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ABSTRACT

Variables affecting the concentration of nf'zogen and chlorine gases
in nitrous oxide g. yduced hy chloride-catalysed decomposition of
ammonium nitrate (AN) in aquecus, scid solutlons have been stadied
by batch-scale experiments, A typical reaction mixture consisted

of 300 g of AN, 300 ml of comc. nitric acid, 300 ml of water and

15 ml of conc. hydrochloric acid, The chlorine and nitrogen con=
tents were found to be both between one and two per ceat, when
using mixtures of composition close to that given above, and opexate
ing at the boiling point. The rate of total gas evolution vas reduced
with the addition of ammonium sulphate and by substitution of sulphuric
acid for the nitric acid.

A i ing bench-scale plant, to test the feasibil-

ity of the aqueous process as an altermative to the curreat induptrial
process (in which molten AN is decomposed at 250.260°) was con~
gtructed, Steady-state conditions were readily reached and a nitrous
oxide production rate of 2,5-31min"" (the theoretical) was achieved
at the boiling point, using the typical mixture given above. The crude
gas containad ome to two per cent each of chlorine and nitrogen, and

‘the chlorine was readily removed in a scrubber with a 5 per cenmt

sodium hydroxide solution. The aqueous process -as shown to be
technically foasible; it was concluded that it offers a mumber of
advantages over the eurrent process including the possibility of using
a cheaper grade AN {such as fextiliser grade), the absence of ex-
plosion hazards, uad grester flexibility, These have been discussed
in detail

The Kinetics of the agueous process was studied by a batch
procedure, The initial rate dependence of the evolution of nitrous
oxide, chlorine and nitrogen on the concantrations of acid, nitrate,

. o
ammonium and chioride ions was investigated st 94,8, The rate




dependénce on temperature was also studied, The following em-~
pirical rate equations were found at 94, 8%
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These equations differ substantially from those derived for a reaqt-

~1,66

jon mechanism proposed by Keenan and Dimitriades for the chloride~
catalysed thermal decomposition of AN in the melt, Their significance

has been discussed,
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CHAPTER 1. MINTRODUCTION

It was first shown by Sttt ™3

in 1964 hat nitrons oxide may be pro~
duced by the thermal decomposition of ammoniute nitrate in aquecus

solutien in the of a high ion of acid

2nd a small amount of chloride ion, The reactiom proceeds by the
stoichiometric equation
-1
NH,NO,~N,0 +2H,0 A= -8, & keal mol (.1

which is the same as that for the currant commercial procese, in

which pure tem nitrate is in the melt at 250° - 260°,
On the basis of reactions reputedly undergoae by 2qua regis,
Srait® concluded that nitrosyl chloride {NOCI), chlorine (C1,), nitsogen

{M,) and nitric oxide (NO} ave si as
The fol g Smit g as youtes to these impurities;
3HCL + HNO ~»NOCI + C1, + 2H,0 . {1.2)
3G1, + 2NH,NO 9N, + 2HNO, + 6HCL .3
3 1, 4]
Cl, + NHNO_->2NO +25C1 3 H,0 (. 4)

The principal potentizl advantage of the 3gueous process Aver
the current commercial process for nitrons ovide, viz, ammonium
nitrate pyrolysis in the melt, appeared to be the large saving that
might be effected by substituting » lower grade ammonjum ritrate
{e.g. fertiliser grade) for the special, move cxpensive, nitrons oxide
grade that is now used.

Although this potential was recognised early on, the original
work was not followed up umtil recently, when fertiliser-grade am-
soonium nitrate, after an absence from the market of many years,
once more became resdily available.

In brief 4thoyear research projects in this Department, two

* tudents, McD,J. Henmesy and Mr A, Ismail, carried out an empirical

atudy of the effect of a number of
the rate of Nzo production and {b) the Cl, content of the gas produced.

