K;4/K;s = 10, a
factor of 10" lower than required thermodynamically. Therefore, although this reaction
model provides an excellent fit to the data, the required equilibrium parameters are not
thermodynamically feasible and alternate mechanisms must be considered. As noted
above, Pathway 3-(ii) simplifies to the same rate law as Pathway 3-(i), with the
distinguishing feature of that mechanism being an acid catalysed reaction between
(SCN),™ (generated via Reaction 14) and nitrous acid. Such a reaction would likely
proceed via a H,NO, " intermediate, making it possible to estimate an upper bound on
this rate constant based on the observed rate of other acid catalysed nitrosation reactions
involving negatively charged substrates. The rate constants of such reactions, including
the nitrosation of SCN™ appear to approach a limiting value of 12,000 L* mol? s with
increasing substrate reactivity.” Hence, the rate of nitrosation of (SCN),™ is unlikely to
exceed this value. The fact that similar rate constants are observed for a range of
reactive substrates suggests that these reactions are encounter controlled, with H,NO,"
in equilibrium with HNO, and H'. In contrast, the minimum value of kg required to fit
the data for ONSCN decomposition at low SCN™ concentrations is 6.5 x 10> L> mol™? s,

which is significantly larger than that observed for other substrates. As a result,
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Pathway 3-(ii), although providing a good fit to the data, is unlikely to represent the

correct mechanism because the required rate constant for Reaction 18 is not feasible.

Pathway 3-(iii) involves formation of a previously unreported species, ONOSCN
resulting from the nitrosation of HOSCN. HOSCN forms as a result of the hydrolysis
of (SCN), (Reaction 20)13, produced from Pathways 1-2. HOSCN can then either
disproportionate via a second order reaction which results eventually in sulfate and
cyanide (Reactions 24-26 in Table 1)", or it can react with ONSCN, forming ONOSCN
(Reaction 21). The decomposition of ONOSCN is proposed to form NO and OSCN
radicals via Reaction 22. Two OSCN molecules then combine to form a dimer, which
hydrolyses forming HOSCN and HO,SCN. This reaction scheme, combined with
Pathways 1 and 2 operating in parallel, provides an excellent fit to the data over the
complete range of reactant concentrations used in this study, as outlined in Figures 7-9.

Table 1 summarizes the complete model and associated rate parameters.

Pathway 3-(iii)

(SCN), + H,0 5 HOSCN + SCN + H' (20)
ONSCN + HOSCN S ONOSCN + SCN™ + H” 21)
ONOSCN S NO + OSCN (22)
20SCN + H,0 — HOSCN + HO,SCN (23)
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Table 1: Reaction mechanism for ONSCN decomposition

Reaction Equation | k¢* ky* Source

Number
HNO, + H + NO, 5 N,0; + H,0 1 32,000 M5 6400 s Ref. ®
HNO, + H" + SCN" 5 ONSCN + | 3 11900 M7s™ 5308 Ref.’
H,0
20NSCN — 2NO + (SCN), 5 0.57 M's™ N/A This study
SCN + ONSCN 5 NO'+ (SCN),” | 14 23 M5! 43 x10°M'sT | This study, Ref ™
(SCN), + ONSCN — NO + (SCN), | 15 1.9x10'M's' | N/A This study, Ref ™
+ SCN”
(SCN), + HNO, + H® — NO + | 18 12,000 M7s™! N/A This study
(SCN), + H,0
(SCN), + H,O 5 HOSCN + SCN™ + | 20 19.8 s 5140 M7s™ Ref.
i
ONSCN + HOSCN S ONOSCN + | 21 260 M's™! 980 M*s™! This study
H + SCN
ONOSCN 5 NO + OSCN 22 1.3x10°M7's" |43 x10°MT's" | This study
20SCN  + H,0 — HOSCN + |23 1.7x10°M'sT | N/A This study
HO,SCN
2HOSCN — HO,SCN + SCN' + H' | 24 1600 M's™! N/A Ref. %%
2HO,SCN — HOSCN + HO;SCN 25 2x 105 M s N/A Ref.
HO,SCN + H,0 — SO,” + HCN + | 26 5x 105 MTs! N/A Ref.
2H"
2(SCN),” — (SCN), + 2SCN 27 13x10°M'sT | N/A Ref. **
NO, + H' S HNO, 28 10°M s 6.76 x 10°s™ Ref. ®
N,O0; 5 NO + NO, 29 3941 s 1.0 x 10°M'sT | Ref. °" Ref, ***
2NO, + H,0 — HNO, + NO; + H™ | 30 84x10'M's" [5x10°M7s” Ref.
(SCN),” + NO, — 2SCN + NO, 31 22x10°M'sT | N/A Ref**

* Units “M” denotes “mol L™

** The value of K,y from Ref. 13 was used in conjunction with the value of K 202k24 from

Ref. ' to determine k»,. The rate limiting step of (SCN),/HOSCN decomposition may

change at pH > 4, consult ref*

*** The value of ky9 was determined from Ref. 3 in conjunction with the equilibrium

constant for N,O5 from Ref. § k.29 was taken as the average of values reported in Ref. 31

and Ref. %
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Figure 7: Comparison of experimental and modelled decomposition of ONSCN for

0.05 mmol L™’ NaSCN, 0.01 mol L’ NaNQO; and increasing initial acid

concentrations, 0.05, 0.1, 0.2, 0.3 and 0.4 mol L HCIO, for experiments 10, 11, 3, 2

and 1 respectively. Experiment numbers correspond to those tabulated in Appendix

B.
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Figure 8: Comparison of experimental and modelled decomposition of ONSCN at low
NaNQO); concentrations. Concentrations are 9: [SCN] = 0.5 mol L [H'] = 0.5 mol L7 12:
[SCN]=0.1mol L, [H'] = 0.2 mol L, [NO] = 0.62 mmol L, 13: [SCN'] = 0.1 mol L",
[H']=0.2mol L, 14: [SCN] = 0.2 mol L', [H'] = 0.2 mol L', [NO] = 0.62 mmol L, 15:

[SCN]=0.2mol L', [H'] = 0.2 mol L.
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54 Discussion

Pathway 1 - Reactions 14 and 15

Pathway 1 involves a reaction between nitrosyl thiocyanate and thiocyanate ions
generating (SCN)," radicals. This reaction is analogous to those reported for
decomposition of other nitroso-species, including nitroso-thioureas®’ and nitrosyl
iodide™, which feature a reaction between the nitroso compound and the relevant
nucleophile. The fact that similar reactions operate for other nitroso species supports
the proposed mechanism for ONSCN decomposition, and may indicate a general
mechanism applicable for this class of compounds. With regard to the elementary
mechanism of this reaction, our measurements and the results of studies published in the
literature indicate that the reaction between ONSCN and SCN' likely proceeds through
an ON(SCN), intermediate. A species of this stoichiometry formed as a result of pulse
radiolysis of nitric oxide saturated thiocyanate solutions™ (i.e. the reverse of Reaction
14). Dobherty at al. proposed a species of the same stoichiometry, denoted ON(SCN),
to explain the visible spectrum of nitrosyl thiocyanate solutions containing very high
thiocyanate ion concentrations'’. These researchers claimed that this species differs
from the species denoted NO(SCN)," observed in pulse radiolysis experiments, and that
Czapski et al.”® had observed a different form of ONSCN. This distinction results from
the differences in the UV spectra of ONSCN and NOSCN, and the rapid rate of decay
of NO(SCN),’, which, according to Doherty et al., would cause the species to “have
completely decomposed long before our first measurements, even with stopped flow”.
The latter point seems somewhat tenuous considering that Doherty et al. measured an
equilibrium concentration of ON(SCN),’, thus despite having a rapid rate of decay,

ON(SCN),” would still be observable provided the rate of its formation exhibited a
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comparable magnitude to that of its consumption. The small equilibrium constant
(~0.036 L mol™) for formation of the ON(SCN),™ adduct would mean that under the
conditions of Czapski et al.’s experiments with 0.1 mol L' SCN, the equilibrium
concentration of ON(SCN),” would be very low and its absorbance indistinguishable
from ONSCN considering their similar UV spectra. As such, one cannot conclude
whether the species observed in these studies are indeed different. Provided that
ON(SCN), exists at equilibrium with ONSCN and SCN’, the reaction proceeding via
ON(SCN), remains kinetically indistinguishable from that producing NO and (SCN),"
from ONSCN and SCN™ in a single step. Doherty et al.'” showed that ON(SCN),"
formation reached equilibrium within the dead time of their stopped flow, thus, we have

defined this rate constant in terms of ONSCN and SCN'.

The simulations were insensitive to changes in k;, and k;5 for 10° < kis < 10 L mol™ s"l,
provided that the magnitude of K;s;s remained constant. The constancy of this
quantity can be readily explained by the fact that the rate of Reaction 14 is significantly
faster than Reaction 15. As such, NO and (SCN)," exist in equilibrium with ONSCN
and SCN’, and the rate limiting reaction step is the consumption of (SCN),” via Reaction
15. Therefore, under conditions where Reaction 14 is at equilibrium, it is not possible

to isolate the parameters k;, and k;s, only K;4k;5 can be determined.

A key step in the proposed reaction mechanism is Reaction 15 between (SCN)," and
ONSCN, for which the rate constant, k;5, could range from 2 x 10° to 5 x 10 L mol™ s™!
depending on the magnitude of K;,. This reaction could be interpreted as the S-
nitrosation of (SCN),” by ONSCN, wherein NO" transfers from ONSCN to one of the

sulfur atoms of (SCN),, presumably forming an unstable intermediate species
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ON(SCN), which rapidly decomposes to NO and (SCN),. Alternatively, the reaction
could be interpreted as a substitution of the (SCN), radical for NO in ONSCN,
releasing NO and forming (SCN);, which is known to persist in equilibrium with
(SCN), and SCN"* Tt is of interest to compare the magnitude of k;5 suggested in this
study to the rate constants of nitrosation reactions involving ONSCN to determine if the
required values of k;s5 are plausible. In the case of S-nitrosation, the high reactivity of
many substrates makes it impossible to determine the rate constant, as is the case for the
reaction between ONSCN and a range of heterocyclic thiones’, whilst the reaction of
ONSCN with mercapto-carboxylic acids occurs with a rate constant of ~ 1 x 10* L mol™
s'. In the case of N-nitrosation, the rate constant for the reaction between ONSCN and
aniline and several primary amino acids® is ~ 1 x 10® L mol™ s™, whilst a range of
aniline derivatives react with rate constants between 1 x 10° and 5 x 10* L mol™ s™.
Thus, the rate constants required for Reaction 15 in the proposed mechanism lie within
the range of values typically encountered for nitrosation reactions effected by ONSCN.
In the case of the substitution of the (SCN)," radical for NO in ONSCN, the analogous
reactions between thiyl radicals and thionitrites are reportedly barrierless®, suggesting a
reaction rate close to the diffusion controlled limit. Reactions 18 and 27, which offer
alternate pathways for the consumption of (SCN),", do not have a significant impact on
the kinetics. Although the rate constant for Reaction 27 is large, it is second order in
(SCN),’, the concentration of which is low (i.e., due to the low value of K;,) and as such

the rate of this reaction remains insignificant compared with the rate of Reaction 15.
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Pathway 2 - Reaction 5

This pathway comprises a second order reaction in ONSCN, directly generating NO and
(SCN),. Evidence supporting this reaction includes the tendency of ONSCN
decomposition kinetics to approach a second order reaction in the later stages
(conditions whereby the accumulation of NO in the solution suppresses Reaction 14)
and the fact that inclusion of this reaction in kinetic simulations leads to a substantially
improved fit to the data. Other related systems, including the decomposition of nitroso-

2627 and the oxidation of iodide ions by HNO,** *® (which likely proceeds

thiourea
through an ONI intermediate) contain a term in the initial rate that is second order in

nitroso species. Hence, it stands to reason that a similar mechanism operates for

ONSCN.

Pathway 3 - (iii) Formation and decomposition of ONOSCN — Reactions 21-23

Pathways 1 and 2 proceed too slowly to account for the observed rate of decomposition
at thiocyanate concentrations below 0.2 mol L', indicating that an additional reaction
pathway must operate under these conditions. We propose the formation and
decomposition of a new species, ONOSCN, to account for the kinetics of ONSCN
decomposition under conditions of relatively low thiocyanate ion concentration. In the
proposed mechanism, ONOSCN arises as a consequence of the reaction of ONSCN
with HOSCN, and decomposes via homolysis forming nitric oxide and OSCN. The
magnitude of Koyoscy indicates that only a small fraction of HOSCN converts into
ONOSCN. The combination of OSCN and NO was assumed to occur rapidly with a
rate constant of 4.3 x 10° L mol™ s, which falls in the range of rate constants reported

in the literature for reactions between NO and a variety of radicals, including (SCN),’,
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(Br),, CO5 ™ organic peroxyl radicals’” and thiyl radicals®® that all occur with rate in
excess of 10° L mol™ s™. Formation of OSCN has previously been proposed to account
for the complex kinetics associated with oxidation of SCN™ by ClO,**  That study
assumed that OSCN undergoes dimerisation and hydrolysis with a rate constant of 1 X
10" L mol™ s (i.e. k23), which coincides reasonably well with the value of 1.7 x 10" L
mol™ s determined in the present study. Experimentation with different values of k23
in the simulations showed that the previously reported value could be accommodated by
making appropriate changes to K»; and k2, with no reduction in the goodness of fit.
Numerous intermediates contribute to the hydrolysis of (SCN), and it is plausible that
they too participate in reactions with nitrous acid or nitrosyl thiocyanate. However,
owing to the large rate constants for their consumption®®, the concentration of such
intermediates (e.g. HO,SCN, HO3;SCN) is predicted to be low, resulting in minimal

contributions from these reactions.

Formation of N>O

Small amounts of N,O arise in the product gases at levels of less than 3 %, as confirmed
both by FTIR and MIMS. Because of its low abundance and subsequently insignificant
impact on the overall decomposition kinetics, we did not attempt to model the formation
of this species. A potential pathway for the formation of N,O involves the
decomposition of nitrosyl cyanide, ONCN, which reportedly hydrolyses to produce N,O
and CO,.>> Cyanide ions, formed via the hydrolysis of (SCN), (generated from the
decomposition of ONSCN) could react with nitrous acid to produce ONCN, in the same

way as thiocyanate ions react with nitrous acid to form nitrosyl thiocyanate. An
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alternative pathway may consist of ONSCN hydrolysing to form HNO, leading to

formation of N,O (via combination of HNO*).

ONCN + 2H,0 — HNO + CO, + NH; (32)
ONSCN + H,0 = HNO + HOSCN (33)
2HNO — N,O + H,0 (34)

Comparison to HNO, decomposition kinetics

Simulations were performed based on the kinetic models developed for the
decomposition of nitrous acid and nitrosyl thiocyanate to determine the dominant NOy
formation pathway under conditions relevant to emulsion explosives. The simulations
were executed for an initial nitrite concentration of 0.015 mol L and a thiocyanate ion
concentration of 0.025 mol L™, reflecting the concentrations of chemical used in the
standard Dyno Nobel procedure for a target emulsion density of 1.00 g/em’. The
simulations were performed for pH values ranging from 1 to 4, and the NO
concentration recorded after 5 min of reaction. The amount of NO increased with
decreasing pH for both pathways. For nitrous acid decomposition, the rate of reaction
increased with decreasing pH until pH 2, after which point the rate became independent
of pH. This is because at pH 2 all nitrite is present as in the form of nitrous acid and
reducing the pH further does not lead to an increase in the concentration of HNO,. The

decomposition of nitrosyl thiocyanate on the other hand showed a rapid increase in
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reaction rate at high acidities. Thus, at pH > 2.5 the decomposition of nitrous acid was
responsible for the majority of NOy formation. Between pH 1 and 2.5, NOy formation
from both nitrous acid and nitrosyl thiocyanate decomposition is significant, whilst at
pH below 1 the decomposition of nitrosyl thiocyanate is the dominant NOy formation
pathway. The pH employed for gassing emulsion explosives typically ranges from 3 to
4 depending on the quantity of acetic acid added for pH reduction. Over this range the
decomposition of nitrosyl thiocyanate is slow and as such the decomposition of nitrous
acid is expected to be the dominant pathway for NOy formation during explosive
sensitisation. The decomposition of nitrosyl thiocyanate could be a significant NOy
source if a stronger acid is employed to lower the emulsion pH, or if thiocyanate ions
are present in the gasser solutions. Figure 10 shows the NO concentration produced

from each pathway after 5 min of reaction.
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5.5 Conclusions

The mechanism of the decomposition of nitrosyl thiocyanate involves a complex system
of reactions, with the rate suppressed by the accumulation of the product, nitric oxide,
and catalysed by thiocyanate ions. Potential reaction mechanisms were examined by
fitting the kinetic parameters to the experimental measurements, with kinetic parameters
subjected to thermodynamic and kinetic scrutiny, to identify three parallel pathways for
the decomposition of ONSCN. The first two pathways, which describe the kinetics at
high thiocyanate ion concentrations comprise a reaction that is second order in ONSCN
to generate NO and (SCN); and a reaction between ONSCN and SCN™ to form NO and
(SCN),, with the latter pathway being reversible. The rate limiting step in the
mechanism corresponds to the consumption of (SCN), radicals by ONSCN, which
could occur via either radical substitution or S-nitrosation. The third reaction pathway,
which becomes significant at low thiocyanate concentrations, involves the formation of
a previously unreported species, ONOSCN, via reaction between ONSCN and HOSCN,
the latter being an intermediate in the hydrolysis of (SCN),. ONOSCN contributes to
NO formation via homolysis of the O-NO bond and subsequent dimerisation and
hydrolysis of OSCN. The proposed kinetic mechanism provides an excellent fit to the
experimental measurement, allowing the rate of NO formation from the decomposition
of ONSCN to be modelled accurately. Comparison of the kinetics of nitrosyl
thiocyanate and nitrous acid decomposition indicates that the decomposition of nitrous
acid is the dominant NOy formation pathway under conditions relevant to emulsion

explosives.
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CHAPTER 6 — ONSCN decomposition quantum chemistry

6.1 Introduction

Chapter 5 presents experimental results for the kinetics and mechanism for the
decomposition of nitrosyl thiocyanate'. The reaction mechanism consists of three
individual reaction pathways, each comprising a complex series of elementary reactions,
containing numerous proposed intermediate species. Some of these intermediates, such
as (SCN),, have been identified experimentally, as have the primary reaction products,
NO, SO,* and HCN. However, a number of the proposed intermediates, including the
highly reactive (SCN)," radical anions, are predicted to exist at concentrations too low to
be observed experimentally. Furthermore, owing to the broad nature of the UV-Vis
spectra of nitrosyl compounds, it was not possible to confirm the existence of other
nitrosyl compounds derived from HOSCN, such as ONOSCN, owing to the large
absorbance of ONSCN. A quantum chemistry study has therefore been undertaken to
examine the thermodynamic feasibility of the proposed reaction mechanism and to
study the properties of the proposed intermediate species. For convenience, the

experimentally proposed mechanism is summarised below:

ONSCN formation:

HNO, + SCN"+ H" 5§ ONSCN + H,0 (1)

Decomposition Pathway 1

ONSCN + SCN™ 5 (SCN), + NO )

(SCN); + ONSCN — NO + (SCN)5 3)
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Decomposition Pathway 2

20NSCN — 2NO + (SCN),

Decomposition Pathway 3

(SCN), + H,0 5 HOSCN + SCN" + H'

ONSCN + HOSCN S ONOSCN + SCN™ + H"

ONOSCN 5 NO + OSCN

20SCN + H,0 — HOSCN + HO,SCN
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6.2 Computational methods

The computational methods are similar to those described in Chapter 4, for the study of
nitrous acid decomposition. Gaussian03” was employed for all calculations, with the
exception of SMD solvation free energies which were computed in Gaussian09°. The
gas phase enthalpies and free energies of reaction were determined with the G3B3* and
CBS-QB3° methods, and combined with solvation free energies calculated with

continuum solvent models by means of the thermochemical cycle depicted in Figure 1°.

Agas) AG ) » By T Ciea
AG §(A) AG's(B) | AG™§(C)
AG (4
Agg) @ 5 Buay + Cag

AG*(gas) = AGo(gas, 1 atm) + AnRTln(2446)“

AG (2= AG (gas) + AG s(B) + AG §(C) — AG s(A).

Figure 1. Thermochemical cycle for determining aqueous free energy change of
reaction, for reaction A — B + C. “The value 24.46 reflects the ratio of the molar

volume of a gas at 1 atm to that at 1 mol L’

where AG's is the free energy of solvation and An is the difference in the number of
moles of products and reactants. Gas phase reaction free energies are typically
calculated with a standard state of 1 atm or 1 bar, whilst aqueous free energies employ a

1 mol L standard state. As such, if the number of moles of species changes in the
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course of a reaction, a correction must be applied to account for the difference in the
entropy component of the free energy for the 1 mol L' standard state compared to the 1
atm. This correction amounts to 7.92An kJ at 298 K. In the case of H', the
experimental values for the solvation enthalpies and free energies were employed,
corresponding to -1150 and -1104.5 kJ mol™, respectively, as reported by Tissandier et
al.”. Note that for H, the free energy change reflects standard states of 1 atm and 1 mol
L™ for the gas and liquid phases, respectively.® The standard state for water is the liquid
state, equivalent to a concentration of 55.5 mol L As such, an additional correction is
required to convert the solvation of free energy of water to the correct standard state,

comprising an additional 9.6 kJ mol™.

6.2.1 Method development and validation

The polarisable continuum model (PCM) can be employed to calculate the free energy
of solvation necessary to compute aqueous reaction free energies. However, numerous
variations of the PCM model have been proposed, mostly differing in their definition of
the solvent cavity. In Gaussian 03, the default solvation model is the IEFPCM model of
Tomasi et al.’, in which the solvent cavity is defined by a series of overlapping spheres,
with the default atomic radii defined according to the UFF force field'’. However, the
Gaussian 03 user guide recommends that UAHF radii'' be employed for calculation of
solvation free energies. In addition, the conductor-like polarisable continuum model
has frequently been employed in the literature for calculation of solvation free energies’,
whilst the Gaussian 09 program contains a new variation of the PCM method known as

SMD, which reportedly exhibits smaller errors than the previous version'%.
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A series of calculations were performed for reactions with experimentally known free
energies of reaction with a variety of solvent models to determine the most suitable
solvation model for calculations on reactions where experimental data is unavailable.
The experimental reaction free energies were determined from the reported equilibrium
constants in accordance with Equation 9. The reactions employed in the benchmarking
study, shown in Table 1, include the formation of ONSCN (Reaction 1), the hydrolysis
of (SCN), (Reaction 5), the protonation of SCN™ (Reaction 10) and the equilibria for the
formation of adducts between thiocyanate ions and (SCN),, SCN radicals and ONSCN
(Reactions 11, 12 and 13, respectively). These reactions are suitable for examining the
accuracy of the solvent models for the present study as they contain a selection of the
species participating in Reactions 2-8. Table 1 summarises the experimental

equilibrium constants and reaction free energies.

AG?

rxn

= —RTIn(K ) 9)
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Table 1: Summary of experimental equilibrium constants and reaction free energies

employed to test the accuracy of solvent models

Rxn No |Stoichiometry Kegm AG®.., |Source
(kJ)

1 HNO, + SCN + H' 5 ONSCN + H,0 29 L* mol™ -8.3|Ref"”

5 (SCN), + H,O0 S HOSCN +SCN +H" | 3.9x10° mol>L*|  13.8|Ref"

10 HNCS S SCN +H' 100 mol L[ -11.4|Refs™'®
11 (SCN), + SCN™ 5 (SCN)5” 0.43 mol L™ 2.1|Refs'"™®
12 SCN + SCN™ 5 (SCN), 2x10°molL"| -30.2|Refs"**
13 ONSCN + SCN™ 5 ON(SCN),’ 0.036 mol L[  10.7|Ref"

The equilibrium constant for Reaction 1 has been determined from measurements of
the visible absorbance of nitrous acid solutions containing SCN’, originally by Stedman

22,23

et al.”’, and later confirmed in several other studies’*, including the present work

(Chapter 5). The equilibrium constant for thiocyanogen hydrolysis (Ks) is less well

417 " The most recent

established, with reported values spanning an order of magnitude
determination by Nagy et al."* has been employed in this study. Similarly, there is
significant variation in the pK, values reported for HNCS, with estimates ranging from -
0.7 to -2.3.1!%**% The measurements by Morgan et al."* and Crowell & Hankins'® are
in reasonable agreement (-2.3 < pK, < -1.84), both of which attempt to account for the
activity coefficients of the species in concentrated solution, and as such, a value of -2
for the pK, of HNCS has been assumed. The equilibrium constants for the adducts

between SCN™ and (SCN), and ONSCN have both been established by examining the

increase in UV-Visible absorbance of (SCN), and ONSCN solutions with increasing
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. . 17,1821
SCN™ concentration > ™.

In both cases, it is difficult to separate the effects of the
equilibrium constant and extinction coefficient, leading to uncertainties on the order of
+50% in the equilibrium constant. K;, has been determined in pulse radiolysis studies

of thiocyanate solutions.'*2°

The calculations utilised four different methods for the calculation of solvation free
energies comprising the PCM model with UFF and UAHF radii, the SMD model, and
the CPCM*® model with UAHF radii. The CPCM model is a version of the PCM
wherein the solvent is treated as a conductor rather than a dielectric. The PCM and
CPCM results were computed with the B3LYP hybrid density functional”’*®, with an
additional Hartree Fock (HF) calculation performed with the UAHF radii. The SMD
results were computed with both the B3LYP and M05-2X?* density functional theory
methods. Calculations were performed with the 6-31G+(d,p) basis set for all methods,
with selected calculations repeated with the 6-31G(d,p) and 6-311++G(d,p) basis sets to
examine the effect of diffuse functions and basis set size, respectively’™'. The
solvation free energy was determined by comparing the energy of the species
determined with the solvent model to that computed in the gas phase with the same
method and basis set. The geometry was optimised in both the gas and solution
calculations, to ensure that any effects of geometry relaxation upon solvation were
accounted for. The gas phase reaction free energies were combined with the calculated
solvation free energies to calculate the aqueous free energy changes of Reactions 1, 5
and 10-13. Table 2 reports the results for the gas phase free energies of reaction for the
G3B3 and CBS-QB3 methods. Tables 3 and 4 illustrate the errors between the
experimental results and those calculated based on G3B3 and CBS-QB3 results,

respectively, for a variety of solvent models.
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Table 2: Gas phase reaction free energies calculated with the G3B3 and CBS-QB3

model chemistries at 298 K, 1 atm. All energies are in kJ

Reaction | AG’s - CBS-QB3 | AG®2s - G3B3 | Difference
1 -1336.9 -1341.8 4.9
5 1362.0 1364.3 -2.3
10 1319.4 1322.8 -3.4
11 -85.8 -77.1 -8.8
12 -99.1 -87.2 -11.9
13 -19.2 -17.2 -2.0
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Table 3: Difference between experimental and calculated aqueous free energies of

reactions 1, 5 and 10-13 computed with gas phase CBS-QB3 energies and solvation

free energies calculated with different models. All free energies were calculated at

298 K and employ the 1 mol L standard state. All energies are in kJ

Reaction

Method “* 1 5 10 11 12 13 MAD*
1. B3/6-311++G(d,p) UFF”“ -1.5 | 172 | 42 8.0 -6.6 | -19 6.6
2. B3/6-31+G(d,p) UFF -03 | 17.1 | -3.0 | 5.6 -6.8 4.0 6.1
3. B3/6-31G(d,p) UAHF 215 | 86 | 7.1 52 | -125 | 149 11.6
4. B3/6-31+G(d,p) UAHF 8.7 -05 | 169 | 2.6 | -159 | -0.9 7.6
5. HF/6-31+G(d,p) UAHF 158 | -08 | 99 | -464 | -17.6 | 45 15.8
6. B3/6-31+G(d,p) CPCM UAHF 8.7 -08 | 17.1 | -24 | -158 | 3.4 8.0
7. B3/6-31+G(d,p) SMD -18.6 | 155 | 11.5 | -15.0 | -194 | 0.8 13.5
8. M052X/6-31+G(d,p) SMD -17.6 | 153 | 12.6 | -16.4 | -25.6 | 1.5 14.8

“Methods 1-5 employ the Gaussian 03 PCM model, Method 6 employs the CPCM

model, and Methods 7-8 employ the Gaussian 09 SMD model. B3 refers to the B3LYP

DFT method. “Mean absolute deviation.
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Table 4: Difference between experimental and calculated aqueous free energies of
reactions 1, 5 and 10-13 computed with gas phase G3B3 energies and solvation free
energies calculated with different models. All free energies were calculated at 298 K

and employ the 1 mol L standard state. All energies are in kJ

Reaction
Method “” 1 5 10 11 12 13 MAD*
1. B3/6-311++G(d,p) UFF -6.4 | 195 | -09 | 16.8 53 0.1 8.2
2. B3/6-31+G(d,p) UFF 52 1194 | 04 | 143 5.2 6.0 8.4
3. B3/6-31G(d,p) UAHF 16,6 | -6.3 | 105 | 14.0 | -0.6 | 16.8 10.8
4. B3/6-31+G(d,p) UAHF 3.8 1.8 | 203 | 6.1 -4.0 1.1 6.2
5. HF/6-31+G(d,p) UAHF 10.9 14 | 133 | -37.6 | -5.6 6.5 12.6
6. B3/6-31+G(d,p) CPCM UAHF 3.7 1.5 | 205 | 64 -3.9 54 6.9
7. B3/6-31+G(d,p) SMD 235 | 177 | 149 | 6.2 | -7.4 2.8 12.1
8. M05-2X/6-31+G(d,p) SMD =225 | 17.6 | 159 | -7.6 | -13.7 | 34 13.5

“Methods 1-5 employ the Gaussian 03 PCM model, Method 6 employs the CPCM
model, and Methods 7-8 employ the Gaussian 09 SMD model. B3 refers to the B3LYP

DFT method. “Mean absolute deviation.

As demonstrated in Table 2, the gas phase free energies of Reactions 1, 5, 10, and 13
calculated with the G3B3 and CBS-QB3 methods are in excellent agreement, with
differences of less than 5 kJ. The discrepancies for Reactions 11 and 12 are slightly
larger, with differences of 9 and 12 kJ, respectively. The mean absolute deviation
(MAD) for all reactions is 5.5 kJ. This deviation is similar to the average errors exhibit

by the CBS-QB3 and G3B3 methods relative to the G2 test set, which are on the order
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of 4 kJ mol™*>. Tt is therefore concluded that these methods perform satisfactorily for

computation of gas phase reaction free energies.