parametsrs in the system on (a}




Their results seemed to confivm the potential of th aqueous process.
This report describes = more detafled investigation of the

hlorid y ition of

nitrate in squeous
media. The object of the atudy was not ouly to gein an understanding
of the impostant pavamsters affecting the xate of produstion of M,0
28 well as that of the impurlies, but also to obtain Knatic deta for
the reactions. Since the ultimate aire was to develop the squeous
process as an alternative to the current melt process, the kinetic
data were sought for their usefulness in the design of a prototype
plant based on the aqueous process. it was alsc hoped that these
data would shed light on the reactions involved, possibly leading tothe
ing of their i
After initial b 23 1 et £ ¥y b h 1

plant was comstructed, and the aguecus process successfully tried

out in continwous runs each of seyeral hours' duration. The results

of the bench~scale plant work permitted a Tough assessment of the

potential of the aqueous process. Steps are now being taken, in cole

Isboration with a firm of chemical r-zineers, to comstruct a proto~

type industrial-size plant,
1 rate

of mitrous oxide, chlorine and mitrogen, These indicate that the mechan.

are for the p

isms of the reactions in this system are highly complex, Further
experimental work would be required before complete mechanisms
for the reactions can be postulated, and this has been vegarded as
falling outside the scope of the present study.

1.1. Thermal Decomposition of Ammonium Nitrate in the Melt
Pure jurn nitrate (b d to AN} melts at

169,6°, Small amounts of muisture s iwmpurity markedly lowers
the melting point. * AN undexgoes slow sublimation even below its

melting peint znd, as may be expected, the rate of sublimation -

creases sharply with Tising temperature,

Even below the melting point, the dinsociation of AN by the

endothermic xeaction:




. NI’lék\K)a'—il-I!‘I()3 + NH3 B, = 441, & keal mol-1

becomes noticeable. © Upon raising the temperature in the melt,

(.5)

AN starts to decompose into nitrous oxide and steam according to
the exothermic reacdon (1. 1), the reaction becoming sigaificant

st about 210° {vef, 4). At higher temperatures the following exo-
4

thermic sid becoms si; 1
2NH,NO,~#N, + 2NO +4H,0 AH = =6, 9 keal mot™ (1.6}
~1
4NH 4Nt‘J3 ~¥3N, +2NO, + Br{zo AH = «24, 5 keal moll {.7)
2’.NH‘§N03—-)ZNz + GZ + 4320 AH = -28, 5 keal mol” {65
The of AN in the melt ding to

the stoichiometric equation (1. 1) is surprisingly poorly understood,
Decomposition only sets in after an induction period, during which
the melt becomes acidic by prefsrential loss of ammoria, owing to
the greater rate of diffusion of ammonia over that of nitric geid
(rets. 3-9),

The yeaction is first ovder
and Wise ! found that, when starting with pure AN, the initial rate

710 Lith respect to AN. Woud

of : was also to the of nitric

acid in the sample, They also showed conclusively that while the
presence of (excess} ammonia in the melt or in the vapour phase

above the melt hi it the of free acid

in the melt was a prevequisite for the onset of decomposition. On

fhe basis of their own and earler data they postulated the following

mechanismg
NH,NO, a8t u, + N0, (1.9)
'+ ¥ NO, 0¥ i No, + H30+ (1. 10)
WH,N0, 25 N,0 41,0 @

They remarked that no definite conclusion could be draw.: ¢ acorning
11
the identity of the intermediate, although isotopic analysis =~ pointed

to the of an ical i such as

(WF,NO,). Nitramide now ssoms o be genesally sccepted as the
precuzrsor for mitrous oxide.
) Various valuss have been reported for the activation enexgy

“for the thermal decomposition of pure AL - veaction L1 - wvizm




{refs. 12 and 13), 31,4 keal mol™> (ref. 5), 39 keal mol
(ref. 14), and the moxe recent value of 49,45 keal mol™" (ref. 10).
These values are probably mot drectly comparable, The sbove values,
other than the last quoted, are probably too low since no steps had
been taken in those studies to purge the mslt of HNO,, knows to
autocatalyse the Teaction

Rate constants repoxted in the Literature for N,O evolution
show a similar variation, Keeman's value'C of 6,64 x 1077 sec™ ot
250°%, being lowes than most of the others, is probably also the

most reliable, for the reasons given in the foregoing paragraph.