For the aqueous reaction free energies based on the gas phase CBS-QB3 calculations,
the MAD ranged from 6.1 kJ for the B3LYP/6-31+G(d,p) PCM method with UFF
atomic radii, to 15.8 kJ for the HF/6-31+G(d,p) PCM method with UAHF radii.
Increasing the basis set size from the double zeta 6-31+G(d,p) to the triple zeta 6-
311++G(d,p) increased the error slightly, possibly owing to the fact that solvation

11,26
. There was a

models are typically optimised for use with smaller basis sets
relatively small difference of 1.5 kJ between the average results of B3LYP/6-31+G(d,p)
calculations with the UFF and UAHF radii. Removing diffuse functions from the basis
set produced a further increase in error of 5.5 kJ, most likely due to the presence of
ionic species which require diffuse functions for accurate energy calculations. The
results for calculations with the PCM and C-PCM model with the same method and
basis set were almost identical and yielded similar MAD’s. The error in the results
computed with the SMD model were 7.3 kJ higher than the same method with the
earlier PCM model, with the M05-2X results being 1 kJ worse than those of B3LYP.
The solvation free energies of individual species were systematically more positive with
the SMD compared to PCM model, with the exception of H,O, for which the SMD

solvation free energies were the lowest. This results in large errors for the SMD model

for Reactions 1 and 5 which involve H,O.

For gas phase calculations with the G3B3 method, the smallest MAD of 6.2 kJ was
achieved with the B3LYP/6-31+G(d,p) PCM methods with UAHF radii. The CPCM

results with the same method and basis set yielded a similar MAD of 6.9. The
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B3LYP/6-31+G(d,p) PCM-UFF method, which produced the lowest errors when
combined with CBS-QB3 gas phase energies, exhibited a slightly larger error of 8.4 kJ
when combined with the G3B3 results. Overall, employing G3B3 for gas phase
reaction energies yielded a slight improvement in the agreement between the calculated
and experimental aqueous reaction free energies compared to CBS-QB3. The

maximum error, however, was slightly higher for G3B3 compared to CBS-QB3.

The poor performance of the HF method was a somewhat surprising outcome, because
the UAHF radii are optimised for AGy calculations with HF, and would be expected to
produce reasonable results. The larger discrepancy for the HF results arise due to the
very large errors of 38 to 46 kJ (depending on the method of gas phase free energy
calculation) associated with the free energy change of Reaction 11. This error is a
consequence of the high solvation free energy of (SCN); predicted with HF, compared
to other methods, with the HF method predicting a solvation free energy 40.5 kJ more
negative than the nearest other method. This high solvation free energy results from an
incorrect geometry of (SCN);™ predicted by the HF method. The structure of (SCN)s’
optimised with HF resembles a weak complex between an SCN™ ion and the (SCN),
molecule, with an S-S separation distance of 3.55 A between the SCN™ and (SCN),
moieties, and a 2.08 A bond length in (SCN),. In contrast, the B3LYP geometry
exhibits even separation of the three SCN groups, with S-S bond lengths of 2.51 A. The
unsymmetrical HF structure results in a high charge density on the SCN" group, which
exhibits greater stabilisation upon solvation compared to the B3LYP geometry wherein

the charge is distributed over the whole molecule.
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The magnitude of error in the solvation free energies, which averages in the range of
approximately 6-8 kJ for the Gaussian 03 PCM and CPCM models, is on the whole,
quite pleasing, considering that solvation models typically exhibit average errors of
around 20-30 kJ mol™ for ionic species'?. Clearly, there is a degree of error cancellation
occurring between the species on the left and right hand sides of Equations 1, 5 and 10-
13 which reduces the overall error in the calculated reaction free energies. Because
errors in individual reaction energies could be as high as 20 kJ mol™, it is desirable to
compute unknown reaction free energies with two different solvation models. The
B3LYP/6-31+G(d,p) method has been selected for this purpose, with calculations to be
performed at both the UFF and UAHF atomic radii for unknown reaction free energies.
These solvent models are combined with both the G3B3 and CBS-QB3 gas phase

reaction free energies, with the overall method denoted CBS-QB3//B3LYP/6-

31+G(d,p)-PCM(UFF), CBS-QB3//B3LYP/6-31+G(d,p)-PCM(UAHF),
G3B3//B3LYP/6-31+G(d,p)-PCM(UFF) and G3B3//B3LYP/6-31+G(d,p)-
PCM(UAHF).
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6.3 Results

6.3.1 Formation of nitrosyl thiocyanate

Nitrosyl thiocyanate forms as the result of an acid catalysed reaction between nitrous
acid and thiocyanate ions'’. Nitrosation of SCN could potentially occur at either the
sulfur or nitrogen sites, forming nitrosyl thiocyanate (ONSCN) or nitrosyl
isothiocyanate (ONNCS), respectively. Pasinszki & Westwood™ previously examined
a range of nitrosyl thiocyanate isomers in the gas phase at the MP2/6-31G(d) level of
theory, demonstrating that formation of both ONSCN and ONNCS isomers is indeed
possible. Additionally, both cis and frans conformers were identified, with the cis
configuration exhibiting the lowest energy in both cases. In the gas phase, the energy of
ONSCN is approximately 26 kJ mol™ lower than ONNCS at the MP2/6-31G(d) level of
theory’>. Results have also been reported for single point CCSD(T)/aug-cc-PVQZ
calculations based on B3LYP/6-311++G(3df,2dp) geometries, which predict an energy
difference of 31 kJ mol™! between ONSCN and ONNCS. However, the trans form of the
ONNCS isomer has a slightly lower energy than the cis isomer at this level of theory.”
Similar results were obtained in the present study, for gas phase calculations employing
the G3B3 and CBS-QB3 methods, which predict free energies in the order of cis
ONSCN < trans ONSCN < trans ONNCS < cis ONNCS. The results computed with
inclusion of solvation effects indicate that the two ONSCN isomers lie close in energy,
with the frans isomer exhibiting a free energy 6 kJ mol™ greater than the cis isomer.
Owing to this small energy difference, these isomers would be expected to co-exist in
solution and could both potentially participate in the decomposition reactions. The cis
and trans ONNCS isomers, on the other hand, exhibit free energies 53 and 46 kJ higher

than cis ONSCN, indicating that the equilibrium concentration of the ONNCS isomers
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will be negligible. As such, the ONNCS species are unlikely to participate in the
decomposition process. Figure 2 illustrates the relative free energies and geometries of

the ONSCN isomers.
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Figure 2: Free energies of ONSCN isomers relative to cis ONSCN, computed at the

CBS-QOB3//B3LYP/6-31+G(d,p)-PCM(UFF) level

6.3.2 Decomposition Pathway 1

The experimental kinetic study of ONSCN decomposition identified a reaction pathway
second order in nitrosyl thiocyanate and first order in thiocyanate ions. Consistent with
this rate law, Reactions 2 and 3 were proposed, in which a pre-equilibrium is
established between thiocyanate ions, nitrosyl thiocyanate, nitric oxide and
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thiocyanogen radical anions (i.e., (SCN),"), followed by rate limiting consumption of
(SCN),” by reaction with a second ONSCN molecule. For 10° < k3 < 10° L mol™ s™,
different values of K, and k; can provide an equally good fit to the data, provided that
the product of the rate and equilibrium constant, K>k;, remains constant (note that K,
and k; correspond to K;4 and k;5 in Chapter 5). It is also possible that the mechanism
for Reaction 2 could proceed via initial dissociation on ONSCN into NO and SCN
radicals (Reaction 14), and subsequent reaction between SCN and SCN™ forming
(SCN)," (Reaction 12), provided that these reactions are fast enough to establish
equilibrium concentrations of these species. In addition, the species ON(SCN), has
been proposed as a product of the reaction between NO and (SCN),’, and as a minor
species in equilibrium with ONSCN and SCN'. To distinguish between these
competing reaction mechanisms, a thermodynamic analysis of the various elementary
steps that could constitute Reaction 2 has been performed. In addition, the transition
state for Reaction 3 has been located, and a rate constant calculated by means of

transition state theory, for comparison with the experimental value.

ONSCN 5 NO + SCN (14)

The formation of (SCN),” and NO from ONSCN and SCN" (Reaction 2) was established
to be exothermic in the gas phase, with AG,,, of -35 and -20 kJ at the CBS-QB3 and
G3B3 levels, respectively. As noted in Section 6.2, there is a considerable difference in
the gas phase free energy of (SCN),” computed with the two methods. The reaction
becomes considerably endothermic upon inclusion of solvation effects, with aqueous
reaction free energies of 41 and 56 kJ with UFF radii at the CBS-QB3 and G3B3 levels,

respectively. The results with UAHF radii are 7 kJ lower in free energy than those with
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the UFF radii. The difference between the gas phase and aqueous phase reaction free
energies arises due to the higher solvation free energy of SCN relative to (SCN),".
Based on the calculated aqueous reaction free energies, estimates for K, range from 2 x
10" to 1 x 10°. The wide range in the estimate of K; arises as a result of the large
difference in the CBS-QB3 and G3B3 gas phase reaction free energies. Owing to the
large difference between the gas phase reaction free energies calculated with CBS-QB3
and G3B3 for Reaction 2, an alternate method was sought to determine the free energy
change of this reaction. It was noted that Reaction 2 can be written as the sum of
Reactions 12 and 14, hence AG°) = AG°(12) + AG°14). Calculated gas phase results for
the free energy change for Reaction 14 with CBS-QB3 and G3B3 were in close
agreement (within 3 kJ), whilst AG°2) can be computed from the experimentally
determined equilibrium constant, which is well established'**’. Employing this scheme
yields values for K ranging from 4 x 107'% to 5 x 10”, comparing favourably with the
experimental results, which range from of 1 x 10" to 8 x 10™® depending on the value

Ofkg.

An alternate reaction mechanism consists of the homolytic fission of ONSCN into NO
and SCN radicals (Reaction 14), with a subsequent reaction between SCN and SCN”
(Reaction 12). The latter reaction has been observed to occur in the pulse radiolysis of
SCN" solutions, where equilibrium between (SCN), and SCN and SCN' is rapidly
established.?>** Formation of SCN and NO from ONSCN, however, is considerably
endothermic, with calculated aqueous reaction free energies ranging from 78 to 81 kJ,
corresponding to an equilibrium constant on the order of 10" mol L', If it is assumed
that the reverse reaction occurs with a rate constant of 5 x 10° L mol™s™, typical for

reactions between NO and other radicals34, an estimate for the forward rate constant of 5
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x 10° s is obtained, a value too small to account for the experimentally observed
reaction rate. As such, decomposition of ONSCN does not proceed via homolysis of

ONSCN.

A transition state was identified for the reaction between ONSCN and (SCN),
(Reaction 3), yielding NO and (SCN);™ as reaction products, corresponding to the
substitution of the NO group in ONSCN with (SCN),". Figure 3 shows the geometry of
the transition state. The imaginary vibration mode shows shortening of the two S-S
bonds, and lengthening of the S-NO bond. In the gas phase at the CBS-QB3 level, the
free energy of the transition state lies just 15 kJ above the reactants, ONSCN and
(SCN),, whilst the TS free energies in solution were calculated as 36 and 37 kJ for the
CBS-QB3 gas phase results combined with UAHF and UFF solvent calculations,
respectively. Employing transition state theory (TST), the average reaction rate
constant for the two solvation methods was calculated as 2.8 x 10° L mol™ s As
discussed earlier, it was only possible to determine K>k; experimentally, with the values
of k; ranging from 10° to 10° L mol™ s'l, provided that the product K>k; remained
constant. The value of k; determined quantum chemically lies within the range of
values predicted experimentally. The value of K)k; determined quantum chemically
ranges from 9.4 x 10* to 0.014 L mol” s, which compares favourably to the
experimental value of 0.011 L mol™ s*. Owing to the large number of atoms in the

transition state, it was not feasible to perform the G3B3 calculation.
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Figure 3: Transition state geometry for Reaction 3 computed with B3LYP/6-

31+G(d,p) and PCM solvent model with UFF radii. Arrows indicate the direction of

atom movements along the reaction coordinate.

Regarding the intermediacy of ON(SCN),’, two different stationary points of this
stoichiometry were identified quantum chemically. The first contains a long S-S bond
between SCN and ONSCN of 3.07 A in the gas phase. This bond is elongated to 3.84 A
when the PCM(UAHF) model is employed. The second structure contains an S-N-S
linkage, with one SCN group in plane with the NO group, and the second SCN group
rotated by approximately 70 degrees. Figure 4 shows the structure of the two isomers
computed at the B3LYP/6-31+G(d,p) PCM(UAHF) level. In the gas phase, formation
of the S-N-S isomer is more energetically favourable, with the average of the CBS-QB3
and G3B3 free energy changes for Reaction 13 being -77 and -50 kJ mol™ for the S-N-S

and S-S isomers, respectively.

Upon solvation, formation of both isomers exhibit positive Gibbs free energy changes,

and the S-S isomer becomes energetically more favourable than the S-N-S variant. The
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reason for the large difference between the gas and aqueous phase reaction free energies
is the high solvation free energy of SCN™ compared to ON(SCN),". The preference for
the S-S isomer in solution results from the relatively large solvation free energy of this
species compared to the S-N-S isomer. The larger solvation free energy of S-S
ON(SCN),  likely arises due to a high negative charge held on the SCN group, owing to
the longer distance between ONSCN and SCN' in this isomer. The S-N-S isomer would
be expected to exhibit a much more uniform charge distribution, and correspondingly
lower free energy of solvation. The predicted equilibrium constant for the S-S isomer,
which ranges from 1.1 x 10™ to 1.9 x 102 L mol™ depending on the solvent model
employed, is in reasonable agreement with that estimated experimentally by Doherty et
al (0.013 < K < 0.036). The presence of two different isomers of ON(SCN),” may
account for some of the discrepancies between the work of Czapski et al** and Doherty
et al*'. At equilibrium, the S-S isomer would be the dominant species, however, this
does not preclude the formation of transient ON(SCN)," in the reaction between NO and
(SCN),™ (i.e. in the experiments of Czapski et al**), which could explain the different

ON(SCN),  stabilities reported in the two literature studies.

O«u 3; , f?
p * 3#

S-N-S ON(SCN),” S-S ON(SCN),’

Figure 4: Geometries of S-S and S-N-S isomers of ON(SCN); optimised at B3LYP/6-

31+G(d,p) with PCM model and UAHF radii

170



CHAPTER 6 — ONSCN decomposition quantum chemistry

Provided that formation of ON(SCN),  is sufficiently rapid that Reaction 13 is at
equilibrium, formation of (SCN), directly via Reaction 2 and via ON(SCN), is
kinetically indistinguishable. The formation of NO and (SCN),  from ON(SCN),’
involves a crossing from the singlet to the triplet potential energy surface, and it is
therefore not possible to isolate a transition structure for this reaction with the software
employed in the present study. Consequently, the intermediacy of ON(SCN), cannot
be conclusively proven quantum chemically.  However, it has been shown
experimentally that the reverse reaction between NO and (SCN),” produces ON(SCN),
and that equilibrium between ONSCN, SCN™ and ON(SCN)," is rapidly established. As
such, it is likely that Reaction 2 indeed proceeds via an ON(SCN)," intermediate. Table

5 summarises the results of the calculations for Pathway 1.
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Table 5: Calculated Gibbs free energies of reaction for Pathway 1 and comparison of

calculated and experimentally determined equilibrium constants. All energies in kJ

Reaction

Method* 1 2 2a" 3
AG’395 CBS-QB3 (UFF) -8.6 40.7 47.4 -47.1
AG’39s G3B3 (UFF) -13.5 56.0 50.9 -45.7
AG’39s CBS-QB3 (UAHF) 0.4 34.1 52.0 -44.0
AG’39s G3B3 (UAHF) -4.6 49.5 55.5 -42.6
Keaic (lower) 0.86L°mol* | 1.5x10" | 1.9x 10™] 3.0 x 10’
Keale (upper) 236 L mol ” | 1.0x10° | 49x107| 1.8x10°
Kexpt 297 mol > | 1x10" <K <8x10° | irreversible
Method 12 14 13 (S-S) | 13 (S-N-S)
AG’ 395 CBS-QB3 (UFF) -37.0 77.7 14.8 27.7
AG’ 95 G3B3 (UFF) 25.1 81.1 16.7 24.0
AG’39s CBS-QB3 (UAHF) -46.2 82.2 9.8 24.4
AG’395 G3B3 (UAHF) -34.2 85.7 11.8 20.8

2.5x 10" 9.4x10"° | 1.2x10° | 1.4x107
Kaic (lower) L mol™ mol L! L mol™ L mol!

1.2 x10° 24x10" 1 19x107° | 23x10"
K.aic (upper) L mol™ mol L™ L mol™ L mol!
Kept 2 x10° L mol™ N/A 0.013 <K <0.036

“Solvation energies computed at the B3LYP/6-31+G(d,p) with the PCM solvent model

implemented in Gaussian(03
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"Free energy of reaction computed by combining the experimental free energy change of

Reaction 12 with that calculated for Reaction 14, i.e. AG°qa) = AG°(12) + AG(14).

6.3.3 Decomposition Pathway 2

The second pathway for nitrosyl thiocyanate decomposition determined experimentally
involves an irreversible reaction second order in nitrosyl thiocyanate (Reaction 4). The
calculated free energy change of reaction ranged from just -1.3 kJ, computed with G3B3
in combination with PCM model and UAHF radii, to -14 kJ for CBS-QB3 combined
with the PCM-UFF solvent calculation. The difference between the gas phase reaction
free energies calculated with G3B3 and CBS-QB3 is 8 kJ, whilst the results with
solvation included were 5 kJ more negative for the UFF compared to the UAHF radii.
The resulting equilibrium constants for the reaction range from 1.7 to 295 mol L.
Although the lower end of the range for the calculated equilibrium constant is quite
small for a reaction that was experimentally found to be irreversible, the reverse process
comprises an overall third order reaction, second order in NO, which makes the reaction
essentially irreversible at low NO concentrations. Furthermore, the reverse reaction rate
also depends on the concentration of (SCN),, a species which readily hydrolyses in
aqueous solution, accounting for the experimental observation that the reaction is

irreversible.

The rate equation second order in ONSCN could arise from several possible elementary
reaction mechanisms. Firstly, the reaction could indeed involve a bimolecular
interaction between two nitrosyl thiocyanate molecules, as written in Equation 4.
Alternatively, the reaction could involve initial formation of either an ON(SCN)," or

(ON)ZSCN+ intermediates, followed by their reaction with H,NO," and SCN,
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respectively, to produce NO and (SCN),. Both alternate pathways, described in

Equations 15-17 below, yield equivalent rate laws to Reaction 4.

ON(SCN), + H" + HNO, S 2NO + (SCN), + H,0 (15)
ONSCN + H' + HNO, S (ON),SCN" + H,O (16)
(ON),SCN" + SCN" 5 2NO + (SCN), (17)
r, = k,K[HNO,*[H " *[SCN " ]? (18)
ris = k1sK K3 [HNO, P[H P[SCN™]? (19)
fi7 = k17K K s [HNO, 1*[H "]’ [SCN ™ ]? (20)

The predicted equilibrium constant for ON(SCN),  ranges from 107-10 L mol™ for the
S-S isomer, to approximately 10™#-10° L mol™ for the S-N-S geometry. Employing
these values for K;; necessitates that k;s lie in the range of 10°-10% L? mol? s
Nitrosation reactions similar to Reaction 15 typically exhibit rate constants with an
upper limit of ~10* L* mol™ s, suggesting that Reaction 15 is a plausible mechanism
for Pathway 2. However, it should be noted that nitrosation of ON(SCN)," could also
result in formation of two ONSCN molecules, instead of NO and (SCN),. Because
Reaction 15 involves a crossing from the singlet to the triplet potential energy surface,
the transition structure for this reaction cannot be investigated, and consequently, it is

not possible to conclusively establish Reaction 15 as the mechanism for Pathway 2.
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The same problem is encountered for the transition state for Reaction 4 proceeding
directly through two ONSCN molecules. However, a transition state was identified for
the reaction producing (SCN), and the NO dimer, ONNO, for which the free energy
was 156 kJ higher than the reactants, resulting in a negligible rate of this reaction.
Formation of ONNO is highly unfavourable in both the gas and liquid phase, with the
free energy change of Reaction 20 being on the order of 90 kJ in solution and 110 kJ in
the gas phase. As such, the TS free energy for formation of ONNO from ONSCN is
likely to be significantly higher than the minimum energy crossing point that connects

singlet ONSCN and the reaction products.

2NO S ONNO 1)

Two isomers were identified for (ON),SCN", the first containing both ON groups
bonded to the sulfur atom and the second containing one ON group bonded to sulfur and
a second ON group bonded to nitrogen, hereafter denoted ONSCNNO". In the gas
phase, formation of ONSCNNO" is favoured over (ON),SCN" by 32 kJ mol”', however,
(ON),SCN" exhibits a higher solvation free energy, yielding similar aqueous reaction
free energies for both species. In solution, formation of both (ON),SCN’ and
ONSCNNO" is highly energetically unfavourable, with the predicted equilibrium
constant for Reaction 16 ranging from 10™'® to 10>* L? mol™ depending on the choice of
solvent model. The large variation in the estimates for K4 results from the differences
in the solvation free energies computed with the UFF and UAHF radii, with UFF
calculations yielding a solvation free energy for (ON),SCN" which is 28 kJ mol™ more
negative that those with the UAHF radii. Comparing Equations 18 and 20, it can be

seen that to yield the same rate of reaction, the product k;7K;K;s must be equal to the
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observed value of k,K;°. Employing the largest value of K;5; computed quantum
chemically, the value of k;; required to yield the overall rate constant determined

experimentally is ~ 10'° L mol™ s

This rate constant is six orders of magnitude
greater that the diffusion controlled limit for bimolecular reactions in aqueous media
(approx 10" L mol™ s)*°, and it is therefore concluded that the second order pathway

does not involve an (ON),SCN" intermediate. Table 6 summarises the results for

Pathway 2 (note that the results for Reaction 13 have been presented in Table 5 above).

Table 6: Calculated Gibbs free energies and equilibrium constants of Reactions 4 and

16
Reaction

Method* 4 16

AG’595 CBS-QB3 (UFF) -14.1 96.7

AG’ 595 G3B3 (UFF) -6.1 87.4

AG’95 CBS-QB3 (UAHF) 9.4 128.3
AG’595 G3B3 (UAHF) -1.3 119.1

Keaic (lower) 1.72mol L | 3.2 x 10™ L mol™
Kealc (upper) 296 mol L' | 4.7 x 107"° L* mol™
Kexpt irreversible N/A
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6.3.4 Decomposition Pathway 3

The third decomposition pathway for ONSCN involves reactions between ONSCN and
the hydrolysis products of (SCN),, itself formed as a product of ONSCN decomposition
according to Reactions 1-4. (SCN), hydrolyses to produce HOSCN according to
Reaction 5, with experimentally determined equilibrium constants reported in the range
of 6 x 10 — 4 x 10° M2 "7 HOSCN is proposed to undergo subsequent nitrosation
via ONSCN, producing ONOSCN (Reaction 6), with an experimental equilibrium
constant of 0.25 mol L. This equilibrium constant was estimated during the kinetic
fitting process, and as such, exhibits large uncertainty, because changes to this value
could potentially be offset by variations in other model parameters (i.e. K7). The
computed equilibrium constants for ONOSCN formation range from 3 x 10 mol L at
the G3B3//B3LYP/6-31+G(d,p)-PCM(UAHF) level, to 0.8 mol L' at the CBS-
QB3//B3LYP/6-31+G(d,p)-PCM(UFF) level. This large discrepancy arises as a result
of the difference in the solvation free energies of the species in the reaction computed
with the different solvent models. The higher of the calculated values is in close
agreement with that determined experimentally, suggesting that formation of ONOSCN

is indeed plausible.

The next proposed step in Pathway 3 involves the homolysis of ONOSCN, producing
nitric oxide and OSCN radicals (Reaction 7). Compared to the homolytic fission of
ONSCN, which exhibits a free energy change of approximately 80 kJ, formation of NO
and OSCN from ONOSCN is much more favourable, with a computed free energy
change between 5 and 14 kJ, depending on the choice of solvent model. This
corresponds to values of K7 ranging from 3 x 10~ to 0.15 mol L™, which is slightly

larger than that predicted experimentally (K7 e, = 3 % 10*mol L™). The formation and
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decomposition of ONOSCN may also contribute to nitric oxide formation in biological
systems. HOSCN, produced via the oxidation of thiocyanate ions by a variety of
oxidants™, is a weak acid (pK, = 4.85)*’, and as such, at physiological pH will convert
almost exclusively to OSCN™ ions. Nitrosation of OSCN' is highly favourable (Reaction
22) with a calculated equilibrium constant ranging from 6 x 10° to 9 x 10’ L? mol?,

many orders of magnitude higher than the corresponding value for ONSCN (29 L? mol

2).

OSCN + HNO, + H" 5 ONOSCN + H,0 (22)

In the experimental study (Chapter 5) OSCN radicals were proposed to undergo
dimerisation and hydrolysis, forming HOSCN and HO,SCN respectively. This reaction
was previously proposed to occur during the oxidation of SCN™ by ClO,**. Reaction 8
comprises a third order process, and is hence unlikely to constitute the elementary
reaction mechanism. Rather, OSCN could be expected to dimerise, with subsequent
hydrolysis of the OSCN dimer. Three different dimer structures were considered, one
containing an S-S bond, the second containing an S-O-S linkage and the third

comprising an S-O-O-S structure, as shown in Figure 5:
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@
9

S-S (OSCN), S-0-S (OSCN), 0-0 (OSCN),

Figure 5: Geometries of different OSCN dimers optimised at the B3LYP/6-31+G(d,p)-

PCM(UFF) level

The S-O-S isomer (denoted NCS(=O)OSCN)) exhibits the lowest free energy of the
(OSCN), isomers, with formation of this species from OSCN according to Reaction 23
having a free energy change of -30 to -37 kJ depending on the calculation method.
Similar results were obtained with both solvent models, however, the gas phase G3B3
reaction free energy is approximately 7 kJ more negative than that computed using
CBS-QB3. The corresponding equilibrium constant ranged from 2 x 10° to 3 x 10° L

mol”, indicating that the formation of the dimer is essentially irreversible.

20SCN 5 NCS(=0)0OSCN (23)

NCS(=0)0OSCN + H,0 5 HOSCN + HO,SCN (24)

Hydrolysis of NCS(=0)OSCN constitutes the final reaction step in Pathway 3 and

produces HOSCN and HO,SCN. The latter is expected to undergo further hydrolysis
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and disproportionation reactions to ultimately yield SO,* and HCN'"***!. Reaction 24
also exhibits a favourable Gibbs free energy change, ranging from -20 to -30 kJ
depending on the choice of solvent model. As such, formation and subsequent
decomposition of ONOSCN represents a thermodynamically feasible reaction pathway,
contributing to the formation of NO during ONSCN decomposition. Table 7

summarises the results for Pathway 3.
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Table 7: Calculated Gibbs free energies and equilibrium constants for Pathway 3. All

energies in kJ

Reaction
Method 5 6 7
AG’9s CBS-QB3 (UFF) 31.9 0.6 4.7
AG’9s G3B3 (UFF) 34.2 6.1 9.2
AG’,9s CBS-QB3 (UAHF) 20.7 14.8 9.6
AG’9s G3B3 (UAHF) 23.0 20.2 14.1
1.0 x 107 2.8x10™ 3.4 %107
Keaic (lower) mol® L2 mol L mol L!
2.4x10™ 0.77 0.15
Kcaic (upper) mol® L2 mol L™! mol L™!
6x 10" -4x10° 0.25 3x10™
Kexpt mol® L2 mol L™! mol L™
Method 22 23 24
AG’;9s CBS-QB3 (UFF) -43.3 -29.7 -21.9
AG’39s G3B3 (UFF) -45.2 -36.2 -20.3
AG’,9s CBS-QB3 (UAHF) -33.0 -30.7 -31.1
AG’9s G3B3 (UAHF) -35.0 -37.2 -29.4
6.1 x 10° 1.6 x 10° 3.6 x10°
Kcaic (lower) L? mol? L mol! mol L™
8.5 x 10’ 3.3 x10° 2.8 x 10° mol
Kcaic (upper) L? mol? L mol ™! L!
Kexpt N/A irreversible irreversible
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6.3.5 Formation of N,O

Traces of N,O were observed during the decomposition of ONSCN. It was
hypothesised that the N,O could originate from the hydrolysis of either ONSCN or
ONCN to produce ONH, which yields N,O upon dimerisation and water elimination®

(Reactions 25-28).

ONSCN + HCN S ONCN + SCN™ + H' (25)
ONCN + H,0 — ONH + HOCN (26)
ONSCN + H,0 S ONH + HOSCN (27)
20NH — N,0 + H,0 (28)

Formation of ONCN according to Reaction 25 was calculated to be energetically
unfavourable, with a predicted equilibrium constant ranging from 2 x 10 to 1 x 10™
mol L', indicating that only a small fraction of HCN will be converted into ONCN.
The hydrolysis of ONCN to produce ONH, however, exhibits a large equilibrium
constant, which ranges from 400 to 3 x 10’ depending on the calculation method
employed. The large discrepancy arises as a result of the difference in the calculated
solvation free energy of HOCN and ONH with the UAHF and UFF radii. Owing to the
large equilibrium constant for Reaction 26, it is possible that this reaction could
contribute to N,O formation. Hydrolysis of ONSCN, however, was calculated to be

highly energetically unfavourable, with the calculated Gibbs free energy change for
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Reaction 27 ranging from 97 to 120 kJ. As such, Reaction 27 does not contribute to

ONH formation. Table 8 summarises the thermochemistry of Reactions 25-27:

Table 8: Calculated Gibbs free energies and equilibrium constants for Reactions 23-

25
Reaction
Method 25 26 27
AG’39s CBS-QB3 (UFF) 22.8 -16.9 116.5
AG’ 395 G3B3 (UFF) 27.5 -15.1 119.9
AG’39s CBS-QB3 (UAHF) 25.1 -43.0 97.2
AG’39s G3B3 (UAHF) 29.8 413 100.6
Keaic (lower) 59x10°molL" | 45x10°molL" | 9.6 x 10°" mol L™
Keale (upper) 1.0x10"molL" | 35x10"molL" | 93 x 10" mol L™
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6.4 Conclusions

Quantum chemistry calculations were performed to investigate the thermodynamic
feasibility of the ONSCN decomposition mechanism proposed on the basis of kinetic
experiments. The calculation procedure involved computing the gas phase reaction free
energy with the CBS-QB3 and G3B3 compound methods, and combining this result
with solvation free energies calculated using DFT methods by means of a
thermochemical cycle. To ascertain the accuracy of the calculations, the performance of
a variety of solvation models was evaluated by comparing the computed reaction free
energies to experimental results for six reactions with experimentally established
equilibrium constants. The PCM model yielded the best agreement with the
experimental data set, with a mean absolute deviation ranging from 6-8 kJ, depending
on the choice of atomic radii and the method employed for computing the gas phase
reaction free energies. The calculations confirmed that the first decomposition pathway
for ONSCN proceeds via the reaction between SCN™ and ONSCN, yielding (SCN),’,
with subsequent oxidation of this species by ONSCN. The formation of SCN radicals
from ONSCN homolysis was shown to be energetically unfeasible, and does not
contribute to ONSCN decomposition. The decomposition pathway second order in
ONSCN could proceed via reaction of two ONSCN molecules, or, alternatively, could
involve initial formation of ON(SCN), and its subsequent nitrosation. Formation of
ONOSCN was demonstrated to be plausible, with dissociation of this species into NO
and OSCN radicals exhibiting a low free energy change relative to the homolysis of
ONSCN. The ensuing dimerisation and hydrolysis of OSCN was shown to be

thermodynamically favourable. Production of N,O via hydrolysis of ONCN appears to
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be feasible, however, the corresponding reaction of ONSCN is highly energetically

unfavourable.
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CHAPTER 7 — Solubility of NO in solutions of NH4sNO3; and NaNO3

7.1 Introduction

The decomposition of nitrous acid to produce nitric oxide is an unwanted side reaction
accompanying the nitrosation of ammonia, which is employed in the sensitisation of
emulsion explosives in a process known as chemical gassing'. NO, fumes originating
from the chemical gassing process pose a hazard to explosive users, with inhalation of
these gases resulting in serious respiratory problems. To determine the contribution of
nitrous acid decomposition to NOy formation during the explosive sensitisation process,
it is necessary to relate the aqueous nitric oxide concentration predicted in kinetic
models to an observable gas phase concentration (or partial pressure). For this purpose,
it is essential to know or be able to predict the solubility of NO under conditions of
practical interest, specifically, in ammonium nitrate solutions of various concentrations

at temperatures up to 50 °C.

The solubility of gasses in salt solutions can vary significantly in comparison to their
solubility in pure water, typically decreasing with increasing salt concentration”. The
effect of electrolyte concentration on gas solubility, known as the salting out effect, is

empirically described by the Sechenov equation®*:

k
1og( ”’O}kgcg (1)
o sC.,
P
k — (g) (2)
H™c
(aq)
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where ky, is the Henry’s constant of the gas in pure water (mol L' bar')’, ky is the
solubility of the gas in the electrolyte (mol L™ bar™), &, (L mol™) is known as the salting
out parameter, C, is the concentration of salt (mol L™), P 1s the partial pressure of the
gas (bar) and Cy, 1s the equilibrium concentration of gas in the aqueous phase (mol L’
". The constant &, depends on the identity of the electrolyte and the dissolved gas, and
is slightly affected by temperature®. The partitioning of a species between the gas and

aqueous phases is related to the Gibbs free energy of solvation according to Equation 37

11,

AGg =—R,TIn(ky) )

where R, is the gas constant (J mol™! K™), T is the absolute temperature (K), ky is the
Henry’s constant (mol L™ bar') and AGs is the Gibbs free energy of solvation
employing standard states of 1 bar for the gas phase and 1 mol L™ for the aqueous
phase. Henry’s constant is related to the enthalpy and entropy of solvation according to

Equation 4.

AHg ASg

+
R,T R,

In(k )=~ 4

As can be seen in Equation 4, plotting the natural logarithm of the Henry’s constant

yields a slope equal to -AHg/R, and an intercept equal to -ASs/R,.

For equilibrium to exist, the chemical potential of a dissolved species is equal to the

chemical potential of that species in the gas phase. As such, for a fixed gas phase
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partial pressure, the chemical potential of the equilibrium concentration of gas dissolved
in a salt solution is equal to the chemical potential of the gas at its equilibrium
concentration in pure water. Equation 5 expresses this situation in terms of the

activities’:
a; =ay ()

where q; is the activity of species i/ in a multicomponent solution and a’; is the activity
of the species dissolved in pure water (i.e. a binary solution). The activity can be
expressed in terms of the product of an activity coefficient and a species concentration.
If the gas phase partial pressure is assumed to be 1 bar, then the dissolved gas

concentration is equal to the Henry’s constant, yielding Equation 6:

Viky = yiokH,o ©)

where y; is the activity coefficient of the dissolved gas in salt solution and )°; is the
activity coefficient in pure water. The solubility of dissolved gases is typically very
low, and as such, the activity coefficient )°; is assumed to be 1 (the activity coefficient
approaches unity as the species concentration approaches zero). Equation 1 can then be

written in terms of the activity coefficient:

k
10g[ﬂJ = log(y;) = k,C, ()
ky
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As demonstrated in Equation 7, the activity coefficient of a dissolved gas in a salt
solution can be determined by examining the ratio of the gaseous solubility in the salt
solution to that in pure water, and plotting the log of this ratio yields a straight line with
a slope equal to k. Knowledge of the activity coefficient of NO is crucial for the
prediction of the apparent equilibrium constant for the decomposition of nitrous acid in

concentrated salt solutions, which forms the subject of the following chapter.

The solubility of NO in relatively dilute (up to 1 mol L") NaCl and HCIO, has been
previously determined by Armor (1974)' and found to be significantly lower than in
water, however, no data exist in the literature for the solubility of NO in concentrated
NH4NO; solutions. In addition to the effect of salt concentration, the solubility of gases
in solution is highly temperature dependent. Whilst the temperature dependence of NO
solubility in water appears to be reasonably well established”, the effect of salt
concentration on the temperature dependence is unclear. As such, the aim of this
chapter is to quantify the effect of temperature and concentration of ammonium nitrate
salt on the solubility of nitric oxide. A limited number of experiments were also
performed with NaNOj solutions to provide data on the activity coefficient required for

Chapter 8.
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7.2 Experimental

Saturated solutions of nitric oxide (NO) were generated by first degassing the target
solution with N, to remove oxygen, prior to bubbling with NO generated via the
reduction of nitrous acid by ascorbate'*. The apparatus employed to generate the NO
solutions consisted of a 50 mL reaction flask, with the inlet connected to a supply of
high purity nitrogen. The reactor was filled with 40 mL of a solution containing
approximately 0.35 mol L ascorbic acid (Sigma Aldrich) and 0.7 mol L' HCIO, prior
to purging the system of air using N,. A steady flow of NO was initiated by adding a 25
% solution of sodium nitrite dropwise to the reactor containing ascorbic acid, via a
syringe inserted through a rubber stopper. The NO flowed through a scrubber
containing a 0.1 mol L' NaOH solution to trap any traces of NO, formed in the first
reactor, before bubbling through the target solution contained within a 10 mL reaction
flask with a septum side port. The reaction flask containing the salt solution was placed
in a water bath at the desired reaction temperature, and the NO allowed to bubble
through the solution for a period of approximately 20 min. Over this time, 0.7 L of NO

. 3 - -1
was produced, corresponding to an average flow rate of 35 cm” min™.

After half of the NO had been produced (i.e., 10 min), a 0.5 mL sample of NO saturated
solution was withdrawn from the reactor by means of a gas tight syringe. The NO
solution was injected into a second reactor that was continually purged with nitrogen
gas, with the outlet connected to the Thermo 42i-HL nitric oxide analyser. This enabled
the total amount of NO contained in the solution to be determined, allowing calculation
of the NO solubility at a particular ammonium nitrate concentration. A second sample

of solution was taken and analysed with the same method just before the production of
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NO ceased. Comparison of the concentration determined in the two samples taken after
different exposure times provided confirmation that the solutions were indeed saturated
with NO, as identical concentrations were determined. Calibration of the nitric oxide
analyzer was achieved with a 1000 ppm calibration gas obtained from Coregas Pty Ltd.

Figure 1 plots the output from the NOy analyser for a typical experiment.
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Figure 1: NO, analyser output for typical experiment
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7.3 Results and discussion

In order to relate the gas phase NO concentration observed during nitrous acid
decomposition in sodium and ammonium nitrate solutions to the aqueous NO
concentration, it was first necessary to determine the effect of the salt concentration on
the NO solubility. The solubility of NO in salt solutions was determined at
concentrations ranging from 0 to 10 mol L™ and from 0 to 7.5 mol L™ for ammonium
and sodium nitrate, respectively. The upper limits of these ranges are approaching the
saturation concentrations for solubility of ammonium nitrate and sodium nitrate in water
at 25 °C, and as such, it was not possible to extend the measurements to higher

concentrations.

The solubility of NO in water at 25 °C was ascertained to be 1.93 + 0.05 mol L' bar™,
in excellent agreement with the prior determinations of 1.92 + 0.03 mol L bar" by
Zacharia and Deen (2005)" and 1.93 + 0.06 mol L bar" by Armor (1974)"?.  As
predicted from Equation 1, the solubility of nitric oxide was observed to decrease
significantly with increasing concentrations of sodium and ammonium nitrate. Plots of
log(kzo/kr) versus salt concentration were observed to be linear, with salting out
parameters kypuvos; and kyavo; determined to be 0.052 L mol”! and 0.104 L mol™
respectively, at 25 °C. The larger slope for NaNOs indicates that the effect of NaNO;
on the NO solubility is significantly more pronounced than that of NH4sNO;. Similar
trends have been observed for a variety of other gases, for which in the presence of a
common anion, the sodium salt exhibits a significantly larger effect on the gas solubility

16,17

compared to that of the ammonium salt The ratio ky/ki 1s equal to the activity

coefficient, and as such, the model for the solubility can be employed to determine the
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activity coefficient of NO at different salt concentrations. Figure 2 plots log(ky /kz)

versus salt concentration, for both NaNOs and NH4NOs at 25 °C.
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Figure 2: Plot of log(ku,v/kn) versus salt concentration for nitric oxide in sodium and

ammonium nitrate solutions at 25 °C

The effect of temperature on the solubility of NO in water, 5 and 10 mol L! NH4NOs3,
and 5 mol L' NaNOj; was determined at temperatures ranging from 25 to 55 °C. As
expected, the solubility of NO in water decreased significantly with increasing
temperature. The natural logarithm of the Henry’s constant was plotted against the
reciprocal of absolute temperature and found to be linear, as shown in Figure 3. The
slope of this curve, which is equal to the enthalpy of solvation divided by the gas

constant (slope = -AHsc,lv/Rg)8 was determined to be 1600 K in water, and agrees
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favourably with previous literature data, which range from 1400 to 1700 K, as reported
in the compilation of Sander (1999)'°. The solubility of NO in 5 and 10 mol L™
NH4NO; was also observed to decrease with increasing temperature, however, the
magnitude of the decrease was much smaller compared to that in water. The plot of
In(ky) versus 1/T for 5 mol L' NH4NO; is linear, with a slope of 1100 K. This is
significantly smaller than the value in water (1600 K), and indicates that the dissolution
of NO in 5 mol L™ NH4NO; is less exothermic than in water. The plot for 10 mol L!
NH4NO; was not linear, with the slope decreasing at higher temperatures. Table 1
summarises the results for the Henry’s constant in water, 5 and 10 mol L! NH4NO; for
different temperatures. The results of all experiments in 10 mol L™ NH4NOj5 are plotted
in Figure 4, wherein the solid circles represent the average result at each temperature

and the error bars represent twice the standard deviation of the experiments at 25 °C.
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Figure 3: Plot of In(ky) verus 1/T for nitric oxide in water and 5 mol L' NH,NO;
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Table 1: Summary of Henry’s constants at different temperatures for water, 5 and 10

mol L' NH,NO; and 5 mol L' NaNO;

Solution T (K) kg (mol L bar™)

Water 298 0.00193

308 0.00157

318 0.00137

328 0.00117

5 mol LT NH4NO; 298 0.00104
308 0.00090

318 0.00083

328 0.00074

10 mol L NH4NO; 298 0.00057
308 0.00052

318 0.00049

328 0.00047

5 mol L NH4NO; 298 0.00058
308 0.00053

318 0.00050

328 0.00045
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Figure 4: Plot of In(kp) versus 1/T for nitric oxide in 10 mol L NH,NO;

As can be seen in Figure 4, the plot of In(ky) versus 1/T was somewhat non-linear, with
the slope increasing with increasing 1/7. However, the overall effect of temperature on
the solubility at this concentration was very small, with a difference in solubility
between 25 and 55 °C of only 1.0 x 10* mol L™ bar'. The uncertainty in the
measurements is large compared to the difference in the solubility over this temperature
range. This uncertainty represents the statistical variation (2c0) of the data at 25 °C and
does not include estimation of any potential systematic errors, although the latter are
expected to be small as supported by the excellent agreement between the present

results and literature data for NO solubility in water. It is therefore impossible to
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determine whether the non-linear plot is a real effect or whether it is an artefact of the

experimental scatter.

Equations 8-10 were developed to quantify the effects of temperature and ammonium
nitrate concentration on the solubility of NO, for temperature ranging from 298 — 328
K, NH4NO; concentrations from 0-10 mol L' and NaNOj; concentrations from 0-5 mol

L

k. (T
1og( H,j( )}kS(T)[S] ®)
H
k., =0.00193ex —1615( ! —lj (10)
o = P 208.15 T

where ky;, is the Henry’s constant of NO in water (mol L' bar) at temperature T (K),
ki is the Henry’s constant of NO in a salt solution with concentration [S] (mol L'l), ks is
the salting out parameter of species S (L mol™) and as and bs are salt specific

parameters describing the temperature dependence of ks and are provided in Table 2.

Table 2: Temperature dependence parameters as and bs for NH,NO; and NaNO;

Salt as (L mol' K™ bs (L mol™)
NH,NO; 427 % 10™ 0.180
NaNO; 6.93 x 10™ 0.309
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The enthalpy and entropy of solvation, AHs and ASs, were computed from the
temperature dependence of the Henry’s constant in accordance with Equation 4, and are
displayed in Table 3. The enthalpy of solvation was observed to become less negative
with increasing ammonium nitrate concentration, ranging from -13.4 kJ mol” in water
to -5.3 kJ mol™ in 10 mol L’ NH4NOs. A similar trend was observed for ASs, which
increased from -97 J mol™ to -80 J mol” upon moving from water to 10 mol L
NH4NO;. The enthalpy of solvation corresponds to the net amount of energy released
from breaking solvent-solvent bonds and making new bonds between the solvent (i.e.,
the ammonium nitrate solution) and the solute (i.e., NO). As such, a reduction in the
enthalpy of solvation could arise due to an increase in the strength of the solvent-solvent
interactions or a decrease in the solvent-solute interaction with increasing salt
concentration. The increase in the solvation entropy indicates that NO solvated by
ammonium nitrate is less ordered relative to the starting solution than the corresponding

process involving NO solvation by water.

Table 3: Gibbs free energy (25 °C), enthalpy and entropy (25 — 55 °C) of solvation of
NO in water, 5 and 10 mol L! NH/NO; and 5 mol L! NaNQOs, with standard states of

1 bar in the gas phase and I mol L in aqueous phase

Solution AGs (kJ mol™™) AHg (kJ mol") ASs (J mol™)
Water 15.5 -13.4 -97.1
5 mol L™ NH4NO; 17.0 9.2 -88.2
10 mol L' NH4NO; 18.5 -5.3 -79.8
5 mol L NaNO; 18.5 -6.6 -83.9
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The effect of temperature can also be demonstrated in the plots of log(ky ./kr) versus
NH4NO; concentration (Figure 5). The plots remain linear as the temperature increases,
however, the magnitude of the slope decreases significantly with increasing
temperature. This indicates that the effect of ammonium nitrate concentration on the
solubility of NO decreases with increasing temperature, for example, at 25 °C the
solubility of NO in 10 mol L™ NH4NO3 is 30 % of the solubility in water, compared to
40 % at 55 °C. The linear relationship between log(kz/kz) and salt concentration
enabled prediction of the NO solubility in super-saturated ammonium nitrate solutions,
which find relevance in emulsion explosives, where the ammonium nitrate
concentration is on the order of 13 mol L™."® Figure 6 plots the predicted NO solubility
in 13 mol L™ NH4NOj; at temperatures ranging from 25 to 55 °C. Over this temperature
range, the predicted NO solubility is practically independent of temperature ranging

from only 4.1 to 3.6 x 10 mol L™ bar™.
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Figure 5: Plot of log(ku,./kn) versus [NH,NO3/ at 25-55 °C
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Figure 6: Predicted Henry’s constant for NO solubility in 13 mol L' NH/NO; at

temperatures ranging from 25-55 °C

A more generalised model based on Equation 1 has been proposed by Schumpe
(1993)", which separates k; into ion specific and gas specific salting out parameters, /;
and h, respectively, to afford estimation of the salting out effect in multi-electrolyte
solutions. Ion specific salting out parameters are tabulated for both anions and cations.
It should be noted that the model is equivalent to Equation 1 in the case of a single-salt
solution. The effect of temperature on /4, can also be modelled based on a temperature
dependence parameter 47. The parameters for Schumpe’s model are provided in Table

4.
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log(klf’oj:Z(hi+hg ,. 11)
H

hg = hg o +hy (T —298.15) (12)

Table 4: Salting out parameters for Schumpe’s model

Parameter | Value (L mol”)
hno 0.0060
hnms+ 0.0556
hNa+ 0.1143
hnos- 0.0128
hr N/A

For nitric oxide solubility in salt solutions, the only previously available literature data
pertains to relatively dilute NaCl and NaCl0,'? at 25 °C, and the values of hg are based
only on the data for NaCl. It is therefore possible to compare the model predictions to
the present experimental results, however it should be noted that there is considerable
uncertainty as the value of A, which is based upon data of only one salt. Figure 7
compares the predicted solubility of nitric oxide in NaNO3 and NH4NOj to the present
experimental results. Whilst there is relatively poor agreement between the present
findings and the predictions of Schumpe’s model, the model correctly predicts the trend
that the solubility of NO in sodium nitrate will be significantly lower than the
ammonium salt. As previously mentioned, the larger impact of Na" on gas solubility

compared to NHy4" appears to be a general trend which has previously been observed for
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the solubility of a wide range of gases in NaCl and NH4Cl solutions.'® The lack of
quantitative agreement likely reflects that the model parameters for NO are based on
results of a single experiment. As such, the /4, parameter was optimised for the nitrate
salts, yielding a value of -0.0081 L mol™ compared to 0.006 L mol” recommended by
Schumpe. The revised value of 4, resulted in an excellent fit between the model and the

experimental data.

1.2
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- = = . Schumpe NaNO;
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Figure 7: Comparison of experimental NO solubilities in NaNO; and NH/NO;
compared to the model of Schumpe (1 996)" and Jfor fitted hy parameter
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7.4 Conclusions

The solubility of nitric oxide in solutions of sodium and ammonium nitrate was
examined for salt concentrations ranging up to the saturation limit at 25 °C. The
Henry’s constant decreased considerably with increasing salt concentration, as predicted
from the Sechenov equation. The enthalpy of solvation of NO decreased considerably
with increasing salt concentration, indicating that the effect temperature on the
solubility diminishes with increasing salt concentration. The effect of sodium nitrate on
NO solubility was significantly greater than that of ammonium nitrate, in agreement
with previous literature results, which show that sodium ions have a much greater effect
on gas solubility than ammonium ions. The solubility data yielded the activity
coefficients of NO, which were observed to increase exponentially with increasing salt
concentration. The model was employed to predict the solubility of NO in 13 mol L™
NH4NO;3, as found in emulsion explosives, and shown to be independent of temperature,

at that supersaturated concentration of NH4NOs.
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CHAPTER 8 — Decomposition of nitrous acid in solutions of sodium and ammonium
nitrates

8.1 Introduction

The mechanism for the decomposition of nitrous acid comprises a complex sequence of
reaction steps as outlined in Reactions (1-4)"%, with the net reaction resulting in

production of nitric oxide and nitric acid (Reaction 5).

Elementary Reactions
2HNO, S N,03 + H,0 (1)
N,0; 5 NO + NO, 2)
2NO,; S N,O, 3)
N;O4 + H,O 5 HNO, + NO;y + H' (4)
Overall Reaction
3HNO, 5 2NO + NO; + H" + H,0 (%)

The decomposition of nitrous acid is relevant to many industrial systems, including the
absorption of NO, in water for the production of nitric acid’>, and as an undesired side
reaction during synthesis reactions involving HNO,.” The present study is motivated by
the application of nitrous acid to sensitise emulsion blasting agents, which consist of a
highly concentrated solution of ammonium nitrate dispersed within a continuous
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hydrocarbon fuel phase, typically diesel. This type of explosive is widely used in
mining, quarrying and construction applications owing to their excellent safety
properties, low cost and superior water resistance’. As a consequence of their stability,
emulsion blasting agents must be sensitised prior to detonation, by introduction of small
voids within the emulsion matrix which act as hot spots to propagate the explosive front
through the bulk emulsion’. A popular method of achieving sensitisation is the
generation of nitrogen gas bubbles in the explosive via the reaction between a nitrite salt
and ammonia (from ammonium nitrate)®. Whilst the desired product of the reaction is
harmless N, significant quantities of toxic nitrogen oxides (NOy) can be produced via

Reactions 1-4 occurring in parallel.

HNO, + NH; — N, + 2H,0 (6)

Under conditions of practical interest where the removal of NOy species from solution is
relatively slow, Reactions (1-3) are sufficiently rapid to establish equilibrium, with the
rate of reaction being governed by the net rate of Reaction 4 (as demonstrated in
Chapter 4). The kinetics of the reaction in dilute acid solution have been accurately
determined and obey the rate law displayed in Equation 7. Under conditions of high
nitrate ion concentrations or acidity, the rate of the reverse reaction becomes significant

and an equilibrium is established according to Equation 8.}

2 4
AlHNO, | 3KGKSUINOS T st ivoy 1 iv0s )
dt [ N0]2
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2
ANOAH+ANO3-QH20
Ks = 3 (8)
a
HNO2
a; = y;[i] )

where a is activity, y is the molar activity coefficient, [i] is the concentration in mol L™
and the subscript i refers to species i. The activity is a measure of the difference
between the chemical potential of a species at the state of interest and at its standard
state'’, and is related to the concentration by the activity coefficient. At very low
electrolyte concentrations, the activities of the species are essentially the same as the
species concentrations, that is, y; = 1. However, as the electrolyte concentration
increases, the activities and concentrations diverge, requiring knowledge of the activity
coefficients in order to predict the species concentrations at equilibrium. Typical
concentrations of ammonium nitrate in emulsion explosives are on the order of 13 mol
L'. At such concentrations of NH4NOs, the activity coefficients of the species in

Equation 5 could be expected to differ widely from unity.

The aim of this study is therefore to determine the effect of the ammonium nitrate
concentration on the quantity of NO produced from decomposition of nitrous acid. To
assist in quantifying the effect of salt concentration on the reaction equilibrium, we
define the apparent equilibrium constant, Ks,pseress aS the equilibrium constant
measured in terms of concentrations. This is convenient because the concentrations of
HNO,, H" and NO; can be easily determined from the known amount of each species
added to a solution. The ratio of the apparent equilibrium constant to the ideal

equilibrium constant depends on the activity coefficients of the relevant species, and, as
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such, knowledge of the activity coefficients under a given set of conditions allows

prediction of the observed equilibrium constant.

_[NOT[H"][NO5 ]

K5 observed = (10)
,observe [HNOQ]S
3
KS,observed _ Y HNO2 (11)
2
K YNOVH+YNO3-CH20

Experimental measurements are available for the mean ionic activity coefficients of
ammonium nitrate and the water activity at various ammonium nitrate concentrations' .
However, experimental data for the activity coefficients of H" and HNO, in ammonium
nitrate solutions is unavailable, whilst the activity coefficients of NO have only recently
been determined (Chapter 7). The purpose of this work was to establish the effect of
ammonium and sodium nitrate concentration on the observed equilibrium constant for

decomposition of nitrous acid and to quantify these effects in terms of the activity

coefficients of the species involved in the reaction.
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8.2 Experimental

A novel membrane inlet analysis method was employed to determine the observed
equilibrium constant, Ks,psereqs for nitrous acid decomposition in concentrated salt
solutions. The apparatus, shown in Figure 1, consisting of a 125 cm’ round bottomed
flask with septum side port containing a magnetic stirrer, was mounted in a water bath
to maintain a temperature of 25 °C in all experiments. Measurements of nitric oxide in
the reactor were performed using a membrane inlet NO probe. A similar system has
previously been employed for the measurement of nitric oxide by mass

1213 The reactor was partially filled with liquid, and the probe positioned

spectrometry
in the centre of the vessel such that the membrane section was exposed to the gas phase.
The probe comprised a 5 cm section of Dow Corning Laboratory silastic tubing
(catalogue number 508-006) mounted on 1/16” (1.59 mm) stainless steel tubing. The
stainless steel tubes pierced a rubber stopper inserted in the top of the reactor. The
silastic tubing acts as a selective membrane that allows passage of nitric oxide whilst
being relatively impermeable to water. Nitric oxide diffusing through the membrane

was collected by a flowing stream of nitrogen gas for analysis using a Thermo 42i-HL

chemiluminescence NOy analyser.

The advantage of the membrane inlet setup over direct gas phase measurements of NO
was that it enabled the concentration of NO in the gas phase of the reactor to be
established without the need for a purge gas to pass through the headspace. This
permitted the accumulation of NO in the gas phase over time to a point where the
concentrations of gas and aqueous phase NO reached equilibrium. To maintain a

constant pressure in the reactor, a syringe was mounted in the rubber stopper at the top
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of the reactor, and the plunger allowed to expand with the increase in the gas volume
(due to the production of gaseous NO, and N, in the case of NHsNO; experiments).
The reactor-probe setup was calibrated by generating a known partial pressure of nitric

. . . . . . .4 14
oxide in the reactor via the reaction between nitrous and ascorbic acids .

/ -
Rubber stopper

Stainless steel tubing

Gas inlets and outlets

125 cm® glass reactor with

septum side port Silastic membrane

Water surface

Magnetic stirrer bar

Figure 1: Diagram of membrane inlet reactor apparatus for measurement of Ks opserved

Prior to each experiment, the reactor was partially filled with 90 cm® of ammonium
nitrate solution and the H'" concentration adjusted with 2 M HNOs. The motion of the
magnetic stirrer created a vortex inside the reactor, with the probe in the centre, as
shown in Figure 1. The reactor was purged for 30 min with nitrogen gas at a flow rate
of 0.67 cm’ s to eliminate oxygen from the reactor prior to each experiment, whilst a
water bath surrounding the reactor maintained the temperature at 25 °C in all

experiments. Reaction was initiated by injecting 1 cm® of a concentrated solution of
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sodium nitrite through a needle inserted through the septum side port of the reactor.
The nitric oxide concentration was monitored until a stable reading was obtained,
indicating that the system had reached equilibrium. To determine the equilibrium
constant it was essential to know precisely the final HNO; concentration, and as such, a
small sample of solution was withdrawn at the conclusion of the experiment and the

. This was necessary owing

final nitrous acid concentration determined using UV-vis
to the significant fraction of the initial nitrous acid converted into NO, and in the case of

the NH4NO;3 experiments, the concurrent consumption of HNO, via reaction with

ammonia according to Reaction 6.

Measurements of pH were performed with a Hanna HI 1330 pH probe connected to a
Hanna 213 pH meter. The activity coefficient of hydrogen ions in solutions of
ammonium or sodium nitrate was determined by measuring the pH of a sample of a salt
solution containing a known H' concentration. The ratio of the H' activity to the known
H' concentration yielded the activity coefficient according to Equation 9. The
experiments employed initial nitrite concentrations of 0.02 mol L and initial hydrogen
ion concentrations of 0.09 mol L™, with the excess of hydrogen ions over nitrite
ensuring near complete conversion of nitrite into nitrous acid. It should be noted that
even at the moderately low acidities employed in the present study ([H'] < 0.1 mol L™),
the high concentration of nitrate ions could lead to conversion of a small proportion of
H' into HNO; (pK, of -1.2'%). As such, the activity coefficients of H™ determined with
the present method are likely to be slightly lower than the true activity coefficient at
high NOs3™ concentrations. Consequently, the reported values of Ks ,pserved dO not

account for the protonation of NOs". This approximation, however, will not adversely
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affect subsequent calculations of yyyo2, because the errors in yy+ and the assumed H'

concentration cancel out to yield the correct value of ay..