1,2, Thermal Decompositfon of Ammoniuzm Nitrate in the Melt
Catalysed by Chloride and Other Additives

It has been knowa for a considerable time that the preseace of

chloride in an AN melt catalyses ifs dscomposition 15 and at the

same time increases the N, contest of the product gas, @ N, cont-

ent as high as 70 per cent having been reported, \° The miest extens-

ive studies of s system have been those Taported by Keeman sl

initriadest® who a detailed hani for the

leading to both N, and N,0 on the basis of theiz kinetlc data,
Impurities such as Co, Cr, Ma, Ni, Cu and other halide lons

catalyse the side reactions {1.6), {L.7) and {1 8). The presence of

these impurities, as well as organic substances, also greatly in~

creases the sxpiosion hazards in both solid and molfen AN,




CHAPTER 2, THE AQUEOUS PROGCESS FOR de

PRODUGTION: BATCd EXPERIMENTS

2. .- Introduction

Smit's early work'™ indicated that, while high rates of N,O evolut-
fon may be obtained over & wide range of experimental conditions,
the gas contains up 1o a few per ceat of Cl, and N, as impurities.
While the CL, could be readily removed from the product gas by =
suitable scrubbing step (e, g. with NaOH solution), it is desizable to
find optimum conditions under which the rate of N,0 evolution is
highest and the CL, content at the same time the Iowest, The prescnce
of N, does not present a problem as auch, nasmuch as it may be
removed in the same way as in the curent process {see chzpter 5}
Production of N, as impurity would only be of importance insofer

26 it affects the N,0 yield.

In preliminary work, the results of the 4th year students Hen-
nesy and Ismail were confrmed. Thns when the reaction conditlons
were "gevere", i.e. whea the AN and/or acid andfor chioride fon
concentration, as well as the femperaturs, was high and the amount
of water in the system low, NO and NO, (snd possibly also NOGH)
wera tndeed produced as impurities, along with N, and Gl the gas
showing a isk ion, Under such the highly con-

ntrated HNO, and HCl in the mixture evidently terd io show the
3

properties of agus regia,

Highes 1,0 evolution vates were found when the copcentrations
of AN, nitric acid and hydrochloric acid; as wel as the tempexature,
were individually increased, although the effect of dovlling the HCl

was diy low, The nsed in these pre-

liminary experimeats wae similar to that used in the work described

in the next section.




13

Addition of ammonium sulphate to the mixture had very little
effect on the Nao evolution rate, but led to a significant reduction
in the C:L2 content, Replacing nitric acid with an equivalent amount
of suiphuric acid had the effect of reducing both the Nz() evalution
rate and the Cl, content of the gas.

2,2 Quantitative Measurement of Np and Clp Contents of N0

Sampl.s as a Function of Reaction Viyriables
. as stated earlier, was
to try to find conditions under which the Cl, {ana Nz) content of the
gas product is low, while at the same time 2 high rate of N,O

fon is achi o i

“The ohject of this series of expeximents,

d, As an i de~1: more Msever
reaction conditions were also tried out to test the possibility of
adapting the method for simuitaneous production of N,0 and Cl,.

2.2,1, Bxperimental
2211 and Analytical Methods
AN chemicals except for nitric acid (commercial grade) wese of

Anatar purity, The

acids were

by wp=~

propriate dilution and titration with standard ga 0,1 M NaOH - lution,

ueing phenolphthalein as indicator, The nitrous oxlde purging gas,
supplied by African Oxygem Ltd,, was of high purity {99, 9% N,0)
The potassiurn iodide solution was 0,5 Min KI and was acidified with
H,50,

The apparatus (Fig, 1) used to determine the nitrogen and chlorine

content consisted of a 4-necked, 2-litre, Q/Q flask as reactor, fitted
with & thermometar pocket reaching into the reactants, and a purging

inlet tube, to which tha N,O cylinder was comnected. A cofl céndenser
was fitted at the top of the flask, As shown in Fig. 1, an adaptor was

fitted which d a tube

stapeock and a T-piece for connection to two trains of wash botiles

to a U-tube 4

containing the KI solution, Gas passing through the wash bottles was

< collocted in & gas collecsion assembly ronsisting of an inverted 2-litre

measuring cylindex filled with saturated potassium sulphate solution,

2 vent
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na 1 and na13), product gas was slowly admitted into the KOH txap

-a8 indicated In the figure, {Nitrous oxide 3= said to have a very
low solubility in this medium),

Also comnected to the reactor was a 150-ml glass vessel
filled with KOH pellets. This served as a trap to absorb moisture
and Cl, from the product gas. To the outlet side of this gas trap
was connected, via a needla valve, a 250-ml gas pipeite, which in
turn was connected to a Speedivac F,§ 35 vacuum pump, The reactox
was heated by means of a 500~watt heating mantle of 3-litre capacity.