The activity coefficients of ionic species in NaNO; and NH4sNO; were also predicted
using the OLI Analyser Studio 3.0 software package. Appendix D provides further
details of the calculation procedure and equations employed by OLI. The molal activity

17,18
, 7 and

coefficients were predicted using the mixed solvent electrolyte framework
converted to molar activity coefficients as outlined in Zemaitis et al.,'” employing the

solution density predicted by OLI.
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8.3 Results and discussion

As indicated by Equation 11, the observed equilibrium constant will increase with
increase in the activity coefficient of HNO,, decrease with increases in the activity
coefficients of NO, H™ and NOj3, and increase with decreasing water activity. The
effects of NH4NO3 and NaNOj on the individual activity coefficients were examined in

order to elucidate the contributions of the individual species activity coefficients on K,

observed-

Experimental data have been reported for the mean ionic activity coefficient of
ammonium nitrate and the water activity in concentrated ammonium nitrate solutions'.
The activity coefficients of hydrogen ions in NH4NO;3; and NaNO; solutions were
established in the present work by measuring the pH of solutions of these salts acidified
with known concentrations of HNOs, whilst the effects of nitrate salt concentration on
the activity coefficients of NO were determined from the solubility measurements in
accordance with Equation 12 (See Chapter 7 for further details on NO activity
coefficients). Simulations were performed in OLI Analyser Studio 3.0 to determine the
activity coefficient of NOs™ and the water activity in sodium nitrate solutions. Appendix
D provides details of the Equations employed by OLI. The calculations were executed
under the mixed solvent electrolyte framework. To ascertain the accuracy of the
activity coefficients computed by the OLI software, the predicted nitrate activity

coefficient and water activity in ammonium nitrate are compared to the experiments of

Wishaw and Stokes '' in F igure 2.
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Figure 2: Comparison of NOj3 activity coefficients and water activities calculated with

OLI to those reported by Wishaw & Stokes (1952) at 25 °C

The activity coefficient for NO;™ declines rapidly at low concentrations, with the rate of
decrease diminishing with increasing NH4NO3 concentration, eventually stabilising at
around 9 M NH4NO;. Both the experimental data and that calculated by OLI show the
same trend, however, the experimental data lie slightly lower than the OLI prediction.
It should be noted that the experimental measurements constitute the mean activity
coefficient of ammonium nitrate, .. = (yNo3_yNH4+)O'5. The mean activity coefficient is
not necessarily the same as the nitrate activity coefficient, which could explain this

discrepancy, if the NH4" activity coefficient is lower than that of NO;. However, it

228



CHAPTER 8 — Decomposition of nitrous acid in solutions of sodium and ammonium
nitrates

should be noted that OLI predicts near identical activity coefficients for NH;" and NO;.
The experimental data and the OLI prediction of the water activity are practically
identical. Both show an approximate linear decrease at low concentrations and an
accelerating decline at high concentrations.

The activity coefficients of H" were measured using a pH probe, by making up known
concentrations of HNO; in NH4NO3 and comparing the measured pH of a sample to the
actual H™ concentration. Figure 3 compares the experimentally determined H" activity
coefficients to those predicted by OLI. The experimental measurements in NH4NO3
show slightly higher H" activity coefficients than predicted by OLI, however, both sets
of data exhibit the same trend with an exponential increase in yy., with increasing
NH4NO; concentration. The predicted and measured activity coefficients of H' in
NaNOj are in reasonable agreement. Owing to the close similarity between OLI and
experimental results for activity coefficients of H' and NOj’, it was concluded that OLI

provides acceptable estimates of ionic activity coefficients.
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Figure 3: Activity coefficients of H' determined experimentally and by OLI at 25 °C

Figure 4 shows the observed equilibrium constant for nitrous acid decomposition in
NH4NO; and NaNOs solutions ranging from 0-10 and 0-7.5 mol L'l, respectively. At
low salt concentrations, the observed equilibrium constant increases considerably with
increasing salt concentrations in both NaNO3; and NH4NO;. From the maximum around
1 M, the observed equilibrium constant in NH4NO; decreases steadily with increasing
salt concentration. A decrease of the observed equilibrium constant at high salt
concentrations was also noted in NaNOs; however, the decrease in the equilibrium
constant is significantly smaller than is observed in NH4NO;. The trend in K5 pserved 1S
related to the changes in the values of the activity coefficients of NO, H", NO5™ and
HNO,, and the water activity, with increasing salt concentration. At low salt

concentrations, a large decrease in the nitrate activity coefficient occurs (Fig. 2), whilst
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there are only smaller changes to the activity coefficients of H' (Figure 3) and NO
(Chapter 7), and the water activity (Figure 2). As such, the increase in K ypserveq at low
salt concentrations is caused by the large decrease in the NOj; activity coefficient

relative to the smaller increases in the NO and H" activity coefficients.

3.5E-04
3.0E-04 |- A A

2.5E-04

B~

2.0E-04 |- A

Ks, observed (mOI L-1)

L A NaNO3
1.0E-04 |

5.0E-05 |-

00E+00 L v v v 0 v 0 v 0w
0 2 4 6 8 10 12
[NOs7 (mol L™)

Figure 4: Observed equilibrium constant for nitrous acid decomposition in solutions

of ammonium and sodium nitrates

The H" and NO activity coefficients increase exponentially with increasing salt
concentration, whilst the effect of salt concentration on the NOj3™ activity diminishes
with increasing concentration. As the salt concentration increases, the activity
coefficients of NO and H" become important, and are balanced by increases in the

HNO; activity coefficient and decreases to the water activity. In NH4NOs, Ks opserved
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decreases steadily with increasing concentration, indicating that the effects of yno and
yu+ outweigh those of yuno2 and ampo. In NaNOs, K ppservea decreases only slightly at
higher salt concentrations, indicating that the effects of increasing yno and yy. are
almost balanced by the corresponding changes to yuno2 and appo. Overall, there are
minimal changes to K ,pserved, despite significant changes to the activity coefficients of
the species involved, for example, the nitric oxide activity increases to 5.6 in 7.5 M
NaNOs3, whilst K5, gpserves Teémains practically unchanged owing the cancellation effects

described above.

The nitrous acid activity coefficient was estimated based on the value of K5 pserveds
nitrate activity coefficients and water activities from OLI and experimentally
determined NO and H' activity coefficients. The nitrous acid activity coefficient
increased exponentially with increasing NH4NO3 concentration, following the same
trend as nitric oxide (and as predicted from Equation 12). Similar trends have been
reported for the effect of Na,SO4 and H,SO4 concentration on the nitrous acid activity

coefficient'*?°

. Plotting the logarithm of the activity coefficient versus the NaNO; and
NH4NOs3 concentration yielded a straight line as shown in Figure 5. The salting out
parameters, k;, for HNO, in NaNO; and NH4NOs solutions can be compared to those
determined in Chapter 7 for NO under the same conditions. In the case of NaNOsj,
similar salting out parameters were observed for HNO, and NO, with &, for HNO, being
approximately 7 % smaller than that for NO. However, in the case of NH4NOs, the
derived value of k; for HNO; is 30 % smaller than that of NO. As such, the activity

coefficient of nitric oxide is affected to a greater extent by ammonium nitrate than that

of nitrous acid. The increase in the HNO, activity coefficient is insufficient to
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counteract the increases in the activity coefficients of H and NO resulting in a decrease

in K5, opservea at high NH4NO3 concentrations.
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Figure 5: Effect of NH/NO; and NaNOjs concentration on nitrous acid and nitric

oxide activity coefficient
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8.4 Modelling of the effects of salt concentration on K, ,pserved

A model was developed to predict the effect of ammonium nitrate concentration on K
observeds Dased on the activity coefficients of the species involved in the reaction. In
particular, the present work was motivated by the safety implications of Reaction 5 to
the sensitisation of emulsion explosives. These emulsions are capable of maintaining a
supersaturated concentration of ammonium nitrate (typically about 13 mol L™") and it is
of interest to predict the value of K5 ,pseres Under these conditions, where direct
measurements are impossible. Equations 16-18 were employed to predict the activity
coefficients of H', NO and HNO, in order to model the equilibrium constant for HNO,
decomposition in NH4NOs3. OLI predictions were employed to estimate the activity
coefficients of NOs™ and the water activity. Figure 6 shows the excellent agreement
between the model and experimental data. The model predicts a continued decline in
K5, opservea at higher NH4NO;3 concentrations, with the rate of decrease beginning to

decline at the highest concentrations, owing to the significant decrease in the water

activity.
Vi, = 0.80x 10 U8CINH.NOs) (16)
In = 1000525INH 4N03) (17)
Vimon = 10003 TINHANO3) (18)
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Figure 6: Comparison of fitted and experimental data for nitrous acid decomposition

equilibrium constant

The model, comprising Equations 16-18 and OLI predictions for NOj activity
coefficients and the water activity, was also employed to predict both the equilibrium
aqueous concentration and equilibrium partial pressure of NO that would exist in a
system with 0.02 M HNO, and 0.06 M H" for NH,;NOs ranging from 0-13 mol L. The
Henry’s constant for NO in the salt solution was determined by combining Equations 12
and 17. These results are compared in Figures 7 and 8 to those predicted for the same
set of concentrations but neglecting the activity coefficients and reduced NO solubility,
denoted as the ideal solution model. The models with and without activity coefficients

predicted similar concentrations of aqueous NO, with the effect of activity coefficients
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leading to slightly higher NO levels at low NH4NO3 concentrations and slightly lower
NO levels at high [NH4NO;]. This result reflects the minor effect of salt concentration
on Ks opserveds With the increased activity coefficients of NO and H being almost
entirely cancelled out by the increase in HNO, activity coefficient and the decrease in

water activity.
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Figure 7: Comparison of equilibrium aqueous NO concentration for 0.02 M HNO,
and 0.06 M H' in NH,/NO; predicted with activity coefficient and ideal solution (i.e.,

all y=1) models

Although the effect of non unity activity coefficients has little effect on the
concentration of aqueous NO at equilibrium, there is a large difference in the

equilibrium partial pressure of NO. This difference arises as a result of the increase in
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the activity coefficient of NO with increasing NH4sNOj3 concentration, corresponding to
a large reduction in the NO solubility. Consequently, for a given aqueous concentration
of NO, the equilibrium partial pressure will be significantly higher in an NH4NOs3
solution compared to the same NO concentration in pure water (i.e. the Henry’s
constant for NO in the salt solution is lower than in water). In 13 mol L' NH4NO; (as
found in emulsion explosives), the equilibrium NO partial pressure is approximately
four times higher than that predicted when the effects of activity coefficients and
reduced NO solubility are neglected. This observation is of practical significance, as it
explains that the formation of NOy cannot be avoided by the presently used nitrosation

technology for sensitising emulsion explosives.
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Figure 8: Comparison of equilibrium NO partial pressures for 0.02 M HNO; and
0.06 M H' in NH,/NO; predicted with activity coefficient and ideal solution (i.e., all

yi=1) models
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8.5 Conclusions

Experiments were conducted to determine the observed equilibrium constant for
decomposition of nitrous acid in ammonium and sodium nitrate solutions, and the
results interpreted in terms of the activity coefficients of the species involved. An initial
increase in the observed equilibrium constant was caused by a decline in the activity
coefficient of nitrate ions, whilst a decrease at higher concentrations arose as a result of
increases in the activity coefficients of NO and H' relative to that of HNO,. Models
were developed to describe the effect of NH4NO;3 concentration on the HNO,, NO and
H' activity coefficients, permitting extrapolation of the results to solutions of
supersaturated ammonium nitrate relevant to emulsion explosives, where direct
measurements are not possible. It was shown that the effect of the activity coefficients
on the equilibrium concentration of aqueous NO is small, however, the reduced
solubility of NO in 13 mol L' ammonium nitrate results in a nitric oxide concentration
four times larger than would be predicted without accounting for the effects of non-

unity activity coefficients.
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9.1 Introduction

The decomposition of nitrous acid has been identified as a possible source of NOy
during the chemical gassing of emulsion explosives. Chapter 4 examined the kinetics of
nitrous acid decomposition in dilute acid solution, whilst Chapters 7 and 8 discuss the
effect of ammonium nitrate concentration on the solubility of nitric oxide and nitrous
acid decomposition equilibrium, respectively. During the gassing of an emulsion
explosive, nitrous acid can undergo decomposition, forming nitric oxide', or can give
rise to N via reaction with ammonia’®. The rates of these competing reaction pathways
are interrelated, because they both depend on the concentration of nitrous acid®*. As
such, both reaction pathways must be taken into account when attempting to predict the
quantity of NOy formed during the sensitisation process. A model for the nitrosation of
ammonia, including the effect of added nucleophile catalysts, has previously been
developed by da Silva et al. (2007)°. In this chapter, a kinetic model is developed to
predict the rate of NO formation during the chemical gassing of emulsion explosives.
The model incorporates the previous work of da Silva et al. (2007)°, in addition to new
equations to simulate the decomposition of nitrous acid, the temperature dependence of
the rate constants, and the rate of transfer of nitric oxide from the aqueous phase to the
gas bubbles in an emulsion. In addition, the reactions between nitrous acid and
additional reaction substrates were included to evaluate the impact of the substrate on

NO formation.

To validate the model, experiments were performed to investigate the formation of both
NO and N resulting from the gassing of ammonium nitrate solutions with NaNO..
Additional experiments were then carried out to quantify the amount of NOy produced
from gassing actual emulsion explosives. The procedure involved gassing the emulsion
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inside a sealed glove box, liberating the gas trapped within the emulsion, and

determining the NOy concentration. The aims of these experiments were:

o To determine the amount of NOy formed during gassing of emulsion explosives
under laboratory conditions, and to examine the effect of acid concentration.

o To compare experimentally determined NOy levels to those predicted from
kinetic models of known NOy formation reactions to establish conclusively if

nitrous acid decomposition is the source of NOy during explosive sensitisation.

In addition, it was hypothesised that extremely rapid NO formation could result from
direct contact between the concentrated acetic acid and sodium nitrite solutions which
are employed for chemical gassing. Experiments were performed to quantify the
amount of NO produced under this scenario, and to determine whether inclusion of

additional reaction substrates in the gassing solutions could reduce NO formation.
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9.2 Experimental

9.2.1 NO measurements during gassing of ammonium nitrate solutions

NO measurements in ammonium nitrate solutions were performed in a gas-liquid
reactor with membrane inlet mounted in the gas phase, as described in Chapter 8. The
reactor was loaded with 74 cm’® of freshly prepared ammonium nitrate solution
containing the desired concentration of nitrite ions. Oxygen was purged from the
reactor with a stream of nitrogen gas, which flowed at a rate of 1.2 cm® s for 20 min
prior to the start of the experiment. The nitrogen for the purging process was
introduced via a section of % inch (6.35 mm) stainless steel tubing inserted through a
septum side port, and exited the vessel through a needle inserted through the rubber
stopper at the top of the reactor. Upon completion of the purging process, the needle
was plugged by inserting a 25 cm” syringe, and the stainless steel tubing removed. The
nitrogen flow was then connected to the membrane inlet line, and adjusted to 0.67 cm’
s, Reaction was initiated by injection of 1 cm’ of acetic acid solution to the reaction
vessel via the septum side port. The pressure inside the reactor was maintained at
atmospheric by allowing expansion of the syringe plunger to accommodate N, produced

in the course of the reaction. The rate of N, formation was determined from the rate of

increase in the gas volume contained within the syringe.

9.2.2 Generation of ammonium nitrate emulsions

Emulsion explosives consist of a concentrated ammonium nitrate solution dispersed
within a continuous hydrocarbon phase. The oxidiser phase of the emulsion

(discontinuous phase) typically constitutes approximately 94 % of the emulsion mass
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and comprises a 75 % w/w ammonium nitrate solution. To accelerate the gassing
reaction, sodium thiocyanate can be incorporated into the ammonium nitrate solution.
The continuous phase (fuel phase) constitutes the remaining 6% of the emulsion mass
and typically contains a mixture of diesel fuel and a polyisobutlylene succinic anhydride
(PIBSA) based emulsifier®. To prepare the emulsion, the oxidiser phase components
were weighed into a stainless steel jug, and heated to 80 °C with continuous stirring to
dissolve all of the ammonium nitrate. Once the ammonium nitrate was dissolved, the
pH of the solution was adjusted to 5 by addition of concentrated sodium hydroxide
solution. The fuel phase was weighed out in a separate stainless steel container and
heated to 60 °C. The emulsion was formed by slowly pouring the oxidiser phase
solution into the fuel phase with continual stirring by an overhead mixer, over a period
of 60 s. The speed of the mixer was increased gradually from 600 to 1700 rpm over a
further 120 s, or until the viscosity had reached between 22 — 28 Pa s. Viscosity
measurements were performed on a Brookfield RVDVII+ viscometer with no. 7 spindle

at 20 rpm.

9.2.3 NO, measurements during gassing of ammonium nitrate emulsions

The standard process for gassing an emulsion explosive in the laboratory involves
consecutive addition of concentrated acetic acid (45 % w/w solution in water) and
sodium nitrate solutions (25 % w/w solution in water) to the emulsion, mixing each
solution for a period of 30 s. The emulsion is then weighed into a stainless steel cup of
known mass and volume. A spatula is used to scrape the emulsion from the top of the
cup, such that the emulsion is levelled with the rim of the cup, and the initial mass

recorded. As gas is produced, the emulsion expands over the rim of the cup, and the
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excess emulsion is removed with a spatula and the cup re-weighed. The density change
of the gassed emulsion can then be determined from the change in the mass of emulsion
held within the cup of known volume. This type of experiment enabled determination

of the time taken for complete gassing to occur.

A similar procedure was employed to determine the level of NOy produced during
gassing, except that in this case the gassing process occurred within a sealed glove box.
The apparatus consisted of the Thermo 42i-HL NOx analyser connected to a plastic
glove box with a volume of 50 L, similar to the apparatus described by Vestre (2003)’.
A cylinder of nitrogen gas and a flow meter enabled the box to be purged with nitrogen
prior to the start of experiments. A container holding a known mass of emulsion, along
with syringes holding the gassing chemicals were loaded into the glove box. The box
was then sealed to the atmosphere, and flushed with nitrogen for at least 15 min at a
flow of 10 L min™'. After this time, the gas flow was reduced to 25 cm® min™, and the
gassing chemicals were mixed sequentially into the emulsion. The concentration of
nitrogen oxides in the box was continually monitored using the NOy analyser. After
gassing was substantially complete (typically around 90 min), the gas was stirred out of
the emulsion using a spatula, liberating any NOy contained within the emulsion gas

bubbles, and a final NOy reading taken.
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9.3 Development of kinetic model

Table 1 summarises the chemical reactions constituting the kinetic model. Reactions
M1-M8 describe the various nitrosation pathways and are as shown in da Silva et al.
(2007)°, whilst reactions M9-M11 describe the formation of NOy from the
decomposition of nitrous acid. The rate constants for Reaction M9 have been selected
to yield the correct value of Ko’k as determined in Chapter 4 (k = 1.35 x 10° L mol™' s”
", whilst the reverse rate constant for Reaction M10 has been modified to yield the
correct value of K92K10 in 13 mol L™ NH4NO; as determined in Chapter 8. Reaction
MI12 has been included so that the effect of the acetic acid concentration is accounted
for, whilst Reactions M13-M14 describe the nitrosation of sulfamate ions and urea,
respectively. It has been assumed that these substrates do not give rise to additional
NOy formation reactions. It may be noted that the rate constant for reaction M6
estimated in Ref 5. somewhat exceeds the limit for diffusion control. The apparent rate
of nitrosation depends on both the equilibrium constant for formation of ON" and the
rate of reaction between the ON" and NH;. As such, it is likely that the high value of
the rate constant arises due to uncertainty in the value of the equilibrium constant (i..e.
M4), which is difficult to accurately measure. The model will predict the correct rate of
the nitrosation reaction provided that the product of the rate and the equilibrium
constant is correct The model consists of a series of ordinary differential equations
(ODEs) describing the reaction system summarised in Table 1 Appendix E provides a

complete description of the equations comprising the model..

In the case of protonation equilibria, the rate constant of the association reaction
between the hydrogen ion and the base was assumed to occur at the diffusion controlled
limit (10" L mol™ s at 298 K)* with the dissociation reaction rate constant determined

250



CHAPTER 9 — Kinetic model of NOy and N, formation

from the equilibrium constant. The stiff ODE solver in Polymath 5.0 was employed to
solve the system of equations for a given set of initial conditions (i.e. species
concentrations). Because the concentrations of gassing chemicals are low, and the rate
of reaction is slow, the effect of heat released from the chemical reaction on the
emulsion temperature is negligible. As such, the system is treated as isothermal, i.e. the
temperature remains constant throughout the reaction. Incorporation of appropriate
equations to describe the heat transfer between the emulsion and surroundings could
potentially be included to allow modelling of transient temperatures. The effect of

temperature on the reaction rate constants was determined using Equation 1

k=k, exp(%(% —%n (1)

where £ is the reaction rate constant at temperature 7" (K), %, is the rate constant at a
reference temperature 7,, E, is the activation energy of the reaction (J mol™) and R is
the gas constant (J mol” K™). In some cases only the enthalpy of reaction was known,
which allowed the changes to the equilibrium constant to be determined, but not the
changes to the individual rates of reaction. In these cases, estimates were made for the
activation energies such that they produced the correct value of the enthalpy of reaction.
Reactions occurring at the diffusion controlled limit were assumed to have activation

energies of 20 kJ mol™.

It was noted that the activation energies for ammonia nitrosation reported by da Silva et
al. (2006)’ did not account for the effect of temperature on the equilibrium constants for
N,O; and ONSCN formation and for dissociation of HNO, and NH,". That is, the

effect of temperature on these equilibrium constants is included in the reported

251



CHAPTER 9 — Kinetic model of NOy and N, formation

activation energy. While the impact of temperature on Kynos, K203 and Konscy are
reasonably small, the dissociation of NH," exhibits a significant enthalpy of reaction of
52 kJ. As such, it was essential to correct the observed activation energies reported by
da Silva et al. for the effect of temperature on these dissociation equilibria. Expressions
for the observed rate constant (for which activation energies were reported by da Silva

et al.) are shown in Equations 2 and 3 for ammonia nitrosation by N,O; and ONSCN,

respectively.
ks K K H'[NH}
Ky, = 58 N203 Nl . ]2[ 4] (N2O; pathway) @)
(KHNoz +[H ])
K K3 [HTINH
ko, _ kmsKoysen K3 [H ™ JINH 4 ] (ONSCN pathway)  (3)

(KHNOQ + [H+])

where ky is the rate constant for the reaction of the nucleophile with NH;. The

following expressions were derived to determine the activation energy of ky.

E, (ky)=E (ko) +2AH yyos —AH 203 —AH yyp3 “4)

E, (ky)=E,(kops) +AH gnor —AH gnsen —AH ypr3 (5)
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Table 1. Chemical reactions and rate constants employed in the model

Eqn | Reaction kr k; Ref
Ml | NO, + H = HONO 1x10°M s 1693 x10°s Ref?’
M2 NH4+ — NH3 + H+ 215 571 43 X 1010 M71571 Refs
-2 ~1 -1 5
M3 HONO + Noz- + H+ - N203 + HZO 32,000 M “s 6400 s Ref
-1 _—1 12 -1 5
M4 HONO + H' = ON' + H,0 12,000 M s 1.0x10“s Ref
M5 N,O; +NH; —» N, + NO, + H + 43x10°M7's' | N/A Ref’
H,O
M6 ON"+NH; — N, + H" + H,0 3.8x10"M s | N/A Ref?’
-2 -1 -1 5
M7 | HONO + SCN +H" = ONSCN + | 11700 M s 366 s Ref
H,O
M8 ONSCN+NH; »N,+SCN +H + | 84x10°M's' | N/A Ref’
H,0O
8 =1 _—1 10
M9 2HONO = NO + NO, + H,0 11.6 1 x10°M s Ref™,
present
study
8 -1 _—1 -2 ~1 10
M10 2NO, + H,0 = HN02+NO3_+H+ 1 x10°M s 0.0127 M s Ref™,
present
study
MI11 | 2NO(sg+ Oz(aq — 2NO; (g 21x10°M 7> | N/A Ref"!
10 | 5 -1 12
Mi12 CH3COO-+H+ — CH3COOH 1 x 10 M S 1738 X 10 S Ref
M13 | SO;NH, + NO" > N, +HSO, +H' | 1.5x 10" M's" | N/A Refs'*"
M14 | CO(NH,), + NO" — N, + CO, + 48x10'M's? | N/A Refs'>'®
NH,"
MI5 | 4go, = H' + SO L1 x10%s" 1x10°M's" | Ref"
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Table 2. Activation energies for forward and reverse reactions

Eqn E forwara (KJ/mol) | E4 paciwara (KJ/mol) | Ref

Ml 20 26.7 Ref "

M2 72 20 Ref"”

M3 20 29.9 This study”
M4 65.2 20 Ref’

M5 30 N/A Ref’

M6 20 N/A Estimate
M7 20 32 This study”
M8 36 N/A Ref’

M9 65 22 Ref™

M10 20 75 This study
M1 9.6 N/A Ref”!

MI12 0 0 Ref'”

M13 9.2 N/A Refs™"
M14 17 N/A Refs"™'
M15 1.5 20 Ref'’

* Values estimated based on the enthalpy of reaction determined quantum chemically.

°Estimated based on the enthalpy of reaction reported by Stedman & Whincup?

The rate of decomposition of nitrous acid depends on the concentration of aqueous
nitric oxide (Reaction M9) and as such, accurate prediction of aqueous NO and NO,
concentrations is essential for modelling the overall rate of NOy formation. Appropriate
equations have been included in the model to account for the transfer of aqueous NOy to
the gas phase. The precise formulation of these equations depends on the method

employed to study the reactions (i.e. gas-liquid reactor or emulsion). Henry’s law
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states that the equilibrium concentration of dissolved gas is proportional to the partial

pressure of the species in the gas phase.

[Glegm = kuFo (6)

where [G]ggm 1s the aqueous phase concentration of species G (mol L") at equilibrium
with a gas phase partial pressure of Py (bar), and ky is the Henry’s constant for that
species (mol L™ bar), which is temperature dependent. The Henry's constants for nitric
oxide in ammonium nitrate solutions were determined in Chapter 7. Extrapolation of
these results to 13 mol L™} NH4;NO; yields a Henry’s constant for NO of 4.1 X 10™* mol
L! bar! at 25 °C. The solubility of NO, was estimated assuming that the ratio of the
gas solubility in water to that in an ammonium nitrate solution was the same for NO and
NO,. Equations 7-9 were employed to quantify the effects of temperature and

ammonium nitrate concentration on the solubility of NO:

k T
1og[ Hol )j=ks(T>[S] 7
H
ks =—-0.000437 +0.18039 (8)
k, =0.00193ex —1615[ ! —lj )
Ho = P 29815 T

where ky, is the Henry’s constant of NO in water at temperature 7 (K), ky is the

Henry’s constant of NO in a salt solution with concentration [S] (mol L") and £, is the
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salting out parameter (L mol™). The rate of mass transfer of NO, from the aqueous
phase to the gas phase has been modelled using Whitman’s two film theory (as
described by McCabe et al. 2005)>, in which the gas and liquid concentrations are
assumed to be in equilibrium at the interface and the resistance to mass transfer in each

phase is added to find the overall resistance, i.e.
Ryr = Kyr A[G]=[Glggm) (10)

where Ry is the rate of mass transfer (mol s'l), Kyr 1s the overall mass transfer
coefficient (mm s™), 4 is the interfacial area (m?), [G] is the concentration of species G
(mol L") and [Glegm 1s the liquid phase concentration of species G if it were in
equilibrium with the gas phase. [G]g,» was calculated using Henry’s law based on the

bulk gas phase partial pressure of the species of interest.

In the case of the gas liquid reactor, Equation 10 was incorporated into the mass balance
equations for NO in the gas and aqueous phases, as shown in Equations (11) and (12).
For the gas liquid reactor, the interfacial area is unknown, and the parameters Kj,r and 4

are lumped together and denoted KMT* (i.e. KMT* = KurA).

dINO] _ Ky ((NOJ-knoRTCxo) , . (11)

d1 Vg

dCyo _ Kyr (NO]-kyoRTCyp) v

dt Veas V gas

Cno (12)
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where V,, is the volume of solution in the reactor (L), ryo is the rate of nitric oxide
generation by chemical reaction (mol L™ s™), Vgas 18 the volume of gas in the reactor (L)
and v is the volumetric gas flowrate into the reactor (L s™). Equations 7 and 8 consist of
a coupled set of ordinary differential equations and were solved numerically using the
Polymath 5.0 stiff ordinary differential equation solver. The complete model is
provided in Appendix E. In the absence of chemical reaction, Kur represents the only
unknown term in Equations 11 and 12. As such, the mass transfer coefficient was
determined in separate experiments by rapidly generating NO in the reactor via the
reduction of nitrous acid by ascorbate. The parameter Kyr was determined by
adjusting this variable in the Polymath simulations to provide the best fit to the
experimental data. To confirm that the correct value of KMT* had been determined, and
to verify that the gas-liquid membrane inlet setup was suitable for kinetic analysis, an
experiment was performed to generate NO via the decomposition of 0.015 mol L™
sodium nitrite in 0.03 mol L™ acetic acid, and the results compared to the model
predictions (Figure 1). The model predictions coincided closely with the experimental
data, confirming the mass transfer coefficient (KMT*) of the reactor setup to be 0.003 L

-1l
s,

257



CHAPTER 9 — Kinetic model of NOy and N, formation

PNO (bar)

0.02

0.015
L O Experiment

0.01
L —— Simulation

0.005

OC|||||||||||||||||||||||||||||||||||||||

0 500 1000 1500 2000 2500 3000 3500 4000

time )s)

Figure 1: Comparison of measured and simulated NO partial pressure for
decomposition of 0.015 mol L NaNO; in 0.03 mol L™ CH;COOH in gas-liquid

membrane reactor at 25 °C

In the case of the emulsion experiments it was not possible to experimentally determine
the mass transfer coefficient. Furthermore, the interfacial area would be expected to
increase with time as the volume of gas bubbles in the emulsion increased.
Consequently, the mass transfer coefficient and area must be treated explicitly. The
overall mass transfer coefficient, K7, is made up of the coefficients of the individual
phases, which depend on the diffusivity of the species and the film thickness over which
mass transfer is occurring. Because the diffusivity of molecules through a gas is much

higher than through liquids, the gas phase mass transfer resistance has been neglected
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and the overall mass transfer coefficient approximated by the liquid phase coefficient,

k, =48 (13)

where D,j is the diffusivity of species A though species B (m” s'), and Jr is the
thickness of the film (m) over which the change in C4 occurs (i.e. the distance form the
interface to where local concentration of species A4 is the same as that of the bulk). The
diffusivity of NO through water was taken as 2.1x10® m?s™ (Zacharia et al. 2005) and
the film thickness assumed to be the maximum distance of an oxidiser phase emulsion
droplet to a gas bubble, yielding an estimate value of 4, = 0.011 mm s™' for NO. The
same value of the mass transfer coefficient was employed for NO,. The mass transfer
film thickness should not be confused with the thickness of fuel films/lamellae in the
emulsion. Selection of the mass transfer coefficient is explained in more detail on pages

266-267.

The interfacial area between the gas and aqueous phases, over which mass transfer
occurs, increases as the gas bubbles grow. The mass transfer area was modelled
assuming that the number of bubbles was constant throughout the simulation. The
number of bubbles was estimated assuming a final bubble size of 400 um, and a final
emulsion density of 1.0 g cm™. The gas bubbles were assumed to be of uniform size.
In practice, a range of bubble sizes would be present, with coarsening occurring (i.e.
shrinking of small bubbles and growth of larger ones) due to Ostwald ripening®*. The
bubbles start with negligible size and grow throughout the gassing process, allowing

their area to be determined for the mass transfer rate calculation. For this purpose, an
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additional ODE is included in the model to account for the increase in gas volume with

time.

AVgas _ 8.314T
dt 101325

(Vag'va + Rurvoy + Rur(vo2)) (10)

where T is temperature (K), 7y, is the rate of nitrogen formation via chemical reaction
(mol L' s™), Vg 1s the volume of the aqueous phase (L) and Ryrno) and Ryrvoz) are the

rates of mass transfer of NO and NO, from the aqueous to the gas phase (mol s™).
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9.3.1 Model validation

Experiments were performed in the gas liquid reactor with 2.5 mol L™ ammonium
nitrate solutions to validate the kinetic model. Two experiments were conducted, both
with 0.015 mol L™ NaNO, and 0.03 mol L! CH3;COOH, one of which also included
0.05 mol L' NaSCN, which acts as a catalyst for N, production through formation of
the nitrosating agent nitrosyl thiocyanate (ONSCN). At the conclusion of the run, the
spectrum of the reactant solution was taken with the UV-vis. It was noted that the
proportion of nitrite in the form of nitrous acid was significantly smaller than would be
expected from the pK,’s of HONO and CH3COOH observed in water, precipitating a
separate study to determine the effect of ammonium nitrate concentration on the
protonation of NO, by CH3;COOH. Experiments were performed to determine the
fraction of nitrite (initially 0.015 mol L) converted into nitrous acid by 0.03 mol L™
CH;COOH in 2.5, 5, 7.5 and 10 mol L! NH4NOs, the results of which are summarised

in Table 3. Further details about these experiments are provided in Appendix E.
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Table 3: Fraction of total nitrite converted to nitrous acid at different ammonium
nitrate concentrations for initial NaNO; and CH;COOH concentrations of 0.015 and

0.03 mol L, respectively

[NH,NOs] (mol L) | [HNO,]/[NaNO] oras
0 0.192
2.5 0.159
5 0.136
7.5 0.112
10 0.128

The pK, of nitrous acid was adjusted in the model to yield the same nitrous acid
concentration determined experimentally. Figure 2 compares the predicted and
experimentally determined NO partial pressure in the absence of SCN’, whilst Figures 3
and 4 compare the predicted and experimentally determined NO partial pressure and N,
volumes, respectively, for the experiment with 0.05 mol L' SCN". In the absence of
SCN’, the model predicts near identical NO partial pressures over time to those
observed experimentally. A significantly lower NO partial pressure was observed in the
presence of SCN°, owing to the increased rate of N, formation due to ONSCN. The NO
partial pressure increased to a maximum after 1500 s, before decreasing slowly. Similar
results were predicted by the model, which showed a slightly higher peak NO partial
pressure than the experiment. The predicted and observed rates of N, formation were in
excellent agreement. This shows that the model can successfully predict both the rates

of NO and N, formation, including the effect of the nitrosation catalyst SCN".
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Figure 2: Comparison of measured and simulated NO partial pressure for
decomposition of 0.015 mol L™ NaNO; with 0.03 mol L CH;COOH in 2.5 mol L™

NH/NOjs in gas-liquid membrane reactor at 25 °C
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Figure 3: Comparison of measured and simulated NO partial pressure for
decomposition of 0.015 mol L™ NaNO, with 0.03 mol L' CH;COOH and 0.05 mol L

NaSCN in 2.5 mol L' NH,NO3 in gas-liquid membrane reactor at 25 °C
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Figure 4: Comparison of measured and simulated gas production for decomposition
of 0.015 mol L' NaNO; with 0.03 mol L' CH;COOH and 0.05 mol L' NaSCN in 2.5

mol L' NH,NO; in gas-liquid membrane reactor at 25 °C

9.3.2 Sensitivity analysis — NOy formation during emulsion gassing

A series of simulations were performed to ascertain the sensitivity of the model results
to changes in a selection of key model parameters. In particular, certain parameters in
the model could not be measured experimentally under the conditions present in an
emulsion explosive (i.e. 13 mol L"' ammonium nitrate) and must therefore be estimated,
resulting in a significant degree of uncertainty. These parameters include the mass

transfer coefficient, which determines the rate at which NO is transferred from the
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aqueous to gas phase, the values of K92k10 and k;p and dissociation constants of
CH;COOH and HNO, in 13 mol L' ammonium nitrate, which could not be measured
under these conditions. However, the equilibrium constant, K92K 10 can be estimated in
13 mol L' NH4NO; based on the results in ammonium nitrate solution, and the
individual rate constants ngkm and k_;p must be chosen such as to reproduce the correct
equilibrium constant. Simulations were therefore performed to determine how the
predicted amount of NOy formation depends on the values of Ky, ngkjo, k.jp and the
dissociation constants of acetic and nitrous acids. In these simulations, the initial
species concentrations were 13, 0.03, 0.024 and 0.015 mol L for NH4NO3, CH;COOH,
NaSCN and NaNO,, respectively. Figures 4 and 5 show the effect of varying Kj,r and

K92k10 on the final NOy concentration within the gas bubbles.
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Figure 4: Effect of Ky on final NO, concentration with Kokyg=1.35% 10° L mol" s
1 PK,’s of HNO; and CH;COOH of 3.17 and 4.75, respectively and initial 0.03 mol L

" CH;COOH and 0.015 mol L NaNO; at 25 °C.

The final NOy concentration in the gas bubbles increases with increasing K7, for values
of Ky less than 0.1 mm/s. This indicates that over this range, the mass transfer of NO
from the aqueous to gas phase is at least partially rate limiting. For values of Ky
greater than 0.1 mm s, the final NOy concentration was independent of the mass
transfer coefficient, indicating that the mass transfer coefficient is sufficiently large for
the aqueous and gas phases to be in equilibrium with respect to the nitric oxide
concentration. For the purpose of simulations, an intermediate value of Ky, = 0.011

-1
mm s~ was chosen.
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Figure 5: Effect of K92k10 on final NO, concentration, determined with Kyr= 0.011

mm s and PK,s of HNO; and CH;COOH of 3.17 and 4.75, respectively

As demonstrated in Figure 5, the effect of K92k10 on the final NO4 concentration is
complex. The predicted NOy concentration increases at low values of K92k10, reaches a
maximum at K92k10 =56 x 107 L mol™ s'l, and decreases for larger values of the rate
constant. The effect can be explained by examining the effect of changing Ko’k on the
value of k.9, as the overall value of ngK 10 remains constant for all simulations. At
small values of K92k10, k_;0 1s very small, which causes the amount of NOy formation to
increase with increases to the forward rate constant. However, at larger values of
K92k10, the reverse rate constant becomes more significant and the overall amount of
NOy produced declines. The value of ngkm determined in dilute acid solution yields
final NO concentrations near the maximum.
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Simulations were also performed to determine the effect of varying the dissociation
constants of nitrous and acetic acids on the level of NOy formation. In concentrated
ammonium nitrate, the activity coefficients of H', HNO,, CH;COOH, NO, and
CH;COQO" differ widely from unity, causing changes to the apparent dissociation
constants of the acids. This can alter the proportion of nitrite converted into nitrous
acid, affecting the rate of NO formation. As shown in Table 3, the proportion of nitrite
converted to nitrous acid by 0.03 mol L' CH;COOH was observed to decrease from
around 0.19 in water to 0.11 in 7.5 mol L"' NH4NOs, before increasing slightly to 0.13
in 10 mol L' NH4NO;,. Thus, the corresponding value in 13 mol L is somewhat
uncertain and probably lies in the range between 0.1 and 0.2. This amounts to a
difference in the pK,’s of the two acids ranging from 1.5 to 2.15 units (in water, the
pK,’s are 3.17 and 4.75 for HNO, and CH3;COOH, respectively). It should be noted that
the aqueous phase of the emulsion is super-saturated with respect to ammonium nitrate,
with the saturation concentration being approximately 10 mol L' at 298 K. As such, it
is impossible to directly measure the proportion of nitrite converted to nitrous acid
under the conditions present in the emulsion. Two series of simulations were
performed; the first in which the pK, of acetic acid was kept constant, and the nitrous
acid pK, varied, and the second wherein the acetic acid pK, was adjusted with the pK,
of nitrous acid remaining fixed. Figure 6 plots the results of the two series of
simulations. When the nitrous acid pK, is kept constant, altering the acetic acid pK, has
little effect on NO formation, with only a slight decrease in the final NO concentration
predicted. This results in a higher pH, causing a decrease in the rate of the reverse of
reaction M10 and the rate of N, formation, which offset the decrease in the rate of NO
formation via the forward reaction. In contrast, a large decrease in the NO level is

predicted when the pK, of nitrous acid is decreased. Decreasing the pK, of HNO,
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results in a lower pH and a relative increase in the rate of the reverse of M10, reducing

the net rate of NO formation.
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Figure 6: Effect of varying the relative pK,’s of nitrous and acetic acids on NO

formation

270



CHAPTER 9 — Kinetic model of NOy and N, formation

9.4 Results for NO, formation in emulsion gassing

9.4.1 Effect of acetic acid concentration on NO, formation

Experiments were performed to determine the effect of the acetic acid concentration on
the amount of NOy produced. All experiments employed an initial nitrite and
thiocyanate concentrations of 0.015 mol L™, with the acetic acid concentration varied
from 0.03 to 0.09 mol L. The experiments were performed at room temperature (25 +
1 °C), with an emulsion containing 0.024 mol L™ sodium thiocyanate dissolved in the

oxidiser phase.

The NOy concentration inside the glove box was observed to increase gradually after the
gassers were mixed into the emulsion. The rate of increase in the NOy concentration
decayed with time, with minimal changes to the NOy concentration occurring after 4000
— 5000 s, depending on the amount of acid employed. After this time, the emulsion was
stirred to liberate any NOy trapped within the gas bubbles in the emulsion. This resulted
in a sharp increase in the NOy concentration within the box. This increase was almost
entirely caused by the elevated NO concentration, with only small increases in NO,
concentration being observed. Figure 7 demonstrates the effect of acid concentration on
the amount of NOy formed. Note that the sharp increase in concentration occurring

between 4000 and 7500 s results from NOy liberated upon stirring the emulsion.
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Figure 7: NO. formation with increasing acetic acid concentration with 0.015 mol L

" NaNO; at 25 °C

There was a slight increase in the quantity of NOy liberated from the emulsion with
increasing acetic acid concentration, with final NOy readings of 14, 20 and 24 ppm for
0.03, 0.06 and 0.09 mol L™ acetic acid, respectively. The elevation in NOy observed
upon stirring the emulsion corresponded to between 0.7 and 1.0 % of the initial nitrite
being converted into NO. In addition to NOy trapped in gas bubbles, the NOy evolved
from the emulsion before stirring also rose with increasing acid concentration, from 4 to
8 ppm. Thus, approximately 30% of the total NOy was evolved from the emulsion
within the first hour of gassing. The rate of diffusion of NOy from the emulsion is
likely related to the exposed surface area of the emulsion. In the present experiments,

the ratio of the emulsions surface area to its mass is significantly higher than that of
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large scale emulsion use. It is therefore likely that the rate of diffusion of NOy from
emulsions gassed on a larger scale will be less significant, due to the lower exposed
surface area per volume of emulsion. It was assumed that the NOy diffusing from the
emulsion was produced as a result of enhanced nitrous acid decomposition occurring
near the gas-liquid interface. This is supported by the observation that the rate of NOy
diffusion decreases with time, and eventually ceases, despite an increase in NO
concentration in the emulsion gas bubbles. Because the NOy diffusing from the
emulsion is produced in the gas-liquid film, NOy diffusion is expected to have minimal
effect on the bulk NO concentration in the emulsion, and has therefore been neglected

in the simulations.

Simulations were performed to predict the effect of increasing acetic acid concentration
on the quantity of NOy formed when gassing an emulsion explosive for comparison to
the experimental results. The simulations employed a mass transfer coefficient of 0.011
mm s and a forward rate constant for nitrous acid decomposition, K92k10, of 1.35 x 10°®
mol L. The dissociation constant for acetic acid was decreased slightly compared to
water (pK, shifted from 4.76 to 4.96), resulting in initial conversion of 15 % of total
nitrite into nitrous acid. Figure 8 compares the predicted NOy concentrations to those
observed experimentally. The final concentration of NO in the gas bubbles was
predicted to increase slightly upon increasing the acetic acid concentration from 0.03 to
0.06 mol L', and decreased slightly upon further increases in the acid concentration.
Figure 9 shows the volume of NO produced versus time for the simulation with 0.03

mol L' CH;COOH.
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Figure 8: Comparison of predicted and observed effect of acetic acid concentration

on NO formation at 25 °C

The initial increase in the predicted amount of NO results from an increase in the
concentration of nitrous acid with increasing acetic acid concentration. However, the
increase in acid concentration also increases the rate of both N, formation and the
reverse of reaction M10, with the net effect resulting in a predicted reduction in the NO
level at higher acid concentrations. The concentrations of NO predicted in the
simulations correspond to approximately 0.5 % of the initial nitrite being converted into
NO, indicating that the vast majority of nitrite is converted into the desired product, N».
This result is in reasonable agreement with experiment at low acid concentration,

wherein approximately 0.7 % of initial nitrite is converted into NOx. The concentration
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of NO, was predicted to be negligible, owing to its low equilibrium concentration

(Reaction M9), in agreement with experimental observations.
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Figure 9: Predicted volume of NO per litre of emulsion for initial acetic acid

concentration of 0.03 mol L’

As shown in Figure 9, the volume of NO is predicted to increase rapidly over the first
1500 s to a maximum, before declining over the next 3000 s to the final value. Initially,
the concentration of nitrous acid is high, which results in production of NO. However,
as the reaction between HNO, and NHj3 progresses, the concentration of nitrous acid
declines, and eventually the reverse rate of Reaction M10 exceeds the forward rate,
resulting in the consumption of nitric oxide. Whilst the concentration of NOy within the

bubbles is significant, these concentrations are not likely to result in visible NOy
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emissions, unless large quantities of emulsion are subjected to stirring after gassing to

liberate the NOy trapped in the bubbles.

9.4.2 Effect of added substrates

Simulations were performed to determine if inclusion of additional reaction substrates
in the emulsion could reduce the amount of NO formed. It was hypothesised that
inclusion of a substrate capable of rapidly converting HNO, into N, could reduce the
amount of NO formed by increasing the rate of HNO, consumption, hence limiting its
decomposition. The substrates selected for study include urea and sulfamate (the
conjugate base of sulfamic acid), which have both been reported to react with nitrous

acid to yield N214’16’25

. Simulations were performed with initial acetic acid, nitrite and
thiocyanate concentrations of 0.03, 0.015 and 0.024 mol L™, respectively, for substrate

concentrations up to 1 mol L™, the results of which are plotted in Figure 10.
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Figure 10: Effect of urea and sulfamate ion on NO formation for nitrite and acetic

acid concentrations of 0.015 and 0.03 mol L respectively, at 25 °C

The simulations showed that inclusion of sulfamate ions in the emulsion could provide a
significant reduction in the formation of NO, with a three fold reduction achieved with
0.2 mol L SO;NH;". The nitrosation of sulfamate is rapid, and even at the lowest
concentration simulated (0.025 mol L), the majority of N, is formed via this reaction
pathway. Although sulfamate is quite reactive towards nitrous acid, a large excess of
this species is required to produce a large reduction in NO. Urea, on the other hand,
exhibits poor reactivity toward nitrous acid, with only 2 % of total N, produced via urea
nitrosation even with 1 mol L™ urea. The simulations predict a slight increase in the

NO concentration with increasing urea concentration. This strange result arises due to
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the reversible nature of NO formation. As shown in Figure 9, the volume of NO
produced in the course of the reaction goes through a maximum, before decreasing to a
stable level. Inclusion of urea reduces the maximum concentration, however, the
slightly faster rate of HNO, consumption reduces the extent of the reverse reaction
(M10) in the final stages of gas production, leading to a marginally higher final NO

concentration.

9.4.3 Effect of temperature

Simulations were performed to determine the effect of temperature on NOy formation,
the results of which are provided in Figure 11. The amount of NOy predicted increased
slightly between 273 and 298 K, and decreased at higher temperatures. This effect can
be explained by considering the relative rates of the forward and reverse reactions of the
NO formation pathways and those of N, production. At low temperatures, the reverse
rate of Reaction M10 is less significant, and the amount of NO increases due to the
increase in Ko’k relative to the nitrogen formation pathways. At temperatures of 298
K and greater, however, the rate of the reverse of Reaction M10 becomes much more
significant, resulting in a decline in the amount of NO produced. Overall, the effect of
temperature is minimal, as there is only a small difference between the activation
energies of the N, and NOy producing pathways. For example, the apparent activation
energy associated with K92k10 is 106 kJ mol'l, whilst the activation energy for k_; is 75
kJ mol™. Thus, the value of Ks’K increases only slightly with increasing temperature,
as there is a relatively small difference between the activation energies of the forward
and reverse reaction for HNO, decomposition of only 30 kJ mol™". Thus, whilst the rate

of the forward reaction increases, this is partially offset by the increase in the reverse
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reaction. The rate of N, formation via the thiocyanate catalysed reaction increases to a
greater extent, owing to the overall 68 kJ mol™ activation energy (including the effect of

related equilibrium constants, as discussed on page 251) associated with that pathway.
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Figure 11: Effect of temperature on final NO concentration for 0.015 mol L NaNO,

and 0.03 mol L' CH;COOH

Experiments were also performed with acetic acid concentrations ranging from 0.03 to
0.09 mol L at a temperature of 15 °C, and are compared to the simulations in Figure
12. Owing to the slow gassing rate at this temperature, it was impractical to follow the
reaction to completion. Instead, the gas was mixed from the emulsion after 60-75 min
had elapsed, corresponding to about 85 % of reaction, and the simulations performed

over the same time period. Note that because the reaction is incomplete, a higher final
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NO concentration is predicted than would exist after all HNO, was consumed (due to
NO consumption in the final stages of reaction, as shown in Figure 9). The
experimental results at 15 °C show a significant increase in NO formation with
increasing acid concentration, with between 1.1 and 1.9 % of initial nitrite being
converted into NO. In 0.03 mol L' CH;COOH, the predicted NO concentration is in
close agreement with the experiment, however, the simulations predict a smaller

increase in the amount of NO produced at higher acid concentrations.
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Figure 12: Comparison of predicted and observed effect of acetic acid concentration

on NO formation at 25 °C with 0.015 mol L NaNoO,

The discrepancies between the simulations and experimental results most likely result

from the assumptions that the gassing chemicals were rapidly and homogeneously
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dispersed throughout the emulsion, and that the mass transfer coefficient remained
constant throughout the reaction. In reality, the gassing chemicals would be expected to
form discreet droplets in the emulsion, and as such, the regions surrounding the droplets
would experience elevated concentrations of the gassing chemicals. Owing to the
fourth order dependence on the nitrous acid concentration, this situation would result in
an increased level of NOyx compared to the assumption that the species were
homogeneously distributed throughout the emulsion. In addition, the rate of NO
formation is inversely proportional to the square of the nitric oxide concentration. Near
the interface between the gas bubbles and the emulsion, the concentration of dissolved
NO would be lower than the bulk owing to its diffusion into the gas phase. The lower
concentration of NO would give rise to an increase in the reaction rate near the
interface, resulting in a steeper concentration gradient of NO, and a consequently faster
rate of mass transfer than would occur in the absence of chemical reaction. This
phenomenon, known as mass transfer enhancement by chemical reaction has been

d**?®. Changes in the concentrations of NO and HNO, throughout the

widely observe
course of reaction would change the rate of NO formation at the interface, in turn
causing changes to the effective mass transfer coefficient. Considering these

assumptions, the agreement between the simulations and experiments is quite

satisfactory.

Overall, the experimentally observed NOy concentrations are of the same magnitude as
those predicted from the kinetic model, confirming that the decomposition of nitrous
acid is the primary source of NOy formation during chemical gassing. At 25 °C, the
final NOy concentrations correspond to conversion of less than 1 % of the initial nitrite

into NO. As the majority of NOy remains trapped within the gas bubbles in the
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emulsion, it is unlikely that visible NOy fumes would be observed. However, when
gassing emulsions on an industrial scale, it is possible that mixing of the gasser
solutions into the emulsion will be less effective than in the laboratory. As such, there
is the possibility that droplets of the concentrated nitrite and acetic acid gasser solutions
could come into direct contact leading to additional NOy production. Section 9.5

examines the potential for NOy formation from this pathway.
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9.5 NOy formation from direct mixing of acid and nitrite gasser solutions

Laboratory emulsion gassing experiments have shown that only a small fraction of the
initial nitrite present in the gassing solution is converted into NOy. In addition, the
majority of this NOy remains trapped within the gas bubbles of the emulsion, and is
unlikely to be released unless the emulsion is stirred or disturbed in some other way. In
the laboratory experiments, the volume of emulsion used is small, which allows the
gasser solutions to be mixed thoroughly into the emulsion. On a larger scale, mixing
may be less effective, and it is possible that direct contact between the acid and nitrite
solutions could occur, particularly if the proportion of acetic acid solution is increased.
As such, a series of experiments were performed to determine the rate and quantity of
NOy produced when mixing a solution containing 25 % NaNO; with a second solution

containing 45 % by mass of acetic acid.

The experiments were performed with the gas phase membrane inlet reactor, as the
concentrations of NOy produced were predicted to greatly exceed the maximum 5000
ppm concentration that can be directly measured by the analyser. In the first
experiment, 0.25 mL of a 25 % NaNO, and 0.28 mL of a 45% CH3;COOH solution were
added to the 125 mL reactor containing the gas phase membrane, with a magnetic stirrer
included in the reactor to agitate the solution The second experiment was identical
except that the magnetic stirrer was switched off after 5 seconds (enough just to mix the

two solutions). Figure 13 plots the results of both experiments.
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Figure 13: NO production from mixing 25 % NaNO; and 45 % CH;COOH solutions

with and without stirring

As can be seen in Figure 13, mixing the two gasser solutions produces significant
amounts of NO. With stirring, NO formation is complete within 500 s, at which point
63 % of the initial nitrite had been converted into NO. This is close to the stoichiometry
expected from Reaction 9 (which would have been 66.6% of initial nitrite converted

into NO):

3HNO, — 2NO + HNO; + H,0 (11)
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The gas produced exhibited a light brown colour initially which faded over time, and
NO, was observed by the analyser. However, the membrane setup had not been
calibrated for NO, so it was not possible to quantify the amount of NO, produced. In
contrast, when the solution was not mixed the formation of NO was quite slow, and had
not reached the stoichiometric amount even after 1 hour. This is because stirring
accelerates the transfer of NO from the liquid to the gas phase, reducing the
concentration of aqueous NO and increasing the rate of HNO, decomposition. Without
stirring, the concentration of NO in the solution is higher and the rate of nitrous acid
decomposition is slower. The remaining experiments were all performed without
mixing, as this is expected to more closely reflect the conditions in practical gassing
situations. The third experiment was performed with double the volume of acetic acid
solution. The initial rate of NO formation was similar for both acid concentrations;
however, the experiment with the larger quantity of acid solution proceeded to produce
a higher amount of NO over time. Figure 14 compares the results of experiments with

different amounts of acetic acid.
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Figure 14: NO production from mixing 25 % NaNO; and 45 % CH3;COOH solutions

without stirring for different quantities of CH;COOH solution

Addition of an excess of acetic acid solution relative to the nitrite solution results in a
lower concentration of nitrite ions. However, the acetic acid concentration is higher,
resulting in a larger proportion of nitrite being converted into reactive nitrous acid. In
addition, the excess of acid acts to prevent the pH from rising with the progress of the
reaction, further promoting the reaction rate. Therefore, although the concentration of
nitrite ions is lower, this is counteracted by the higher acid concentration, leading to an
overall net increase in NO formation with increasing acid concentration over the range

studied.
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The final experiment was designed to test whether inclusion of an additional substrate in
the gassing chemicals could reduce the amount of NOy formed. As such, a new solution
of NaNO, was prepared containing 15 % by mass urea and 25 % NaNO,. Urea reacts

with nitrous acid to generate N, and CO5:

CO(NH;); + 2HNO; — 2N, + CO, + 3H,0 (12)

It was hypothesised that inclusion of urea could reduce the amount of NO formed, as
some of the nitrous acid would be converted instead into N, reducing the extent of
nitrous acid decomposition into NO. The experiment was performed without stirring,
and with double the mass of CH;COOH solution compared to the NaNO,/urea solution.
The concentration of urea corresponded to a 40 % excess over nitrous acid assuming the
stoichiometry of Reaction 12. Figure 15 compares the formation of NO with and
without the inclusion of urea. As seen in Figure 15, there was a considerable reduction
in the amount of NO produced in the presence of urea, with the final NO concentration
being about 55 % of that without urea. Whilst there is a reduction, the initial rate of NO
formation is similar for both solutions. Thus, the reaction between nitrous acid and urea

is not sufficiently fast to prevent some nitrous acid decomposing to NO.
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Figure 15: Effect of urea of NO production from mixing 25 % NaNO; and 45 %

CH;COOH solutions without stirring
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9.6 Conclusion

A kinetic model was developed to predict the rates of N, and NO formation resulting
from the reaction between sodium nitrite and ammonium nitrate under acidic
conditions. Experiments with ammonium nitrate solutions showed that the model
correctly predicts the rates of NO and N, formation, including the effect of thiocyanate
ions, which catalyse N, formation. This confirmed that the kinetic model includes and

correctly accounts for all relevant reactions of the species of interest.

After validating the model in ammonium nitrate solutions, the simulation results were
compared to NOy measurements from the gassing of an actual emulsion explosive in the
laboratory. The experimental results showed an increase in the amount of NO formed
with increasing acid concentration, whilst the model predicted a negligible effect of acid
concentration of NO production. This discrepancy can be explained by the assumptions
in the model that the gassing chemicals were homogeneously distributed throughout the
emulsion and the neglect of mass transfer enhancement resulting from chemical
reactions near the gas-liquid interface. Simulations showed that inclusion of sulfamate
ions in the emulsion could reduce the amount of NO formed, however, a large excess of
sulfamate over nitrous acid is required. The levels of NO predicted in the simulations
were similar to those observed experimentally, with less than 1 % of the initial nitrite
being converted into NOy. This confirms nitrous acid decomposition as the sole source
of NO during the chemical gassing of emulsion explosives. These low levels are
unlikely to result in visible NOyx emissions during large scale explosive gassing,
considering that the exposed surface area for NOy evolution is low, and the majority of

the gas is trapped within the bubbles of the explosive.
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An alternate source of NOy comprises the direct contact between the concentrated acid
and nitrite solutions, which results in rapid NO formation. This mechanism is more
likely to be a source of NOy in large scale emulsion gassing, where mixing may be less
efficient compared to the laboratory experiments. The rate of NOy formation from the
concentrated solutions increases with the degree of stirring, with the stoichiometric
amount of NO being produced within 5 min when the solution is continuously stirred.
Increasing the amount of acid also increases the NOy formation rate. Inclusion of an
additional substrate such as urea can reduce the amount of NOy produced by promoting
the conversion of nitrous acid into nitrogen rather than NO. However, owing to the
rapid rate of nitrous acid decomposition to NO, inclusion of additional reaction

substrates cannot completely eliminate NOy formation.
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10.1 Conclusions

A detailed study on the rates and mechanisms of chemical reactions leading to the
formation of toxic nitrogen oxides during explosive sensitisation was undertaken. The
study employed stopped flow UV-vis spectrophotometry to investigate the kinetics of
the decomposition of nitrous acid and nitrosyl thiocyanate, with the thermodynamic
feasibility of the reaction mechanisms investigated through high level quantum
chemistry calculations. New experimental techniques, including membrane inlet
chemiluminescence NO analysis, were developed to determine the effect of ammonium
nitrate concentration on the solubility of nitric oxide and the equilibrium associated with
nitrous acid decomposition. A comprehensive kinetic model was developed to describe
the formation of both nitric oxide and nitrogen gas during explosive sensitisation, and
the model predictions compared to experimental measurements of NOy formation

during gassing of emulsion explosives.

Significant disagreement regarding the rate constant for nitrous acid decomposition
exists in the literature. To resolve these discrepancies, the decomposition of nitrous
acid, including the reverse reaction between nitrous acid and nitrate ions was studied by
stopped flow spectrophotometry. The value determined for the rate constant (K, ks =
1.34 + (0.06) x 10° L mol™ s™), is of higher accuracy than those previously reported in
the literature as it does not depend on the rate of parallel reaction pathways or on the
rate of interphase mass transfer of gaseous reaction products. The activation energy
associated with K,/ ks is 107 kJ, the majority of this being attributable to the

endothermic nature of the reaction 2HONO S NO + NO; + H,0.
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The mechanism of the decomposition of nitrosyl thiocyanate involves a complex system
of reactions, with the rate suppressed by the accumulation of the product, nitric oxide,
and catalysed by thiocyanate ions. Potential reaction mechanisms were examined by
fitting the kinetic parameters to the experimental measurements, and subjecting these
kinetic parameters to thermodynamic and kinetic scrutiny, to identify three parallel
pathways for the decomposition of ONSCN. The first two pathways, which describe
the kinetics at high thiocyanate ion concentrations comprise a reaction that is second
order in ONSCN to generate NO and (SCN); and a reaction between ONSCN and SCN”
to form NO and (SCN),’, with the latter pathway being reversible. The rate limiting
step in the mechanism corresponds to the consumption of (SCN), radicals by ONSCN,
which could occur via either radical substitution or S-nitrosation. The third reaction
pathway, which becomes significant at low thiocyanate concentrations, involves the
formation of a previously unreported species, ONOSCN, via reaction between ONSCN
and HOSCN, the latter being an intermediate in the hydrolysis of (SCN),. ONOSCN
contributes to NO formation via homolysis of the O-NO bond and subsequent
dimerisation and hydrolysis of OSCN. The proposed kinetic mechanism provides an
excellent fit to the experimental measurement, allowing the rate of NO formation from
the decomposition of ONSCN to be modelled accurately. Comparison of the kinetics of
nitrosyl thiocyanate and nitrous acid decomposition indicates that the decomposition of
nitrous acid is the dominant NOy formation pathway under conditions relevant to

emulsion explosives, with decomposition of ONSCN being insignificant at pH > 2.