Analysis of the gas samples for N, was done in the laboratory
of African Oxygen Ltd., using their routine gas chromatography
rethod for N,O samples, A Varian Aerogral (Sevies 1407) gas
chromatograph was used, Molecular sieve 5A was the stationary
phage, Argon was use? as the carrier gas.

The Cl, content of the gas was found by titration of the iodine
libsrated in the KI solution contained in the two wash bottles with
standard ca 0, 1 N sodium thiosulphate, The method for calcwlation
of the cl2 content of the product gas is described in Appendix A,

2.2.1,2, Procedure
Reacti ining varying itien (tables 1 - 3) of AN,

cone, nitric acid or ic acid, cenc. hy loric acid,

chloride and water (as well as ammonium suiphate in some cases) wexe
placed in the reactor flask. The apparatus was evacuated amd N,O from
the cylinder passed through to displace the remaining air. The operat-
jon was repeated once more, Finally, the side arm containing the
KOH trap and gas pipette was evacuated.

The reaction mixture was now heated at full load of the heating
mantle to the temperature indicated in Tables L=3.. At the same
time the valve V war 1sed to vent gas slowly to the atmosphere at
such a rate as to maintain a manometier Pressure reading of about
5 cm above atmosphevic (ga 625 mm of Hg),

The sample for Nz analysis was collected as follows. After the
wnixture had reached the boiling point {except in the case of runs




TABLE 1. CL, and N, tmpurity levels in gas obtained from different
reaction mixtures. The mixture in each run also contained

4
i
|
|
{
i
|

300g of AN.
Ran Adidused*  HCL* IO, Misturs Q1 Ny
; No, and vol inml ml ml temp, °C % %
i 1 N0, 300 15 300 103 1,37 0,9
: 2 HNO,, 300 15 300 10 1,48 0,95
: 3 H,80,, 80 12 170 110 L6 L1
4 7,50, 12 170 110 1,65 1,12
5 HNO,, 300 15 300 115 L,57 0,97
6 HNO,, 200 15 200 163 1,9 L3

TABLE 2. Cl, and N, impurity levels in gas obtained from different
reaction mixtures; Influernce of (NH,),80, additive,

r . . Rup AN, HNO,* HCL* HO, (NSO, Mmre Gl N, Rate
Noog om0 om = 2 tempC B %
7 160 150 8 300 132 107 0,5 1,7 Slow
8 160 200 i2 200 132 109 0,42 1,6 Slow
9 160 250 10 200 132 111 0,55 1,9 Fast
10 160 250 30 200 132 P33 1,1 2,1 Fast

TABLE 3, Cl, and N, levels obtained under "sevese" conditions.
(Temperatures given are the boiling points of the mixtures;

except in run 13}

Run AN, HNO,* H,S0,* HCL* H,0 NB.CL Mixmre Ny
mt

Ne. g md mL m g teme’c B

i1 300 50 - 200 300 - 102 8,0
12 300 50 - 200 100 - 108 2,5
13 300 50 - 200 100 Ta 98 11,9
w20 - s6 100 100 50 10 14,5

! % The acids used had the following concentrationas HNO,, 11,90
[ HCL 12,0M; H,S0,, 18M




‘to reach the same pressure as in the reactor flask, After about
30 sec the ne¢dle valve N was slowly opened to admit gas into the
gas pipette. The frap and gas pipotis were now closed off fiom the
reactor, and the gas pipstic evatuated, The same procedure was
xepeated, finally allowing the gas in the gas pipette to reach the
same pressure as in the reactor vessel The gas pipette was how
removed for subsequent analysis of its contents for N,.

i Ju with the ion of the sample for N, analysis,
product gas was allowed to pass through a train of wash bottles, to

be collected in the 3 tinder, until a known valume (nsually
2 900 m1) had been collected. The wash bottle train was then isolated
for subsequent determination of the free iodine lberated Wy the Gl
a8 described,

The volumo of the gas collected in the measuring cylinder
was read off after adjusting the cylinder until the height of liguid
was the same inside and outside the cylinder, The atmosphecic pres.
swre and the temperature of the potassium sulphate sclution were

recorded,

2.2, 1 3. Results and Discussion

The results are given in Tables 1 - 3 and plotted in Figs. 2 and 3,

In the absence of added (NH,),S0, there is a roughly linear relation-
ship between the Nz content and the C12 content, Table 2 and ¥g, 2
show that while the ClL, percentage may be reduced by adding (120,50,
to the mixture, the N, content actually increases.