Quantum chemistry calculations were performed to investigate the thermodynamic
feasibility of the ONSCN decomposition mechanism proposed on the basis of kinetic

experiments. The calculation procedure involved computing the gas phase reaction free
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energy with the CBS-QB3 and G3B3 compound methods, and combining these results
with solvation free energies calculated using DFT methods by means of a
thermochemical cycle. To ascertain the accuracy of the calculations, the performance of
a variety of solvation models was evaluated by comparing the computed reaction free
energies to experimental results with experimentally established equilibrium constants,
for six reactions. The PCM model yielded the best agreement with the experimental
data set, with a mean absolute deviation ranging from 6-8 kJ, depending on the choice
of atomic radii and the method employed for computing the free energies of the gas

phase reaction.

The calculations confirmed that the first decomposition pathway for ONSCN proceeds
via the reaction between SCN™ and ONSCN, yielding (SCN),, with subsequent
oxidation of this species by ONSCN. The formation of SCN radicals from ONSCN
homolysis was shown to be energetically unfeasible, and does not contribute to ONSCN
decomposition. The decomposition pathway second order in ONSCN could proceed via
reaction of two ONSCN molecules, or, alternatively, could involve initial formation of
ON(SCN), and its subsequent nitrosation. Formation of ONOSCN was demonstrated
to be plausible, with dissociation of this species into NO and OSCN radicals exhibiting
a low free energy change relative to the homolysis of ONSCN. The ensuing
dimerisation and hydrolysis of OSCN was shown to be thermodynamically favourable.
Production of N,O via hydrolysis of ONCN appears to be feasible, however, the

corresponding reaction of ONSCN is highly energetically unfavourable.

The solubility of nitric oxide in solutions of sodium and ammonium nitrate was

examined for salt concentrations ranging up to the saturation limit at 25 °C. The
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Henry’s constant decreased considerably with increasing salt concentration, as predicted
from the Sechenov Equation. The enthalpy of solvation of NO decreased considerably
with increasing salt concentration, indicating that the effect of temperature on the
solubility diminishes with increasing salt concentration. The effect of sodium nitrate on
NO solubility was significantly greater than that of ammonium nitrate, in agreement
with previous literature results, which show that sodium ions have a much greater effect
on gas solubility than ammonium ions. The solubility data yielded the activity
coefficients of NO, which were observed to increase exponentially with increasing salt
concentration. A model was developed to describe the solubility of NO as a function of
salt concentration and temperature. The model predicted the solubility of NO in 13 mol
L' NH4NO; (as found in emulsion explosives) to be 5 times lower than in water at 25

°C, and largely independent of temperature.

Experiments were conducted to determine the observed equilibrium constant for nitrous
acid decomposition in ammonium and sodium nitrate solutions, and the results
interpreted in terms of the activity coefficients of the species involved. An initial
increase in the observed equilibrium constant was caused by a decline in the activity
coefficient of nitrate ions, whilst a decrease at higher concentrations arose as a result of
increases in the activity coefficients of NO and H' relative to that of HNO,. Models
were developed to describe the effect of NH4NO3 concentration on the HNO,, NO and
H' activity coefficients, permitting extrapolation of the results to supersaturated
ammonium nitrate solutions relevant to emulsion explosives, where direct
measurements are not possible. It was shown that the effect of the activity coefficients
on the equilibrium concentration of aqueous NO is small, however, under the conditions

employed for the simulation, the reduced solubility of NO in 13 mol L"' ammonium
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nitrate results in a gas phase nitric oxide concentration four times larger than would be

predicted without accounting for the effects of non-unity activity coefficients.

A kinetic model was developed to predict the rates of N, and NO formation resulting
from the reaction between sodium nitrite and ammonium nitrate under conditions
relevant to explosive sensitisation. Experiments with ammonium nitrate solutions
confirmed that the model correctly predicts the rates of NO and N, formation, including
the effect of thiocyanate ions, which catalyse N, formation. Simulation results were
then compared to NOy measurements from the gassing of an actual emulsion explosive
in the laboratory. The experimental results showed an increase in the amount of NO
formed with increasing acid concentration, whilst the model predicted a negligible
effect of acid concentration of NO production. This discrepancy can be explained by
the assumptions in the model that the gassing chemicals were homogeneously
distributed throughout the emulsion and there was no mass transfer enhancement
resulting from chemical reactions near the gas-liquid interface. Simulations showed
that inclusion of sulfamate ions in the emulsion could reduce the amount of NO formed,
however, a large excess of sulfamate over nitrous acid is required. The levels of NO
predicted in the simulations were similar to those observed experimentally, with less
than 1 % of the initial nitrite being converted into NOy. This confirms nitrous acid
decomposition as the sole source of NO during the chemical gassing of emulsion
explosives. These low levels are unlikely to result in visible NOy emissions during
large scale explosive gassing, considering that the exposed surface area for NOy
evolution is low, and the majority of the gas is trapped within the bubbles of the

explosive.
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An alternate source of NOy during explosive sensitisation comprises the direct contact
between the concentrated acid and nitrite solutions employed for commercial chemical
gassing, which results in rapid NO formation. This mechanism is more likely to be a
source of NOy in large scale emulsion gassing, where mixing may be less efficient
compared to the laboratory experiments. The rate of NOy formation from the
concentrated solutions increases with the degree of stirring, with the stoichiometric
amount of NO being produced within 5 min when the solution is continuously stirred.
Increasing the amount of acid also increases the NOy formation rate. Inclusion of an
additional substrate such as urea can reduce the amount of NOy produced by promoting
the conversion of nitrous acid into nitrogen rather than NO. However, owing to the
rapid rate of nitrous acid decomposition to NO, inclusion of additional reaction

substrates cannot completely eliminate NOy formation.
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10.2 Recommendations

The present study has demonstrated that employing nitrous acid as an oxidant in the
chemical gassing process results in formation of nitric oxide, with the amount of NO
dependent on the conditions employed. Inclusion of additional reaction substrates such
as sulfamate can increase the rate of desired N, forming reactions, reducing NO
formation. However, NO formation can not be completely eliminated, even for very
high substrate concentrations. As such, potential for NOy formation will exist so long
as nitrous acid is employed in the chemical gassing system. A possible way to
eliminate the potential for NOy formation is to employ an alternate oxidant, such as
NaOCl or NaMnO,, in place of HNO,, as described by Dlugogorski et al (2008)".
NaOCI however suffers the drawback that the reaction with NH3 produces significant
amounts of nitrate, increasing the chemical requirement, whilst MnO4" exhibits poor
diffusivity through the emulsion oil lamellae. As such, it is suggested that further
research efforts be directed to resolve these issues, for example, by employing
additional reaction substrates to improve the yield of N,, or in the case of MnOy,

development of phase transfer catalysts or rapidly diffusing reaction substrates.

It has been demonstrated in laboratory experiments, wherein the gassing chemicals are
mixed thoroughly into the emulsion, that the amount of NOy formed during gassing
corresponds to less than 1% of the total gas produced. As such, the visible NOy
emissions from gassed emulsions on the bulk scale were proposed to occur due to the
direct contact between the acid and nitrite gasser solutions. To avoid this possibility, it
is recommended that the emulsion formulation be modified to incorporate the acid

component into the oxidiser phase, eliminating the need to add acid during the gassing
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process. This would eliminate the risk of a concentrated acid solution being mixed with
the nitrite, as an acid solution would not be required in the gassing process. Sulfamate
has been predicted to reduce the amount of NO produced, and could be included in the
oxidiser phase to further diminish the risk of NO formation. Alternatively, the process
of adding the gasser components into the emulsion could be investigated, and
alternative mixer designs investigated to improve mixing and reduce the likelihood of

contact between the concentrated acid and nitrite solutions.

The formation of a previously unreported nitrosyl compound, ONOSCN, was proposed
as a product of the nitrosation of HOSCN by ONSCN. High level quantum chemistry
calculations showed that formation of ONOSCN from hypothiocyanate ions (OSCN"),
the conjugate base of HOSCN, was highly energetically favourable, with a predicted
equilibrium constant in the range of 10°-10® L* mol™. Furthermore, the dissociation of
ONOSCN to NO and OSCN radicals exhibits a small free energy change of reaction of
5-15 kJ, and represents a low energy pathway to NO formation. OSCN' is produced in
the human body via the oxidation of SCN’, and as such, formation and subsequent
decomposition of ONOSCN is a potential source of NO in biological systems. It is
recommended that further investigation of ONOSCN be undertaken, including an
experimental study of OSCN™ nitrosation and subsequent decomposition kinetics, to
establish if the reactions could contribute to NO formation in the human body.
Furthermore, electron paramagnetic resonance spectroscopy (EPR) could be employed
to detect radicals such as SCN, and OSCN, to unequivocally prove the presence of

these species during ONSCN decomposition.
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Al. Derivation of rate law for nitrous acid decomposition

Reaction stoichiometry:

2HNO, S NO + NO, + H,0 ky, k-4 4)

2NO, + H,0 5 HNO, + NO; + H" ks, k.s (5)
Overall:

3HNO; — 2NO + NO3 + H" + H,0 (A1)

The total concentration of nitrous acid is defined as the sum of the nitrite and nitrous

acid concentrations:

[ANO, ]y =[HNO,]+[NO; |

Assuming reaction (4) is at equilibrium, and reaction (5) is irreversible and rate

limiting:
d[HNO
AlHNO, |y = 3ks[NO, 1? (A2)
K, = NOINO,] (A3)
[HNO, |
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_ K4[HNO,]?

[NO, ] (NO] (A4)

Substituting (S4) into (S2)

d[HNO, ),  3K}ks[HNO,]*
dt [NOT?

(A5)

A2. Derivation of equations used to determine HNO, and NO; from UV-Vis

absorbance data

4 =Ces +C,e (A6)
1 a®a,l bbb,

4, =C,

c +C.¢ A7
a2 b©b,2

where A is absorbance, C is concentration, and ¢ is the molar extinction coefficients, the
subscripts a and b refer to species @ and b and the number subscripts refer to the

wavelength 1 and 2 respectively. Substituting (S7) into (S6) for C,:

_ Are, 1 —Creg €

Al = + Cbgb,l (A8)
8a,2

hence
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Aie, » — Aye
_ 1¢a,2 2%a,l (A9)

€p1€a2 —€4q1%p,2

A, —C,¢
2 b®b,2 (AIO)

€p1

C =

a

Table S1 shows the molar extinction coefficients for each species determined in the

present work and employed in Equations S9 and S10:

Table A1: Molar extinction coefficients of HNO, and NO; at selected wavelengths

Wavelength (nm) | egvo: M) | envoz. M)
357.5 54.32 22.40
371 56.41 15.56
386 32.97 5.234

A3. Derivation of integrated form of Equation 2 used for Kinetic fitting

Rate law for HNO, decomposition

_d[HNO, ], 3K3ks[HNO, T (AS)

dt [ N0]2
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The nitrous acid concentration can also be written in terms of the total concentration of

nitrous acid, the acidity and the dissociation constant:

:[HNOZ]T[H+]
K+[H"]

[HNO, ] (A11)

Owing to the excess of hydrogen ions used in the experiments, the ratio [H']/(K+[H'])

is constant and defined as the variable a, which can be determined with Equations S9

and S10.
a :ﬂ (A12)
K+[H"]
[HNO, ] = a[HNO, |7 (A13)

The nitric oxide concentration can be written in terms of the initial total nitrous acid

concentration and the total nitrous acid concentration:
2
[NO] = 5([HN02 17 initiat —~THNOZ17) (A14)

The rate law then becomes:

d[HNO, ], k[HNO, |,* A1S)
dt ([HNO, 17 initiar —[HNO, 17)?
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where:

4.-2
_ 27a K4k5
4

k

Separating variables:

[HNIO“T (LHNO; 17 iisiar —~LHNO, 17)?

[HNO2]7 initial [HN02 ]T ’

t
d[HNO, ] = [~ kdt
0

After integration and rearrangement:

1| ~([HNOy 17 jnitiai )* +3[HNO, 17 initial [HNO, |, —3[HNO, ]T2

(A16)

(A17)

1

ok 3[ENO, |,

o 1 ([HNO; 17 jnitiaqr =[HNO, 11 )’
3 K[HNO, 17 jnitia [HNO, 17

A4. Derivation of Equation 13 from the main text of the paper

Definition of the equilibrium constant:
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K = exp(#j

-AG
In(K)=| ——
CEE=3
Multiply S12 by two:
21n(1<)=2ﬁ
RT
AG 4
In(K2) = — “
(K3) RT

Arrhenius equation:

-F
In(ks) = —

+In(4)

Summing equations (S16) and (S14)

20Gy  E s
In(K2) +In(ke) = ———B 74O 1104
(K3)+1In(ks) RT RT (A4)

314

(A19)

(A20)

(A21)

(A22)

(A23)

(A24)

(A25)



Appendix A — Supporting information for Chapter 4

In(K 7ks)=— T ; +1In(A) (A26)
2AH 4 + E AS
1n(1<§k5)=—( ‘4;” ZOUN R(‘” +1n(A) (13)
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AS. Temperature dependence of nitrous acid decomposition and reverse
reaction
Table A2: Temperature dependence of nitrous acid decomposition

Experiment | NaNO, M) | HCIO, (M) | NaClO,(M) | T(K) | Kiks(M's™)
12 0.02 0.04 0.04 308.15 577 x10°
13 0.02 0.04 0.04 293.15 6.82 x 107
14 0.02 0.04 0.04 293.15 6.82 x 107
15 0.02 0.04 0.04 303.55 3.44 x 10°
16 0.02 0.04 0.04 313.35 1.16 x 107
17 0.02 0.04 0.04 287.75 2.73 x 107
18 0.02 0.04 0.04 288.15 422 %107
19 0.02 0.1 0.08 308.15 6.51 x 10°
20 0.02 0.04 0.04 288.15 2.35x 107

Table A3: Temperature dependence of reverse reaction determined in 0.02 M NaNQ;,

0.1 M H and 0.1 M NOs
Experiment | T(K) | ks (M7s™)
29 308 1.44 x 10~
30 308 1.18 x 10~
31 318 391 x 10~
32 318 459 x 10~
33 328 9.45 x 10~
34 328 1.06 x 10™
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A6. Calculated geometries and vibrational frequencies of species involved in

HNO; decomposition (B3LYP/6-31G(d) level)

cis-HNO,
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.000000 0.551088 0.000000
2 8 0 1.088193 0.065533 0.000000
3 8 0 -1.017487 -0.389393 0.000000
4 1 0 -0.565653 -1.266736 0.000000
Moments of inertia: 21.70234 135.94458 157.64692
Frequencies -- 649.0997 739.5585
919.6412
1369.1921 1728.5844
3520.7427
trans-HNQO,
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.171496 0.492520 -0.000053
2 8 0 1.105817 -0.225959 0.000041
3 8 0 -1.040812 -0.260023 -0.000043
4 1 0 -1.720515 0.440209 0.000381

Moments of inertia: 19.53117 143.68656 163.21773

Frequencies -- 599.7799 630.6753
863.9376
1325.1947 1794.6324
3698.4640
NO
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.000000 0.000000 -0.617977
2 8 0 0.000000 0.000000 0.540730

Moments of inertia: 0.00000 35.79798 35.79798

Frequencies -- 1991.0549
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NO,
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.000000 0.000000 0.328016
2 8 0 0.000000 1.106847 -0.143507
3 8 0 0.000000 -1.106847 -0.143507

Moments of inertia: 7.73299 139.95380 147.68679

Frequencies -- 748.9003 1404.3162

1721.1053

H,0

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 8 0 0.000000 0.000000 0.119720
2 1 0 0.000000 0.761560 -0.478879
3 1 0 0.000000 -0.761560 -0.478879

Moments of inertia: 2.29054 4.17466 6.46520

Frequencies -- 1712.7968 3728.4714

3850.6127

N,O;

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 7 0 -0.712024 -1.077808 0.000000
2 7 0 0.000000 0.636056 0.000000
3 8 0 1.207767 0.609247 0.000000
4 8 0 -0.781588 1.556106 0.000000
5 8 0 0.196842 -1.778820 0.000000

Moments of inertia: 145.47627 418.87032 564.34659

Frequencies -- 146.8842 218.9720
294.3661
462.7442 667.4194
808.7758
1395.0423 1762.1034
1937.9829
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N204
Center Atomic Atomic
Number Number Type
1 7 0 -0
2 7 0 0
3 8 0 -0
4 8 0 0
5 8 0 0
6 8 0 -0

Moments of inertia: 278.50299 497.43019

Frequencies -- 96.0361
298.6682
433.8216
681.2027
756.1365
1329.7985
1461.0943
1856.8592
HNO;
Center Atomic Atomic
Number Number Type
1 7 0 0
2 8 0 -1
3 1 0 -1
4 8 0 1
5 8 0 0

Moments of inertia: 140.12864 149.83009

Frequencies -- 507.6597
651.4895
769.2530
1346.4844
1373.4176
3669.3812
NO;5
Center Atomic Atomic
Number Number Type
1 7 0 0
2 8 0 0
3 8 0 1
4 8 0 -1

Moments of inertia: 136.94778 136.94778

319

Coordinates (Angstroms)

X Z
.000204 0.891809 0.000000
.000204 -0.8918009 0.000000
.000204 -1.352416 1.104066
.000204 1.352416 1.104066
.000204 1.352416 -1.1040606
.000204 -1.3524106 -1.1040606
775.93316

229.2779
500.1918
838.4744
1829.8512
Coordinates (Angstroms)

X Z
.147892 0.037115 0.000060
.128129 -0.563375 -0.000058
.728587 0.209358 0.000316
.057381 -0.749560 0.000000
.157416 1.254289 -0.000034
289.95873

581.1593
916.0211
1803.2813
Coordinates (Angstroms)

X Z
.000000 0.000000 0.000000
.000000 1.264276 0.000000
.0948906 -0.632138 0.000000
.094896 -0.632138 0.000000
273.89557



Appendix A — Supporting information for Chapter 4

Frequencies -- 706.2626 706.2669
837.9729
1076.5545 1469.6907
1469.7133
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Table A4: Calculated gas phase G3B3 and CBS-QB3 free energies (hartrees)

G3B3 CBS-QB3
cisHONO -205.6313 -205.4983
trans HONO -205.6324 -205.4990
NO -129.8563 -129.7685
NO; -205.0074 -204.8759
H,O -76.4014 -76.3551
N,O3 -334.8626 -334.6418
N,Oq4 -410.0178 -409.7187
HNO; -280.7810 -280.6050
NOs -280.2634 -280.0896

Table A5: Calculated gas phase enthalpies at G3B3 and CBS-QB3 (hartrees)

G3B3 CBS-QB3
cisHONO -205.6032 | -205.4702
trans HONO | -205.6042 | -205.4708
NO -129.8329 | -129.7452
NO; -204.9801 | -204.8487
H,O -76.3799 | -76.3337
N,03 -334.8285 | -334.6078
N>O4 -409.9827 | -409.7187
HNO; -280.7507 | -280.5748
NO; -280.2355 | -280.0616

Table A6: Calculated free energies and heats of solvation at B3LYP/6-31G(d,p), PCM
solvent model with UAHF radii. All quantities are in kJ/mol

AHg, 208 | AGg, 208
cisHONO -27.8 -27.7
trans HONO -31.1 -31.0
NO -1.5 -1.5
NO, 4.4 4.4
N>,O5 -16.1 -16.2
N,Oq4 -14.9 -16.0
HNO; -37.4 -374
NO5 -272.1 -273.8
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B1.

Initial rates data

Table S1: Effect of [SCN'] on initial rate. [H'] =1 M and [HNO,] =2 mM in all
experiments. All concentrations in units of moles L™ and time in s.

[SCNT [ONSCN]/[HNO:] ot | d[HNO]1ora/dt | & d[HNO,]/dt corr
0.1 0.772 4.78E-05 6.46E-06 6.20E-05
0.15 0.840 7.75E-05 7.61E-06 9.23E-05
0.2 0.875 1.12E-04 1.08E-05 1.28E-04
0.25 0.897 1.46E-04 2.13E-05 1.63E-04

Table S2: Effect of [HNO;] on initial rate. Concentrations of SCN and H' are
constant in all runs at 0.1 and 1 M, respectively/ All concentrations in units of
moles L™ and time in s.

[HNO,]r | d[HNO,]7/dt | o

0.001 1.97E-05 5.93E-07
0.002 4.78E-05 6.46E-06
0.003 6.69E-05 3.06E-06
0.004 8.80E-05 3.08E-06
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B2. Experimental conditions for Kkinetic fitting

Table S3: List of experiments and concentrations

Experiment
number [H] M) [NaNO;] (M) [NaSCN] (M) [NO] (mM)

1 (6) 0.4 0.01 0.05 0
2(5) 0.3 0.01 0.05 0
34) 0.2 0.01 0.05 0

4 (18) 0.1 0.005 0.3 0
5(19) 0.3 0.005 0.3 0
6 (20) 0.5 0.005 0.3 0
7 (16) 0.3 0.002 0.3 0
8(17) 0.5 0.002 0.3 0
9 (15) 0.5 0.002 0.5 0
10 (11) 0.05 0.01 0.05 0
11 (10) 0.1 0.01 0.05 0
12 (9) 0.2 0.003 0.1 0.62
13(7) 0.2 0.003 0.1 0
14 (13) 0.2 0.003 0.2 0.62
15 (8) 0.2 0.003 0.2 0
16 (12) 0.02 0.01 0.2 0
17 (1) 0.1 0.01 0.1 0
18 (2) 0.1 0.01 0.15 0
19 (3) 0.1 0.01 0.2 0
20 (14) 0.3 0.0093 0.05 0.62
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B3.

Table S4: Kinetic Data (Concentrations in mol L'l)

Kinetic data for ONSCN decomposition

1 2 3 4 5 6 7
time
(s) [HNO2]T | [HNO2]JT | [HNO2]T | HNO2T | HNO2T | HNO2T | HNO2T

0.1 0.01 0.01 0.01 0.00520 | 0.00520 | 0.00520 | 0.00200
5.0 | 0.009675 | 0.009753 | 0.009759 | 0.00476 | 0.00456 | 0.00432 | 0.00171
10.0 | 0.009486 | 0.009587 | 0.009642 | 0.00453 | 0.00421 0.00397 | 0.00161
15.0 | 0.009333 | 0.00947 | 0.009555 | 0.00437 | 0.00397 | 0.00372 | 0.00153
20.0 | 0.009203 | 0.009349 | 0.009463 | 0.00424 | 0.00378 | 0.00353 | 0.00146
25.0 | 0.009092 | 0.009258 | 0.009403 | 0.00413 | 0.00363 | 0.00337 | 0.00140
30.0 | 0.008996 | 0.009202 | 0.009356 | 0.00403 | 0.00351 0.00324 | 0.00135
35.0 | 0.008906 | 0.009129 | 0.009298 | 0.00395 | 0.00339 | 0.00311 0.00131
40.0 | 0.008824 | 0.009065 | 0.009239 | 0.00387 | 0.00329 | 0.00301 0.00127
45.0 | 0.008747 | 0.009001 | 0.009196 | 0.00380 | 0.00320 | 0.00292 | 0.00124
50.0 | 0.008667 | 0.008931 | 0.009139 | 0.00373 | 0.00311 0.00283 | 0.00121
55.0 | 0.008595 | 0.00888 | 0.009093 | 0.00367 | 0.00303 | 0.00275| 0.00118
60.0 | 0.008533 | 0.008832 | 0.00906 | 0.00361 0.00296 | 0.00268 | 0.00116
65.0 | 0.008469 | 0.008778 | 0.009018 | 0.00356 | 0.00289 | 0.00261 0.00113
70.0 | 0.008404 | 0.008716 | 0.00897 | 0.00351 0.00283 | 0.00255 | 0.00111
75.0 | 0.008342 | 0.008672 | 0.008944 | 0.00346 | 0.00277 | 0.00249 | 0.00109
80.0 | 0.008292 | 0.008622 | 0.008915 | 0.00342 | 0.00271 0.00244 | 0.00107
85.0 | 0.008232 | 0.008579 | 0.008863 | 0.00337 | 0.00266 | 0.00239 | 0.00105
90.0 | 0.008174 | 0.008539 | 0.008831 0.00333 | 0.00261 0.00234 | 0.00103
95.0 | 0.008124 | 0.008495 | 0.008813 | 0.00329 | 0.00256 | 0.00229 | 0.00102
100.0 | 0.008077 | 0.008446 | 0.008761 0.00325 | 0.00252 | 0.00225 | 0.00100
105.0 | 0.008027 | 0.008409 | 0.008745 | 0.00321 0.00248 | 0.00221 0.00098
110.0 | 0.007981 | 0.008366 | 0.008714 | 0.00318 | 0.00244 | 0.00217 | 0.00096
115.0 | 0.007931 | 0.008329 | 0.008689 | 0.00314 | 0.00240 | 0.00213 | 0.00095
120.0 | 0.00788 | 0.008296 | 0.008654 | 0.00311 0.00236 | 0.00209 | 0.00093
125.0 | 0.007841 | 0.008284 | 0.008631 0.00308 | 0.00233 | 0.00205 | 0.00092
130.0 | 0.007798 | 0.008249 | 0.008588 | 0.00303 | 0.00229 | 0.00202 | 0.00091
135.0 | 0.007752 | 0.008232 | 0.008579 | 0.00300 | 0.00226 | 0.00199 | 0.00090
140.0 | 0.007712 | 0.008202 | 0.008535 | 0.00297 | 0.00222 | 0.00196 | 0.00089
145.0 | 0.007673 | 0.008162 | 0.00852 | 0.00295 | 0.00220 | 0.00193 | 0.00088
150.0 | 0.007634 | 0.008118 | 0.00849 | 0.00292 | 0.00217 | 0.00190 | 0.00087
155.0 | 0.007595 | 0.008086 | 0.008457 | 0.00289 | 0.00213 | 0.00187 | 0.00086
160.0 | 0.007554 | 0.008048 | 0.008427 | 0.00287 | 0.00211 0.00185 | 0.00085
165.0 | 0.00751 | 0.008011 | 0.008413 | 0.00284 | 0.00208 | 0.00182 | 0.00084
170.0 | 0.007474 | 0.007986 | 0.008392 | 0.00282 | 0.00206 | 0.00180 | 0.00082
175.0 | 0.007438 | 0.00795 | 0.008368 | 0.00279 | 0.00203 | 0.00177 | 0.00082
180.0 | 0.007403 | 0.007914 | 0.008343 | 0.00277 | 0.00201 0.00175 | 0.00081
185.0 | 0.007366 | 0.007876 | 0.008308 | 0.00275 | 0.00198 | 0.00173 | 0.00080
190.0 | 0.007333 | 0.007854 | 0.008291 0.00272 | 0.00196 | 0.00171 0.00079
195.0 | 0.007291 | 0.007831 | 0.008277 | 0.00270 | 0.00194 | 0.00168 | 0.00078
200.0 | 0.007251 | 0.007804 | 0.00825 | 0.00268 | 0.00191 0.00167 | 0.00077
205.0 | 0.007228 | 0.00777 | 0.008229 | 0.00266 | 0.00189 | 0.00164 | 0.00076
210.0 | 0.007189 | 0.007748 | 0.008212 | 0.00264 | 0.00187 | 0.00163 | 0.00076

327




Appendix B — Supporting information for Chapter 5

215.0 | 0.007153 | 0.007718 | 0.008185 | 0.00262 | 0.00185 | 0.00161 | 0.00075
220.0 | 0.007122 | 0.007697 | 0.008156 | 0.00260 | 0.00183 | 0.00159 | 0.00074
225.0 | 0.007094 | 0.007667 | 0.008132 | 0.00258 | 0.00181 | 0.00157 | 0.00073
230.0 | 0.007066 | 0.007627 | 0.008124 | 0.00256 | 0.00180 | 0.00155 | 0.00073
235.0 | 0.007031 | 0.007602 | 0.008103 | 0.00254 | 0.00178 | 0.00154 | 0.00072
240.0 | 0.006996 | 0.007569 | 0.008087 | 0.00252 | 0.00176 | 0.00152 | 0.00072
245.0 | 0.006961 | 0.007547 | 0.008062 | 0.00250 | 0.00174 | 0.00150 | 0.00071
250.0 | 0.006933 | 0.007526 | 0.008037 | 0.00249 | 0.00172 | 0.00149 | 0.00070
255.0 | 0.006906 | 0.007492 | 0.008024 | 0.00247 | 0.00171 | 0.00147 | 0.00069
260.0 | 0.006885 | 0.007477 | 0.008005 | 0.00245 | 0.00169 | 0.00146 | 0.00069
265.0 | 0.006853 | 0.007454 | 0.007981 | 0.00243 | 0.00168 | 0.00144 | 0.00068
270.0 | 0.006828 | 0.007458 | 0.007965 | 0.00242 | 0.00167 | 0.00143 | 0.00068
275.0 | 0.006794 | 0.007429 | 0.007935 | 0.00240 | 0.00165 | 0.00142 | 0.00067
280.0 | 0.006779 | 0.007415 | 0.007938 | 0.00238 | 0.00163 | 0.00140 | 0.00067
285.0 | 0.006751 | 0.007386 | 0.007909 | 0.00236 | 0.00162 | 0.00139 | 0.00066
290.0 | 0.006722 | 0.007369 | 0.007882 | 0.00235 | 0.00160 | 0.00138 | 0.00065
295.0 | 0.006693 | 0.007348 | 0.007864 | 0.00233 | 0.00159 | 0.00137 | 0.00065
8 9 10 11 12 13 14
time (s) | HNO2 T | [HNO2]T | [HNO2]JT | [HNO2ZJT | [HNO2]T | [HNO2]T | [HNO2]T
0.1 | 0.00200 | 0.001862 0.01 0.01 0.003 0.003 0.003
5.0 | 0.00164 | 0.001544 | 0.009901 | 0.009932 | 0.002981 | 0.002894 | 0.002924
10.0 | 0.00153 | 0.001388 | 0.009861 | 0.009887 | 0.002949 | 0.00285 | 0.002846
15.0 | 0.00144 | 0.001277 | 0.009839 | 0.009859 | 0.002933 | 0.002814 | 0.002784
20.0 | 0.00136 | 0.001196 | 0.009806 | 0.009826 | 0.002907 | 0.002785 | 0.002728
25.0 | 0.00130 | 0.001129 | 0.009807 | 0.009801 | 0.002884 | 0.002748 | 0.002675
30.0 | 0.00126 | 0.001075 | 0.009782 | 0.009765 | 0.002869 | 0.002717 | 0.002629
35.0 | 0.00121 | 0.001027 | 0.009778 | 0.00972 | 0.002855 | 0.002685 | 0.002581
40.0 | 0.00118 | 0.000986 | 0.009759 | 0.009692 | 0.002829 | 0.002655 | 0.00254
45.0 | 0.00114 | 0.000951 | 0.009746 | 0.009652 | 0.002814 | 0.002629 | 0.002502
50.0 | 0.00111 | 0.00092 | 0.009731 | 0.009636 | 0.002791 | 0.002601 | 0.002466
55.0 | 0.00108 | 0.00089 | 0.009714 | 0.009603 | 0.002773 | 0.002579 | 0.002431
60.0 | 0.00105 | 0.000865 | 0.009703 | 0.009575 | 0.002759 | 0.002558 | 0.002395
65.0 | 0.00103 | 0.000841 | 0.009693 | 0.009537 | 0.002739 | 0.002538 | 0.002365
70.0 | 0.00101 | 0.000815 | 0.009682 | 0.009524 | 0.002724 | 0.002518 | 0.002338
75.0 | 0.00099 | 0.000797 | 0.009668 | 0.009512 | 0.002708 0.0025 | 0.002309
80.0 | 0.00097 | 0.000778 | 0.009649 | 0.009488 | 0.00269 | 0.00248 | 0.002283
85.0 | 0.00095 | 0.00076 | 0.009643 | 0.009474 | 0.002677 | 0.002462 | 0.002255
90.0 | 0.00093 | 0.000743 | 0.009634 | 0.009448 | 0.002662 | 0.00245 | 0.002229
95.0 | 0.00091 | 0.000727 | 0.009634 | 0.009434 | 0.002647 | 0.002431 | 0.002205
100.0 | 0.00090 | 0.000712 | 0.009618 | 0.009406 | 0.002629 | 0.002415 | 0.002182
105.0 | 0.00088 | 0.000699 | 0.009603 | 0.009383 | 0.002619 | 0.002402 | 0.002157
110.0 | 0.00087 | 0.000684 0.0096 | 0.009367 | 0.002607 | 0.002389 | 0.002137
115.0 | 0.00085 | 0.000673 | 0.009588 | 0.009358 | 0.002589 | 0.002374 | 0.002115
120.0 | 0.00084 | 0.000661 | 0.009586 | 0.009338 | 0.002579 | 0.00236 | 0.002095
125.0 | 0.00083 | 0.000649 | 0.009567 | 0.009323 | 0.002567 | 0.002347 | 0.002075
130.0 | 0.00082 | 0.000637 | 0.009568 | 0.009308 | 0.002553 | 0.002334 | 0.002055
135.0 | 0.00080 | 0.000627 | 0.009556 | 0.009293 | 0.002543 | 0.002323 | 0.002036
140.0 | 0.00079 | 0.000619 | 0.009557 | 0.009275 | 0.002524 | 0.002313 | 0.002018
145.0 | 0.00078 | 0.000608 | 0.00954 | 0.009271 | 0.002518 | 0.002299 0.002
150.0 | 0.00077 | 0.000599 | 0.009543 | 0.009254 | 0.002507 | 0.002286 | 0.001981
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155.0 | 0.00076 | 0.000591 | 0.009534 | 0.009245 | 0.002499 | 0.002276 | 0.001965
160.0 | 0.00075 | 0.000582 | 0.009523 | 0.009231 | 0.002484 | 0.002264 | 0.001948
165.0 | 0.00074 | 0.000574 | 0.009522 | 0.009215 | 0.002473 | 0.002253 | 0.00193
170.0 | 0.00073 | 0.000568 | 0.00951 | 0.009195 | 0.002467 | 0.002243 | 0.001914
175.0 | 0.00073 | 0.000558 | 0.009506 | 0.009184 | 0.002455 | 0.002235 | 0.001899
180.0 | 0.00071 | 0.00055 | 0.009498 | 0.009173 | 0.002439 | 0.002223 | 0.001884
185.0 | 0.00071 | 0.000545 | 0.009498 | 0.009166 | 0.002432 | 0.002215 | 0.001868
190.0 | 0.00070 | 0.000536 | 0.009489 | 0.009142 | 0.002422 | 0.002203 | 0.001855
195.0 | 0.00069 | 0.000531 | 0.009484 | 0.009133 | 0.002412 | 0.002195 | 0.001842
200.0 | 0.00068 | 0.000524 | 0.009475 | 0.009125 | 0.002404 | 0.002185 | 0.001829
205.0 | 0.00067 | 0.000519 | 0.009464 | 0.009108 | 0.002398 | 0.002179 | 0.001814
210.0 | 0.00066 | 0.000513 | 0.009466 | 0.009101 | 0.002388 | 0.002166 | 0.001803
215.0 | 0.00066 | 0.000508 | 0.009457 | 0.00909 | 0.002381 | 0.002157 | 0.001787
220.0 | 0.00065 | 0.000501 | 0.009459 | 0.009076 | 0.002367 | 0.002152 | 0.001776
225.0 | 0.00065 | 0.000496 | 0.009445 | 0.009063 | 0.002361 | 0.002144 | 0.001763
230.0 | 0.00064 | 0.000492 | 0.009444 | 0.009062 | 0.002349 | 0.002131 | 0.001751
235.0 | 0.00063 | 0.000487 | 0.009437 | 0.009045 | 0.002343 | 0.002123 | 0.001738
240.0 | 0.00063 | 0.000482 | 0.009429 | 0.009041 | 0.002333 | 0.002117 | 0.001727
245.0 | 0.00062 | 0.000478 | 0.009419 | 0.009017 | 0.002326 | 0.002111 | 0.001716
250.0 | 0.00061 | 0.000473 | 0.009416 | 0.009012 | 0.002316 |  0.0021 | 0.001705
255.0 | 0.00061 | 0.000468 | 0.009408 | 0.009003 | 0.002309 | 0.002093 | 0.001694
260.0 | 0.00060 | 0.000463 | 0.009404 | 0.008977 | 0.002303 | 0.002086 | 0.001682
265.0 | 0.00060 | 0.000458 | 0.0094 | 0.008969 | 0.002293 | 0.002077 | 0.00167
270.0 | 0.00059 | 0.000456 | 0.009405 | 0.008972 | 0.002287 | 0.00207 | 0.001661
275.0 | 0.00059 | 0.00045 | 0.009406 | 0.008951 | 0.002279 | 0.002065 | 0.001649
280.0 | 0.00058 | 0.000448 | 0.009397 | 0.00895 | 0.002264 | 0.002057 | 0.001639
285.0 | 0.00058 | 0.000443 | 0.009392 | 0.008926 | 0.002256 | 0.002046 | 0.001631
290.0 | 0.00057 | 0.00044 | 0.009385 | 0.008922 | 0.002252 | 0.002043 | 0.00162
295.0 | 0.00057 | 0.000436 | 0.009382 | 0.008915 | 0.002242 | 0.002036 | 0.001609
15 16 17 18 19 20

time [HNO2]T | [HNO2JT | [HNO2JT | [HNO2]T | [HNO2JT | [HNO2JT
0.01 0.003 0.01 0.01 0.01 0.01 | 0.009214
5.00 | 0.00277 | 0.009925 | 0.00975 | 0.009566 | 0.009586 | 0.009142
10.00 | 0.002664 | 0.009889 | 0.009631 | 0.009337 | 0.009271 | 0.009041
15.00 | 0.002571 | 0.009858 | 0.009511 | 0.009157 | 0.009058 | 0.008954
20.00 | 0.002495 | 0.009831 | 0.009416 | 0.00902 | 0.008873 | 0.008875
25.00 | 0.002432 | 0.009811 | 0.009332 | 0.008897 | 0.008733 | 0.008802
30.00 | 0.002381 | 0.009788 | 0.009286 | 0.008813 | 0.008617 | 0.008739
35.00 | 0.00233 | 0.009757 | 0.009226 | 0.008715 | 0.008502 | 0.008681
40.00 | 0.002283 | 0.009737 | 0.009166 | 0.008626 | 0.008392 | 0.00862
45.00 | 0.002242 | 0.009715 | 0.009111 | 0.008551 | 0.008289 | 0.008568
50.00 | 0.002203 | 0.009693 | 0.009058 | 0.008475 | 0.008194 | 0.008516
55.00 | 0.002167 | 0.009674 | 0.00901 | 0.008409 | 0.0081 | 0.008469
60.00 | 0.002135 | 0.009653 | 0.008964 | 0.008333 | 0.008019 | 0.008418
65.00 | 0.002103 | 0.009639 | 0.008923 | 0.008275 | 0.007938 | 0.008374
70.00 | 0.002074 | 0.009623 | 0.008878 | 0.008219 | 0.00786 | 0.008328
75.00 | 0.002044 | 0.009611 | 0.008834 | 0.008154 | 0.007783 | 0.008284
80.00 | 0.002016 | 0.009593 | 0.008798 | 0.008095 | 0.007719 | 0.008242
85.00 | 0.001991 | 0.009582 | 0.008754 | 0.008047 | 0.007651 | 0.008201
90.00 | 0.001967 | 0.009568 | 0.008727 | 0.007992 | 0.007581 | 0.00816
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0.008087

0.007057

0.006454

0.007415

215.00

0.001562

0.009319

0.008075

0.007029

0.006416

0.007387

220.00

0.001552

0.009311

0.008046

0.006998

0.006381

0.00737

225.00

0.001536

0.009305

0.008027

0.006967

0.006348

0.007345

230.00

0.001528

0.009298

0.008013

0.006937

0.00632

0.00732

235.00

0.001518

0.009287

0.007995

0.00691

0.006281

0.007296

240.00

0.001508

0.009283

0.007974

0.006882

0.006241

0.007271

245.00

0.001496

0.009272

0.00795

0.006857

0.006213

0.007249

250.00

0.001487

0.009268

0.007931

0.006828

0.006177

0.007226

255.00

0.001477

0.009259

0.007917

0.006804

0.006147

0.007203

260.00

0.001466

0.009252

0.007892

0.006775

0.006115

0.007178

265.00

0.001456

0.009245

0.007884

0.006746

0.006086

0.007159

270.00

0.001444

0.009238

0.007854

0.006722

0.006054

0.007136

275.00

0.001439

0.009232

0.007846

0.0067

0.006034

0.007117

280.00

0.001431

0.009223

0.007826

0.006674

0.006001

0.007087

285.00

0.001422

0.009219

0.00781

0.006647

0.005974

0.007068

290.00

0.001411

0.009213

0.007786

0.006619

0.005944

0.007044

295.00

0.001401

0.009203

0.007771

0.006598

0.005914

0.007029
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B4. Typical UV-Vis spectrum for ONSCN solution
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Figure S1. Typical spectrum of ONSCN solution (0.4 M HCIOy4, 0.01 M NaNO,,
0.05 M NaSCN)
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BS. Simulation results showing oxidation of NO exclusively to NO,"
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Figure S2: Simulations for oxidation of NO by dissolved oxygen (NOipitiai = 0.1 mM,
O, initial = 0.27 mM)
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B6. Detailed description of apparatus for preparing NO saturated solution

The apparatus assembled to generate the NO solutions consisted of a 50 mL reaction
flask, with the inlet connected to a supply of high purity nitrogen. The reactor was
filled with 40 mL of a solution containing approximately 0.3 M ascorbic acid (Sigma
Aldrich) and 0.7 M HCIOs, prior to purging the system of air using N,. A steady flow
of NO was initiated by adding a 25% solution of sodium nitrite dropwise to the reactor
containing ascorbic acid via a syringe inserted through a rubber stopper. The NO
flowed through a scrubber containing a 0.1 M NaOH solution to trap any traces of NO,
formed in the first reactor, before bubbling into a 10 mL reactor with septum side port
containing the target solution. To ensure that the solution was indeed saturated with
NO, test runs were performed wherein a small sample of NO solution reacted with a
known mass of deionized water in a sealed UV-Vis cuvette. Oxygen in the water
oxidized NO to nitrite according to Equations 1.2 and 1.3 (Scheme 1 in Results), and
the concentration determined by the UV absorbance of nitrite at 220 nm. Results agreed
with literature values” for NO saturation in water (1.9 x10® M atm™), and in 1 M
NaClO, (1.2 x10° M atm™). Simulations were performed using the rate constants
recommended by Schwartz and White®® to confirm that nitrite was the sole product of

the reaction under these conditions (Figure S2).
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B7. Typical FTIR spectrum of product gases
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B8. Experiments to determine equilibrium constant of ONSCN

Accurate knowledge of the equilibrium constant for the formation of ONSCN is an
important factor in elucidating the kinetics of ONSCN decomposition, as it allows the
concentration of ONSCN to be predicted under a given set of experimental conditions
and serves as a check on the value determined spectrophotometrically. The equilibrium
constant and molar absorptivity of ONSCN has been previously determined by Stedman
and Whincup'’ by hand-mixing ONSCN solutions using standard spectrometer cells,
and extrapolating back to the time of mixing to estimate the initial absorbance. Using
equation 8 below, that study determined the equilibrium constant to be 32 M at 20 °C
in perchloric acid medium, with appropriate corrections made for the activities of the
ionic species. The molar absorptivity was also determined to be 100 + 5 M'em™. The
value of the equilibrium constant can be determined at different temperatures using the

enthalpy change of reaction, with the value being 29 M at 25 °C%.

1 1 1
= n
Ays0  eLK onsen[SCNTI[H T I[HNO, 1 eLIHNO, ]y

(8)

We have performed similar experiments, determining the absorbance at 460 nm for a
range of concentrations of H™ and SCN for a fixed total nitrite concentration of 0.01 M.
As noted above, all experiments were performed at a constant ionic strength of 1.0 M,
adjusted with sodium perchlorate. Using 0.05 M NaSCN, the HCIO4 concentration was
varied from 0.1 to 0.4 M, and the apparent equilibrium constant determined to be 22.1 +
0.7 M assuming a molar absorptivity of 100 M'em™. It should be noted that all values
of Konscy 1n this study were determined from concentration data without correction for

the effect of non-unity activity coefficients, and should thus be regarded as apparent
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equilibrium constants. Equation 8 was also used to determine simultaneously € and
Kownscy, with values of 108 Mlem™ and 20.1 M? respectively. The extinction
coefficient is in reasonable agreement with the value determined by Stedman and
Whincup'’, and for consistency with past studies of ONSCN, we have continued to use

the value determined in that study in conjunction with Koyscy = 22 M2,

A set of experiments was performed using higher concentrations of SCN™ and
correspondingly lower concentrations of H' to produce the same concentrations of
ONSCN used to determined Koyscy with 0.05 M NaSCN above. The absorbance was
seen to be significantly higher in the experiments with higher SCN™ concentrations,
despite having the same ONSCN concentration according to (4). This can be explained
by the presence of an adduct between ONSCN and SCN’, ON(SCN), which has

previously been investigated by Doherty et al*.
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B9.
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Figure S4: Fit of Pathways 1 and 2 to experiments 12 and 3
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B10. Derivation of Equation 19 from the main text

2 - 2
_ dUHNOs Yy _ Ko[ONSCNT | ky[SCNJIONSCNT ) vcona (1)
dt [NO] [NO]

Pathway 3-(i)
If Reaction 16 is the rate limiting step in pathway 3-(i), (i.e. reaction of SCN radicals
with SCN is rapid and irreversible), and Reaction 14 is at equilibrium, then the rate of

formation of NO and (SCN)," is given by:

forward rate = k;JONSCN] + k;,JONSCN][SCN]

and the backward rate would be:

backward rate = k_j,[NO][(SCN),]

Equating the forward and backward rates provides an expression for the concentration

of (SCN),’, which can then be substituted into the rate law for Reaction 15, which is

assumed to be irreversible and rate limiting:

kilONSCN] _ k14[SCN~ JJONSCN]

SCN); |=
2= o, [NOTk_y14
2 - 2
_dHNO, Jrpar _ s [(SCNY); JTONSCN = kiskisLONSCN]™  kyskia[SCNJJONSCN]
dt k_14[NO] k_14[NO]
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Pathway 3-(ii)
If Reaction 14 is sufficiently rapid to be at equilibrium, the (SCN),” concentration is

given by:

ky4[SCN ~J[ONSCN]

SCN), | =
[(SCN), ] [NOTK 1.

(SCN), " is consumed in two parallel Reactions (15 and 18) and the rate of reaction is

given by:

_d[HNO; 75141
dt

_ kyski4[SCN™][ONSCN]? , kigkia[SCNJ[HNO, ][H " J[ONSCN]

B k_14[NO] k_14[NO]

_ kysky4[SCN™][ONSCNT? . kygki,[ONSCN1?

B k_14[NO] Konscnk-14[NO]

=k 5s[(SCN)3 ]lONSCN ]+ ki3[(SCN); ][HNO, ][H " ][ONSCN]

The third term in Equation 19 is associated with Reaction 5.
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C1. Calculated geometries and vibrational frequencies of species involved in

ONSCN decomposition (B3LYP/6-31G(d) level)

cis-HNO,
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.000000 0.551088 0.000000
2 8 0 1.088193 0.065533 0.000000
3 8 0 -1.017487 -0.389393 0.000000
4 1 0 -0.565653 -1.266736 0.000000
Moments of inertia: 21.70234 135.94458 157.64692
Frequencies -- 649.0997 739.5585 919.6412
1369.1921 1728.5844
3520.7427
trans-HNO,
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.171496 0.492520 -0.000053
2 8 0 1.105817 -0.225959 0.000041
3 8 0 -1.040812 -0.260023 -0.000043
4 1 0 -1.720515 0.440209 0.000381

Moments of inertia: 19.53117 143.68656 163.21773

Frequencies -- 599.7799 630.6753 863.9376
1325.1947 1794.6324 3698.4640
NO;
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.000000 0.000000 0.470720
2 8 0 0.000000 1.076533 -0.205940
3 8 0 0.000000 -1.076533 -0.205940

Moments of inertia: 5.92516 132.39292 148.31808

Frequencies -- 792.7212 1339.2136 1377.6180
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NO
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 0.000000 0.000000 -0.617977
2 8 0 0.000000 0.000000 0.540730

Moments of inertia: 0.00000 35.79798 35.79798

Frequencies -- 1991.0549
H,O
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 8 0 0.000000 0.000000 0.119720
2 1 0 0.000000 0.761560 -0.478879
3 1 0 0.000000 -0.761560 -0.478879

Moments of inertia: 2.29054 4.17466 6.46520

Frequencies -- 1712.7968 3728.4714 3850.6127
cis-ONSCN
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 -1.193438 -0.156010 0.001303
2 16 0 -0.137374 1.146717 -0.000135
3 7 0 -1.833213 -1.135412 -0.000771
4 7 0 1.584527 -0.026732 -0.0003406
5 8 0 1.387426 -1.159551 0.000269

Moments of inertia: 292.47879 466.74533 759.22389

Frequencies -- 92.5242 206.7628 287.3390
400.0356 412.2788 617.9152
727.1657 1885.1095 2240.5145
trans-ONSCN
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 1.465858 -0.110929 0.000004
2 16 0 0.093666 0.869768 -0.000003
3 7 0 2.424921 -0.777290 0.000010
4 7 0 -1.226610 -0.692139 -0.000041
5 8 0 -2.335249 -0.370589 0.000030
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Moments of inertia: 148.91240 773.85657 922.76897

Frequencies -- 112.7675 148.9827 276.6890
385.8533 406.2546 618.6320
729.0243 1864.5566 2260.5263
cis-ONNCS
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 -0.480668 0.482648 0.000173
2 16 0 -1.864254 -0.266788 -0.000112
3 7 0 0.593713 1.065965 0.000400
4 7 0 1.977641 0.208467 -0.000732
5 8 0 1.839074 -0.943537 0.000384

Moments of inertia: 127.95374 813.09736 941.05101

Frequencies -- 82.8488 85.5858 282.6954
493.0229 580.9033 681.3420
945.8102 1782.2271
1953.7165

trans-ONNCS

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 0.607043 0.221458 0.000018
2 16 0 2.139910 -0.122199 -0.000015
3 7 0 -0.567724 0.567920 0.000028
4 7 0 -1.694919 -0.484093 0.000048
5 8 0 -2.755291 0.004956 -0.000051

Moments of inertia: 31.65519 1132.01732 1163.67251

Frequencies -- 100.3745 128.9446 349.2063
492.4499 560.8980 692.0284
957.4153 1754.8676 1974.5990
SCN-
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 16 0 0.000000 0.000000 1.036524
2 6 0 0.000000 0.000000 -0.639965
3 7 0 0.000000 0.000000 -1.820656
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Moments of inertia: 0.00000 305.97629 305.97629

Frequencies -- 477.7348 477.7348 731.5966
2174.6995
HNCS
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 16 0 0.035976 -1.082290 0.000000
2 6 0 0.000000 0.498265 0.000000
3 7 0 -0.155442 1.696355 0.000000
4 1 0 0.512476 2.452561 0.000000
Moments of inertia: 1.72107 310.13967 311.86074
Frequencies -- 453.4947 482.2170 668.4997
876.4141 2066.7100 3675.5163
SCN
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 16 0 0.000000 0.000000 1.020105
2 6 0 0.000000 0.000000 -0.617191
3 7 0 0.000000 0.000000 -1.802647
Moments of inertia: 0.00000 297.63106 297.63106
Frequencies -- 360.6485 425.2803 756.7012
1999.7619
(SCN),
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 1.843450 0.463561 -0.039786
2 7 0 2.585573 1.258075 -0.461509
3 16 0 0.838318 -0.724224 0.655396
4 16 0 -0.838402 -0.724386 -0.655294
5 6 0 -1.843540 0.463525 0.039675
6 7 0 -2.585303 1.258388 0.461371
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Moments of inertia: 416.045471239.791111416.83473

Frequencies -- 54.1812
369.2474
433.5653
681.1842
(SCN)s*
Center Atomic Atomic
Number Number Type
1 6
2 7
3 16
4 16
5 6
6 7
7 16
8 6
9 7

Moments of inertia: 957.21094 4141.78998

Frequencies -- 18.3695
53.7751
77.3719
130.3647
185.8887
205.0725
413.9475
433.1031
437.0925
449.4439
683.6490
709.7947
2220.6742
2259.1774
(SCN),’
Center Atomic Atomic
Number Number Type
1 6
2 7
3 16
4 16
5 6
6 7

Moments of inertia: 367.01725 1966.15974

Frequencies -- 16.2585

156.

6999

136.8965 152.6040
376.3663 408.9742
468.6660 674.0060
2269.9742 2275.4160
Coordinates (Angstroms)

X Y Z
-3.287299 -0.513385 0.283159
-4.007598 -0.682603 1.192580
-2.295930 -0.288330 -1.060255

2.296788 -0.281333 1.061673
3.286850 -0.515110 -0.281232
4.006405 -0.690279 -1.190114
0.000134 -0.187487 0.001045
-0.000340 1.517025 -0.0035406
-0.000397 2.684770 -0.006707
4287.37054
25.3239
115.9896
191.3186
416.7501
438.7003
707.7289
2220.7683
Coordinates (Angstroms)

X Y Z
-2.331751 0.072289 0.348129
-3.129894 0.670992 0.972834
-1.228765 -0.799231 -0.556188

1.228769 0.799291 -0.556108
2.331748 -0.072327 0.348124
3.129887 -0.671096 0.972769

1981.85580

54.8870 59.9883
424.7975 425.6748
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446.4474
719.3215

718.3583
2159.0847

(Angstroms)

ON(SCN),”
Center Atomic
Number Number

1 6
2 7
3 16
4 16
5 6
6 7
7 7
8 8

0.236807
0.678208
-0.398915
0.480248
0.063655
-0.224774
-0.700347
-0.171965

Moments of inertia:

Frequencies --

19.7146
83.9575
244.7832
445.9274
481.5075
1865.3461

ON(SCN);" S-S isomer

548.06505 2797.06272

54.0122
171.2311
434.1048
457.2045
731.9198

2199.5953

Atomic
Type

(Angstroms)

Center Atomic
Number Number
1 6
2 7
3 16
4 16
5 6
6 7
7 7
8 8

0.000014
0.000000
0.000017
-0.000040
-0.000014
-0.000004
0.000003
0.000049

Moments of inertia:

Frequencies --

27.8091
73.3747
216.4265
427.2519
605.4363
1743.9408

348

693.21834 2592.26634

450.3691
2157.3267
Coordinates
X Y
.751220 0.197001
.328775 1.121029
.849306 -1.056612
.642227 -0.862292
.948027 0.109724
.863585 0.787728
.009190 0.502067
.209447 1.498293
3147.48318
38.4347
86.9583
410.3290
449,.4938
714.7235
2196.1025
Coordinates
X Y
.798458 -0.532648
.237377 -1.625528
.149808 1.013460
.582930 -0.398021
.333541 1.111292
.968839 2.093185
.318057 -1.440133
.314115 -0.813945
3285.48468
28.0686
118.3690
253.3578
462.2869
716.3802
2188.0326

49.2544
131.1605
401.6417
463.2636
726.2500
2243.5304
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Transition State - ONSCN + SCN; (Reaction 3)

Atomic
Type

Center Atomic
Number Number
1 6
2 16
3 7
4 7
5 8
6 7
7 6
8 16
9 7
10 6
11 16

Moments of inertia

: 1426.39139 7264.0231 77901.00662

-112.2763
19.5816
58.3008
98.4557
192.9883
420.3088
442.1293
713.7846
2179.5985

Frequencies --
HOSCN
Center Atomic
Number Number
1 6
2 7
3 16
4 8
5 1

Moments of inertia:

93.24749 446.75274 534.29623

Frequencies --
461.7098

OSCN”

Center Atomic
Number Number

179.2007
480.4340
754.6833
1237.7169
3692.6075
Atomic
Type

Coordinates (Angstroms)

X Y Z
.620302 -1.240441 -0.531498
.232964 0.363908 -0.238494
.992877 -2.340121 -0.688765
.142274 0.723985 0.804068
.788421 -0.228725 0.960148
.869236 2.915774 -0.078980
.905365 1.746891 -0.177977
.905231 0.074185 -0.324459
.591491 -1.030841 1.814178
.142124 -0.744875 0.766881
.544308 -0.351921 -0.748242

13.9687 17.8514

33.2703 44.1854

76.0628 86.2808

121.7772 170.7852

404.1114 419.4992

426.6295 433.5555

522.0227 709.0989

721.3709 1803.4797

2197.3244 2222.3744

Coordinates (Angstroms)

X Y Z
.063705 -0.003872 -0.002367
.169779 0.368994 -0.001915
.527046 -0.621568 0.012743
.445135 0.782333 -0.119867
.576863 1.126698 0.782662

345.2882
673.5766
2259.9169
Coordinates (Angstroms)
X Y Z
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0.000000
0.000000
0.000000
0.000000

Moments of inertia:

61.27003 481.

462.3440
2139.6332

(Angstroms)

Frequencies -- 180.8809
583.7802
ONOSCN
Center Atomic Atomic
Number Number Type
1 6
2 7
3 16
4 8
5 7
6 8

0.035432
0.265608
-0.370083
0.744636
0.366993
-0.584570

Moments of inertia:

337.08967 817.778521000.57959

240.9967
398.4179
695.1809
2268.2410

(Angstroms)

Frequencies -- 59.2972
302.2691
475.7885
819.1690
OSCN
Center Atomic Atomic
Number Number Type
1 6
2 7
3 16
4 8

.000000
.000000
.000000
.000000

Moments of inertia:

Frequencies -- 175.4341

620.7165

1,1-S (ON)2SCN"*

65.06611 454.34112 519.40723

456.0728
2253.5268

Center
Number

Atomic Atomic
Number Type

-0.678262 -0.837994
-1.219234 -1.885025
0.000000 0.763166
1.575527 0.751560
10488 542.37491
383.2474
893.3145
Coordinates
X Y
1.529219 0.274313
2.332044 1.088700
0.407554 -0.946301
-0.815477 -0.670086
-1.845748 0.431411
-1.572054 1.026975
148.3758
331.2749
680.5049
1868.1771
Coordinates
X Y
-0.658595 -0.821594
-1.169108 -1.870251
0.000000 0.793530
1.516916 0.665605
308.6695
1013.8773
Coordinates
X Y
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0.594846
0.884421
0.237466
-0.465141
-0.804655
-0.464528
-0.804644

76.3671
218.5200
388.4019
737.5590
2213.8027

(Angstroms)

0.249866
-0.066683
0.555988
-0.174241
0.008077
-0.477160
0.021375

71.4184
216.5331
438.9115
801.4477

2195.3236

(Angstroms)

-0.502001
-1.572523

1 6 0 -0.001012 0.939712
2 16 0 0.000625 -0.700289
3 7 0 -0.002856 2.056781
4 7 0 -2.036851 -0.835227
5 8 0 -2.347631 0.177141
6 7 0 2.038313 -0.833397
7 8 0 2.348360 0.179015
Moments of inertia: 581.47846 1247.89011 1423.63975
Frequencies -- 43.9482 53.9524
145.8657 150.8320
220.3047 387.4934
462.4993 480.0750
2107.3697 2141.3104
ONSCNNO"
Center Atomic Atomic Coordinates
Number Number Type X Y
1 6 0 -0.043977 -0.559527
2 16 0 1.418263 -1.217571
3 7 0 -1.045136 0.002364
4 7 0 2.499471 0.818889
5 8 0 1.855669 1.718233
6 7 0 -2.747965 -0.099397
7 8 0 -3.527286 0.504929
Moments of inertia: 431.47491 1913.30002 2281.62593
Frequencies -- 34.0278 36.7008
92.1174 142.6137
262.2593 426.7201
513.8663 530.8342
2028.7669 2091.8086
HCN
Center Atomic Atomic Coordinates
Number Number Type X Y
1 6 0 0.000000 0.000000
2 1 0 0.000000 0.000000
3 7 0 0.000000 0.000000

0.654933

Moments of inertia: 0.00000 40.82558 40.82558

Frequencies -- 766.8245 766.8245
3480.7274
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(Angstroms)

.000000
.000000
.000000
.000000

628.5306
2274.9044

(Angstroms)

0.000000
0.000000
0.000000

(Angstroms)

-0.023181
0.145163
-0.428692
0.160026
1.132351

ONCN
Center Atomic Atomic Coordinates
Number Number Type X Y
1 6 0 0.000000 0.672559
2 7 0 -0.196172 1.821840
3 7 0 0.5300068 -0.646336
4 8 0 -0.292684 -1.532986
Moments of inertia: 20.62352 340.75633 361.37986
Frequencies -- 217.2971 270.9288
824.9824 1611.3301
ONH
Center Atomic Atomic Coordinates
Number Number Type X Y
1 7 0 0.063505 0.582770
2 8 0 0.063505 -0.624899
3 1 0 -0.952574 0.919800
Moments of inertia: 3.28567 42.54712 45.83279
Frequencies -- 1586.7995 1685.5680
2821.2600
HO,SCN
Center Atomic Atomic Coordinates
Number Number Type X Y
1 6 0 -1.256400 -0.034639
2 7 0 -2.407407 -0.017693
3 16 0 0.507715 -0.145314
4 8 0 0.887057 1.361550
5 1 0 0.767587 1.381547
6 8 0 1.050349 -1.202154

0.446181

Moments of inertia: 237.09970 536.25394 694.87751

Frequencies -- 144.4792 173.8944
402.2188 438.1668
597.1770 740.1541
1217.8521 2296.6429
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SS-(OSCN),
Center Atomic Atomic
Number Number Type

1 6 0
2 7 0
3 16 0
4 8 0
5 8 0
6 16 0
7 6 0
8 7 0

Moments of inertia: 791.80840 1611.70684

Frequencies -- 18.2362
112.3681
182.4636
422.2978
592.2195
1143.2804
HOCN
Center Atomic Atomic
Number Number Type
1 6 0
2 8 0
3 1 0
4 7 0

Moments of inertia: 2.71728 171.69824 174.41552

Frequencies -- 431.5893
1253.2315
NzOz
Center Atomic Atomic
Number Number Type
1 7 0
2 7 0
3 8 0
4 8 0

Coordinates (Angstroms)

X Y Z
2.123705 0.271486 -0.051677
3.032265 0.968397 0.162059
0.801712 -0.837814 -0.472296
0.830251 -1.992465 0.470254

-0.827873 1.992451 -0.461152
-0.801537 0.834284 0.477087
-2.123628 -0.271889 0.047843
-3.035451 -0.959967 -0.180127
2244 .75120
58.4032 105.9426
165.8389 170.2866
296.9011 336.0343
441.1074 456.6100
598.4417 1124.5709
2277.0847 2278.5852
Coordinates (Angstroms)

X Y Z

0.179817 -0.005052 -0.000160
-1.119900 -0.110863 0.000051
-1.528806 0.772955 0.000039

1.344158 0.020609 0.000073

487.5029 1103.3088
2389.2491 3702.2924
Coordinates (Angstroms)
X Y Z
-0.167557 0.572119 0.000000

0.167557 -0.572119 0.000000

0.167557 1.741394 0.000000
-0.167557 -1.741394 0.000000

Moments of inertia: 4.51015 380.66148 385.17163

353



Appendix C — Supporting information for Chapter 6

Frequencies --

251.6587
1013.6226

349.2941
1527.4107

Transition state - 20NSCN — N,0, (B3LYP/CBSB7)

430.2996
2048.9090

(Angstroms)

Center Atomic
Number Number
1 6
2 S
3 7
4 7
5 8
6 7
7 8
8 7
9 S
10 6

0.128859
0.953797
-0.463542
0.321670
-0.411672
-0.681571
-0.088076
0.508922
0.045789
-0.631813

Moments of inertia: 1353.84387

Frequencies --

-156.1409
73.5466
117.0536
213.2193
394.8463
434.8685
717.8299
1950.1830

Coordinates
X Y
-1.824808 -1.310228
-0.604936 -0.525515
-2.715276 -1.766303
-1.615248 1.546061
-2.480893 1.457696
0.360249 1.654754
1.127074 2.229208
3.376510 0.169806
2.529687 -0.484534
1.277288 -1.346790
2357.30649 3286.21118
24.5561
76.8036
131.9745
223.3759
403.5429
452.9366
720.5469
2178.9350
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C2.  Gas phase species enthalpies and free energies computed at G3B3 and CBS-

QB3 (in Hartrees/particle)

CBS-QB3 G3B3
Species Enthalpy Free energy Enthalpy Free energy
cis-HONO -205.470225 -205.498298 -205.603218 -205.63131
trans-HONO -205.470839 -205.499027 -205.604177 -205.632388
NO, -204.932197 -204.959104 -205.064011 -205.090949
NO -129.745164 -129.768458 -129.832945 -129.856256
H,0 -76.333703 -76.355129 -76.379945 -76.401392
cis-ONSCN -620.190939 -620.226707 -620.672172 -620.708113
SCN -490.53716 -490.563616 -490.929558 -490.956049
HNCS -491.047701 -491.076161 -491.441354 -491.469887
SCN -490.406473 -490.433779 -490.798699 -490.826079
(SCN), -980.887744 -980.927447 -981.671546 -981.711609
(SCN)5’ -1471.468832 | -1471.523757 | -1472.642818 | -1472.697012
(SCN),’ -980.989713 -981.035155 -981.77089 -981.815339
ON(SCN), -1110.756877 | -1110.806737 | -1111.631814 -1111.68197
HOSCN -566.157323 -566.190179 -566.594317 -566.627299
ONOSCN -695.302549 -695.341302 -695.826358 -695.865322
1,1,S (ON),SCN" -749.624315 -749.669584 -750.195886 -750.241611
OSCN -565.539341 -565.57231 -565.9737 -566.006829
OSCN’ -565.631375 -565.663566 -566.067385 -566.099737
TS (Reaction 3)
ONSCN + SCNy -1601.191059 -1601.25631
ONSCNNO" -749.63547 -749.681778 -750.205568 -750.252266
cis-ONNCS -620.17505 -620.211258 -620.655432 -620.691786
trans-ONNCS -620.179944 -620.215213 -620.66051 -620.695747
HCN -93.284064 -93.306898 -93.374741 -93.397626
CN- -92.727762 -92.750102 -92.817055 -92.839413
ONCN -222.410033 -222.440719 -222.587826 -222.61863
ONH -130.3195 -130.344549 -130.408737 -130.433804
HO,SCN -641.289483 -641.325206 -641.769211 -641.80522
NCS(=0)-OSCN -1131.11089 | -1131.156776 | -1131.981704 | -1132.028281
SS-(OSCN), -1131.093 | -1131.140423 | -1131.962511 -1132.01125
NCSOOSCN -1131.063755 | -1131.111808
trans-ONSCN -620.187771 -620.223777 -620.669167 -620.705296
ON(SCN)," S-S
isomer -1110.747643 | -1110.797634 | -1111.619926 | -1111.670728
N202 -259.463422 -259.492767 -259.641098 -259.670555
TS —
20NSCN — N,O, -1240.335196 | -1240.389791
HOCN -168.421072 -168.448509 -168.5552 -168.582763
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C3. Solvation free energies computed with various solvent models (kJ mol'l)

Species/Method 1 2 3 4 5 6 7 8
cis-HONO -27.7 -79| -11.6| -32.6| -17.6| -12.9
trans-HONO -20.1 -34.9| -30.9] -35.3, -13.2| -38.9| -20.3] -16.6
NO 2.9 -1.7 -7.9 -7.9 -7.9 -7.9 2.4 -7.9
H,O 2731 -34.7) -28.6| -35.0 -37.5| -34.5| -28.3| -39.5
cis-ONSCN -26.4| -19.1| -17.5] -19.3 -3.1 -18.2| -23.8 -4.0
SCN” -246.5| -242.0| -251.1| -242.1| -223.2| -244.1| -245.9| -223.8
HNCS -16.0 -32.6| -31.9] -329 -8.5| -27.71 -16.7] -10.1
SCN -16.4 93 -7.8 93 2.0 -11.3] -159 2.2
(SCN), =374 -234| -20.3] -23.5 1.1 -26.5| -36.1 0.1
(SCN)3 -180.0| -172.1] -170.3| -172.1| -141.2| -221.1| -180.5| -144.2
(SCN), -192.7] -190.4| -194.5| -190.4| -163.7| -196.1| -191.7| -170.4
ON(SCN), -191.7] -185.7| -189.4| -186.1| -161.7| -213.3| -191.0| -159.4
HOSCN -35.01 -43.3] -39.3| -43.7\ -21.7| -44.7| -34.5| -22.1
ONOSCN -28.3] -19.0 -25.1

1,1,S (ON)2SCN™ | -277.4| -246.5 274.7
OSCN -28.5] -17.0 -27.3
OSCN° -252.8| -246.9 -251.0

TS

ONSCN + SCNy -190.5] -180.3 -185.4
ONSCNNO" -246.9| -215.8 -241.6
cis-ONNCS -18.0] -10.7 -12.1
trans-ONNCS -7.9 -6.7 -8.5

HCN -23.5 -7.9

ONCN -14.8| -10.7 -13.9

ONH -15.2| -27.5 -15.2
HO2SCN -42.0/ -28.6 -41.5
NCS(=0)-OSCN -46.5| -24.8 -44.5
SS-(OSCN), -52.0 -49.0
NCSOOSCN -24.1 -38.9
trans-ONSCN -20.9 -26.0
ON(SCN),’

S-S isomer -236.9| -224.1| -215.8| -220.1{ -187.6| -219.9| -227.8| -188.6
N,O, -17.3 -16.8

TS

20NSCN — N,O», -40.7 -50.3

HOCN -58.8 -41.6

1. B3LYP/6-311++G(d,p) IEFPCM UFF radii

2. B3LYP/6-31+G(d,p) IEFPCM UAHF radii

3. B3LYP/6-31G(d,p) IEFPCM UAHF radii

4. B3LYP/6-31+G(d,p) CPCM = UAHF

5. B3LYP/6-31+G(d,p) SMD

6. HF/6-31+G(d,p) PCM UAHF radii

7. B3LYP/6-31+G(d,p) IEFPCM UFF radii

8. M052X/6-31+G(d,p) SMD
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D1. Equations employed by OLI

This Appendix provides a brief description of the equations employed by OLI. Further
details can be found in the associated reference material.'* Thermodynamic properties
are divided into two parts, the standard part depending on temperature and pressure only

and the excess portion depending on temperature, pressure and composition:

Partial molal Gibbs free energy:

G =G’ +GF (1)
Partial molal enthalpy:
H;=H’+HF 2)

Partial molal entropy:

S, =82 +SF 3)

1

Partial molal heat capacity:

Cp; = Cp? +Cpf 4)

Partial molal volume:

V=V +vf )

1

where the superscripts ° and © refer to the standard state and excess properties,

respectively.
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D1.1 Standard state properties

OLI employs the Helgeson-Kirkam-Flowers (HKF) equation of state to calculate the
standard state thermodynamic properties of species dissolved in water. The HKF
equation of state represents the standard state properties of a species using a function

with seven terms specific to the species in question.

HY ZH_iRJFin(al----%aCl,Cza@) (6)
G_io:E"FE(T_TR)+fGi(a1----a4’cla02aa)) (7)
§:§+f5i(al-~-~a4ac1aczaw) (8)
Cp} :@+fcp,-(a1....a4,cl,c2,a)) )
VO =V fri(ayag,0p,c0,0) (10)

where the superscript * refers to the reference state property (25 °C, 1 bar), the terms
a;...ay describe pressure effects, the terms ¢; and ¢, describe temperature effects and ®
describes the effects of temperature and pressure on the standard state properties of

water. The expanded expressions for the HKF equation of state are shown below:
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HKF equation of state

Enthalpy:

HY =H_}2+01(T—Tr)—02KTi®j—}(T 1_®J+a1(P P)+a, ln(;’-i-PJ

r

P
@ﬂp_a»+%h{W+P}l2T—®}+4F_q+ nfz(__QQﬂj
Y+P. || (T-0)° € oT

1)
— Wpr Tr ——1’ —wPr,TrTRYR

Epr,Tr
(11)
Gibbs free energy:
. T Y+P
Gl.o:G,.R+S,-R(T_TR)—c{T1n(T—r]—T+Tr}al(P‘Pr)*“2h{wej
¥Y+P 1
+la3(P—Pp +ayln
( 1 j 1 [@—Tj T (T.(T-©)
¢, _ ——In| I——=
r-0) (1,-0)\ o ) @2 (1, -0)
1 1
+ow| ——1 — Wpy 17 — 1 +a)PrTrYPrTI’(T )
& EprTr
(12)

R
T.) © \T-0 T.-0) 0 (I(I,-9)
2
1 Y+ P 1 ow
+| = P-P.)+ayln +oY -] —-1 - Y,
(T—@j {03( )+ ay (‘P+PF ﬂ @ (8 j(@TjP Opr v LPr Ty

(13)
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Heat capacity at constant pressure:

N 2

1 oy ¥ P
Cp? =) +c | —= | & (P-P)+a4In +oTX
e 2(T—®j ((T—@)SJ{%( P+ (‘P+P,H “

(@) {22

(14)

Volume:

;=a +a
i 1 2(‘{’4—

N R = e o

(15)
where O is 228 K, ¥ is 2600 bar, o is a temperature and pressure dependent term for the

electrostatic nature of the electrolytes, O is the pressure function of the dielectric

constant and ¢ is the dielectric constant of water.
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D1.2 Excess properties

Excess properties are functions of temperature, pressure and composition. The most
important excess property is the excess Gibbs free energy. OLI expresses the excess

Gibbs free energy as the sum of short, medium and long range interactions:

G* = Gsp +Gip + G (16)
Iny; =In yl-SR + lny,-MR +1In y,-LR (17)
0.

GE :_(Z”']4AXIX et s

1
RT i P in [1+P(1§,i)0'5J
i

where [, is the mole fraction based ionic strength defined by:
1 2
[X :_szizi (19)
i

I°,; is the ionic strength when the composition is reduced to a pure component (i.e. I, ;

=0.5z;%), p is an empirical constant and the parameter A, is given by:

3
1 0.5 62 2
A ==—Q2aN,d )5 —& 20

x 3( 4ds) [47reosskBTj 20)

where N, is the avagadro number, d, is the molar density of the solution, e is the

electron charge, ¢, is the permittivity of a vacuum, &; is the dielectric constant, kg is the
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Boltzmann constant and 7 is the temperature. OLI employs the UNIQAC model to

describe the short range interactions:

E E
GSR _ Gcombznatorlal + Gresidual (21)
RT RT RT
GE

combinatorial (Zn J|:Z X; 11’1 L= z%x In —:I (22)

Greszdual (z n. J Z qg;X; ln(z 0] TUJ (23)
i J

0, = _4iXi (24)

2.9,%
j

Undi

J

(25)

= exp| - 2. 26
Tji = €Xp| — RT (26)

where ¢; and r; are the surface and size parameters of species i, respectively, Z a
constant, a; the binary interaction parameter between species i and j (a; # a;;). The
medium range term arises from ion-ion and ion-molecule interactions not included in
the long range term.

G _ (Zn )Zinj,-Bi,- (1) @7
[ J

i

Bji(I,)=by +c; exp(—/I, +ax) (28)

where b;; and ¢;; are adjustable parameters and a= is set to 0.01. The parameters b; and

c;j are functions of temperature:
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by ;i

€2,ij

Cij = CO,ij +CI,UT+ (30)
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El.

Equations defining kinetic model

Differential equations:

[1]
[2]

[3]
[4]
[3]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

d(AY/d(t) = (k1*B)-(K1*A*H)-(K3*B*A*H)+(k3*C)+HK5*C*D)
d(B)/d(H)=K1*A*H-k1*B-K3*B*A*H+k3*C-K4*H*B+k4*ON-
K7a*E*B*H+k7a*F+k7e*N-K7e*0*B*H+2*k10*NO*NO2-
2¥K10%(B"2)+K 12*#(N02)"2-k12*B*NO3*H

d(C)/d(t) = K3*B*A*H-k3*C-K5*C*D

d(R)/d(t) = k2*D*H-K2*R

d(D)/d(t) = K2*R-k2*D*H-K5*C*D-K6*ON*D-K8a*F*D-K8¢*N*D
d(E)/d(t) = k7a*F-K7a*E*B*H+K8a*F*D

d(F)/d(t) = K7a*E*B*H-k7a*F-K8a*F*D

d(0)/d(t) = -K7e*B*0*H+k7e*N+K8e*D*N

d(N)/d(t) = K7e*O*B*H-k7e*N-K8e*N*D

d(ON)/d(t) = K4*B*H-k4*ON-K6*ON*D-K 14*ON*U-K 15*SA*ON
d(N2_N203)/d(t) = K5*C*D

d(N2_ONY/d(t) = K6*ON*D

d(N2_SCN)/d(t) = K8a*F*D

d(N2_urea)/d(t) = K14*U*ON

d(N2_SA)Y/d(t) = K15*SA*ON

d(N2_SCNH2NH2)/d(t) = K8e*N*D

dNOY/d(t) = K10*(B*2)-k10*NO*NO2-rNO-2*K 13*(NO"2)*02
d(NO2)/d(t)=K 10*(B2)-k 10*NO*NO2-rNO2-
2¥K12*((NO2)"2)+2*k 12*B*NO3*H+2*K 13*(NO*2)*02
d(H)/d()=-K 1*H*A+k 1 *B+K2*R-k2*H*D-K3*B*A*H+k3*C-
K4*B*H+k4*ON+K5*C*D+K6*ON*D-K 7a*B*E*H+k7a*F+K8a*F*D-
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K7e*B*0*H+k7e*N+K8e*0*D-K11*H*AcO+k11*AcOH+K12*(NO2)*2-
k12*B*NO3*H+K15*ON*SA+K 16*HS04-k16*S04*H

[20] d(AcO)d(t) = -K11*AcO*H+k11*AcOH

[21]  d(AcOH)/d(t) = K11*AcO*H-k11*AcOH

[22] d(VNO)/d(t) = INO*24.45

[23] d(VNO2)/d(t) = INO2*24.45

[24]  d(V)/d(t)=
(K5*C*D+K6*ON*D+K8a*F*D+K8e*N*D+K 14*ON*U+K 15*SA*ON+rNO
+1NO,)*(Rg1*T/101.325)

[25] d(NO3)/d(t) = K12*((NO2)"2)-k12*B*NO3*H

[26] d(02)/d(t) = -K13*(NO*2)*02

[27] d(U)/d(t) = -K14*ON*U

[28] d(SA)d(t) = -K15*SA*ON

[29] d(HSO4)/d(t) = K15*ON*SA-K16*HSO4+k16*S04*H

[30]  d(SO4)/d(t) = K16*HSO4-k16*SO4*H

Explicit equations:

[I]  bubbles = 1.09*10"7
[2]  Sfactor=4.8
[3] Ealf=20

[4] Ealb=267

[5] Ea2f=72
[6] Ea2b=20
[7] Ea3f=20

[8] Ea3b=29.9
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[9] Ea4f=65.2

[10] Eadb=20

[11] Ea5=30

[12] Ea6=20

[13] Ea7af=20

[14] Ea7ab=32

[15] Ea7ef=0

[16] Ea7eb=0

[17] Ea8af=36

[18] Ea8ef=0

[19] EalOf=65

[20] EalOb=22

[21] Eallf=0

[22] Eallb=0

[23]  radius = (3*(V/(1000*bubbles))/(4*3.14159))"(1/3)
[24] PNO=VNO/V
[25] PNO2=VNO2/V
[26] Eal2f=20

[27] Eal2b=75

[28] Eal3f=9.6
[29] Ealdf=17

[30] Eal5f=9.2

[31] Eal6f=1.5
[32] Rg=8.314/1000

[33] Kmt=0.011
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[34]
[35]
[36]
[37]
[38]
+(
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]

[57]

kHNO2 = 4*10"(-2)/Sfactor

kHNO = 1.95*10"(-3)/Sfactor

Area = 4*3.14159*(radius"2)*bubbles

rNO = Kmt*Area*(NO-(PNO*kHNO))

total N = A+B+D+R+NO+NO2+NO3+C+F+(N2 N203+N2 SCN+N2 ON)*2
VNO+VNO2)/24.45

T =298

To =298

rNO2 = Kmt*Area*(NO2-(PNO2*kHNO?2))
k10 = 1*10"8*exp((Eal0b/Rg)*((1/To)-(1/T)))
k12 =0.0127*exp((Eal2b/Rg)*((1/To)-(1/T)))
k1 =6.93*10"6*exp((Ealb/Rg)*((1/To)-(1/T)))
K1 =1*10"10*exp((Ealf/Rg)*((1/To)-(1/T)))
K2 =21.5*exp((Ea2f/Rg)*((1/To)-(1/T)))

k2 =4.3*10"10*exp((Ea2b/Rg)*((1/To)-(1/T)))
K3 =32000*exp((Ea3f/Rg)*((1/To)-(1/T)))

k3 = 6400*exp((Ea3b/Rg)*((1/To)-(1/T)))

K4 = 12000*exp((Ea4f/Rg)*((1/To)-(1/T)))

k4 = 1*10"12*exp((Ea4b/Rg)*((1/To)-(1/T)))
K5 =4.3*10"6*exp((Ea5/Rg)*((1/To)-(1/T)))
K6 =3.8*10"11*exp((Ea6/Rg)*((1/To)-(1/T)))
K7a = 11700*exp((Ea7af/Rg)*((1/To)-(1/T)))
k7a =366*exp((Ea7ab/Rg)*((1/To)-(1/T)))
K7e = 6960*exp((Ea7ef/Rg)*((1/To)-(1/T)))

k7e = 1.39*exp((Ea7eb/Rg)*((1/To)-(1/T)))
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[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]

[75]

K8a = 8.4*10"5*exp((Ea8af/Rg)*((1/To)-(1/T)))
K8e =2800*exp((Ea8ef/Rg)*((1/To)-(1/T)))

K10 = 11.6*exp((Eal0f/Rg)*((1/To)-(1/T)))

r10 =K10*(B"2)-k10*NO*NO2

K11 =1*10"10*exp((Eal1f/Rg)*((1/To)-(1/T)))
k11 =1.09*10"(5)*exp((Eal1b/Rg)*((1/To)-(1/T)))
K12 = 1*10"8*exp((Eal2f/Rg)*((1/To)-(1/T)))

r12 =K12*((NO2)"2)-k12*B*NO3*H

K13 =2.1*10"6*exp((Eal3f/Rg)*((1/To)-(1/T)))
K14 =4.83*10"7*exp((Eal4f/Rg)*((1/To)-(1/T)))
K15 =1.5*%10"11*exp((Eal5f/Rg)*((1/To)-(1/T)))
K16 = 1.1*10"8*exp((Eal6f/Rg)*((1/To)-(1/T)))
Eal6b =20

k16 = 1*10"10*exp((Eal6b/Rg)*((1/To)-(1/T)))
NOegm = PNO*kHNO+0.0000000000000000000000001
Egqm_frn = NO/NOeqm

Rgl =Rg*1000

fHONO = B/(A+B)

Definition of variables

Variable Initial value | Definition

0 | time

0.015 | Nitrite ion, NOy

0 | Nitrous acid, HNO,

0 | Dinitrogen trioxide, N,O3

13 | Ammonium cation, NH, "

6.80E-05 | Ammonia, NHj3

esliwli~~li@livviiain

0.024 | Thiocyanate anion, SCN’
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F 0 | Nitrosyl thiocyanate, ONSCN

O 0 | Thiourea, C=S(NH,),

N 0 | Nitroso-thiourea C=S(NH2)2NO+
ON 0 | Nitrosyl cation, ON"

N2 N203 0 | N, formed from N,O3; pathway
N2 ON 0 | N, formed from ON" pathway

N2 SCN 0 | N, formed from ONSCN pathway
N2 urea 0 | N, formed from urea nitrosation
N2 SA 0 | N, formed from sulfamic acid nitrosation
N2 SCNH2N 0 | N, formed from thiourea catalysed nitrosation of ammonia
NO 0 | Nitric oxie, NO

NO2 0 | Nitrogen dioxide, NO,

H 1.00E-05 | Hydrogen cation, H'

AcO 0 | Acetate anion, CH;COO"

AcOH 0.03 | Acetic acid, CH;COOH

VNO 0 | Volume of nitric oxide gas
VNO2 0 | Volume of nitrogen dioxide gas
\Y 1.00E-07 | Total gas volume

NO3 13 | Nitrate anion, NO3

02 0 | Dissolved oxygen, O,

U 0 | Urea, C=O(NH;),

SA 0 | Sulfamic acid, SO3;NH,

HSO4 0 | Bisulfate anion, HSO4

S04 0 | Sulfate anion, SO~

bubbles 1.09E+07 | Number of gas bubbles per L of emulsion
Sfactor 4.8 | Ratio of gas solubility in water compared to NHsNO;
Ealf 20 | Activation energy

Ealb 26.7 | Activation energy

Ea2f 72 | Activation energy

Ea2b 20 | Activation energy

Ea3f 20 | Activation energy

Ea3b 29.9 | Activation energy

Ea4f 65.2 | Activation energy

Eadb 20 | Activation energy

Ea5 30 | Activation energy

Ea6 20 | Activation energy

Ea7af 20 | Activation energy

Ea7ab 32 | Activation energy

Ea7ef 0 | Activation energy

Ea7eb 0 | Activation energy

Ea8af 36 | Activation energy

Ea8ef 0 | Activation energy

EalOf 65 | Activation energy

EalOb 22 | Activation energy

Eallf 0 | Activation energy

Eallb 0 | Activation energy

radius 1.30E-06 | Gas bubble radius

PNO 0 | Partial pressure of nitric oxide
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PNO2 0 | Partial pressure of nitrogen dioxide

Eal2f 20 | Activation energy

Eal2b 75 | Activation energy

Eal3f 9.6 | Activation energy

Eal4f 17 | Activation energy

Eal5f 9.2 | Activation energy

Eal6f 1.5 | Activation energy

Rg 0.008314 | Gas constant

Kmt 0.011 | Mass transfer coefficient

kHNO2 0.008333 | Henry’s constant for NO,

kKHNO 4.06E-04 | Henry’s constant for nitric oxide

Area 2.31E-04 | Interfacial area (gas bubbles-emulsion interface)
NO 0 | Rate of nitric oxide mass transfer

total N 26.01507 | Mass balance on nitrogen

T 298 | Temperature

To 298 | Reference temperature

NO2 0 | Rate of nitrogen dioxide mass transfer

k10 1.00E+08 | Reverse rate constant for HNO, decomposition
k12 0.0127 | Reverse rate constant for NO, hydrolysis

k1 6.93E+06 | Rate constant for HNO, dissociation

K1 1.00E+10 | Rate constant for association of NO, and H'
K2 21.5 | Rate constant for ammonium dissociation

k2 4.30E+10 | Rate constant for association of NH; and H"
K3 3.20E+04 | Rate constant for N,O3; formation

k3 6400 | Rate constant for N,O3 hydrolysis

K4 1.20E+04 | Rate constant for ON" formation

k4 1.00E+12 | Rate constant for ON" hydrolysis

K5 4.30E+06 | Rate constant for ammonia nitrosation by N,O3
K6 3.80E+11 | Rate constant for ammonia nitrosation by ON"
K7a 1.17E+04 | Rate constant for ONSCN formation

k7a 366 | Rate constant for ONSCN hydrolysis

K7e 6960 | Rate constant for nitrosyl thiourea formation
k7e 1.39 | Rate constant for nitrosyl thiourea hydrolysis
K8a 8.40E+05 | Rate constant for ammonia nitrosation by ONSCN
K8e 2800 | Rate constant for ammonia nitrosation by nitrosyl thiourea
K10 11.6 | Rate constant for nitrous acid decomposition
rl0 0 | Rate of reaction 10

K11 1.00E+10 | Rate constant for association of CH;COO and H'
k11 1.09E+05 | Rate constant for CH;COOH dissociation

K12 1.00E+08 | Rate constant for NO, hydrolysis

rl2 0 | Rate of reaction 12

K13 2.10E+06 | Rate constant for oxidation of NO by O,

K14 4.83E+07 | Rate constant for nitrosation of urea

K15 1.50E+11 | Rate constant for nitrosation of sulfamic acid
K16 1.10E+08 | Rate constant for dissociation of HSO,4

Eal6b 20 | Activation energy

k16 1.00E+10 | Rate constant for association of SO4° and H"
NOegm 1.00E-25 | Equilibrium nitric oxide concentration
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Eqm frn 0 | Ratio of nitric oxide concentration to NOeqm
Rgl 8.314 | Gas constant
fHONO 0 | Fraction of total nitrite as nitrous acid

All concentrations in mol L™
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E2. Protonation of nitrite ions in ammonium nitrate solutions

The proportion of nitrite ions converted into nitrous acid by acetic acid at various
concentrations of ammonium nitrate was determined by examining the UV-vis spectra
of the solutions. This involved firstly determining the extinction coefficients of nitrous
acid and nitrite ions in solutions with different concentrations of ammonium nitrate.
These extinction coefficients could then be used to determine the concentrations of
nitrite and nitrous acid in a solution containing a known concentration of acetic acid,

using the equations derived below:

4, =C¢

aa,l

+C,éep, (D1)

4, =C E4nt Cbgb’2 (D2)

a

where A is absorbance, C is concentration, and € is the molar extinction coefficients, the
subscripts a and b refer to species @ and b and the number subscripts refer to the

wavelength 1 and 2 respectively. Substituting (D2) into (D1) for C,:

Are, 1 —Che,qe

a,l b®a,1%bh,2

Al = +Cb8b,l (D3)
8a,2

hence

Aegn — Areq
Cp=——= - (D4)
€p1€a2 —€q16p2
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A, —C,e
C, = 2 LX) (D5)
€p,1
E2.1 UV-Vis extinction coefficients of NO,” and HNO; in
ammonium nitrate solution
Water 5 mol L' NH,NO; | 10 mol L NaNO;
Wavelength (nm) | eNOy ¢HNO, | eNO, | eHNO, eNO,;" | eHNO,
357.7| 22.561 5325 | 24.41 53.965 | 26.717 55.126
371 15.857 55.72 17.37 56.024 | 19.331 56.313
386 5.35 32.25 6.04 32.892 | 6.8903 33.27
E2.2 UV-Vis spectra of NO, in ammonium nitate
0.6
0.5 |
04 t+ 10 M NH4NO3
® 5 M NH4NO3
% _______
20.3
o
48
<
0.2
0.1
O 1 1 1
330 350 370 390 410 430 450
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Figure E1. Spectra of 0.02 M NOy in 0, 5 and 10 mol L NH,NO;
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