2
The ibility of si ion of NZQ and large
of Glz was i jgated by selecting more "sever react-

ion conditions, Table '3 and Fig. 3 show that, as the Cl, content of
the gas increases, ¢o does tha N, content, Although a GI, content

as high as 21 per ceat was achieved by addition of smmouium chloride
and using H,S0, instend of HNOy, the accompanying high N, content
(and tharefore the greatly reduced N0 yield) would probabdl rule out
the bility of ial ication of such a system,
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CHAPTER 3, THE AQUEQUS PROCESS FOR NpO

PRODUCTION; BENCH-SCALE PILOT PLANT EXPERIMENETS

3. 1. Introduction

The purpose of these experiments was to demonstrate the feasibility
of the aguecus process as an alternative to tha current process for
N,O production and to ghiv some insight into the problems that might
be cncountered in the operation of such a process,

The aqueous process differs in a mumber of important respects
from the current melt process, Since water is one of the decomposite
ion products of AN and, moreover, since AN weuld prabably be fed
into the reactor as an aqueous solution, .water has to be removed con-
tinuously from the syster, at least at the same rate as it i formed
by reaction (1. 1), Operation at, or close to, the boiling point of the
solution is thus indicated, The wapour will, of course, also contain
HNO, end HCl, which need to be returned to the misture. Thus it

is pecessary to inciude a fractional distillation coluran s¢ az te

allow retention of the acids while achieving the desired rate of water

Temoval,
HC1 is slowly ir. the vitabl ion of Clz.

Moreover, since the water Tomoved from the system would contain
a small amount of acid (HCl, as well as HNO,), provision would
have to be made for the continwous replenishment of both HCI and
HNOy, if steady-stat itions are to be achieved

the effici of the process, yields

2nd the levels of impurities could be investigated more simply in
batch rms, For this reason a single reaction mixture, which was
believed to be very close to the "best® (or optimum) composition,
was chosen for all the experiments described in this chapter, except

for those in which the operation of the fractionation coluran was




tested, This starting solution had the compositions
; : 300 g of AN

300 ml of conc, HNO,, 11,98 M

300 ml of water

15 ml of conc. HC1, 12,03 M
in a total volume of about 800 ml.

3.2. Experimental

32 L and_Analytical Methods
Solid nitrous oxide grade AN, manufactured by AE and CI Ltd.,
was kindly supplied by Union Liquid Air Ltd,, The fortiliser grade

AN, as a 60% (w/w) solution, was obtained frum tue Sasol worke.

The acids were of Analar purily, except for the nitric acid {com-

mercial grads), The sodium was also a ial grade

product. The silica gel drying agent was activated by drying in an
aven at 110° for tvo hours. .

The chloride iw and total acid concentrations in the zeactor
were i by & i ing a small sample into
2 tared weighing bottle, determining the mass of the sample, and

titrating consecutively for acid (with standard NaOH solution, phenelph~
thalein as indicator) and chloride (Mohr's method) aiter suitable
dilution, The bottoms product and condensate were amalysed in the
same way.

Samples of product gas were analysed for N, by ges chromato-
graphy as described in section 2,2.1, 1. Samples of the crnde gas,
collected at a pressure slightly sbove atmospheric, were analysed
for G, as follows: The gas pipette was immersed fox 10 minutes in
water of known temperature. A stopcock was then opemed to adjust
the pressure to atmospheric, A funnel wes comuected at one end, 2

suitable volume containing an excess of KI added, and the KI golution

introduced intp the gas pipette by chilling the pipette in lce water.
After shaking to ensure complete reduction of the CL,, the Mberated
jodine was estimated by titration with standard thiosulphate solution.




‘Starch indicator was added near the end point.
Efforts to analyse the crude gas product for Cl, by passing a
known volume through a traln of wash boitles contaiming acidified
KI solution, as in the cxperiments describod fn section 2,211,
wezxe abandoned. This method .esulted in a buildwup of pressure in
the y 3

the reactor vessel, thus

3.2.2, Design of the Beach Scale Procesy

The bench scale process was developed in collaboration with Mz
4. Roukens de Lange, of the of Chemieal £
University of the Witwatersrand, who designed the fractionntion

column and worked out mass and heat balances for the whole sysfenm:.

(For details of Mr de Lange's calculations see Appendix B;)

3.2.2,1, The Reactor Vessel and
i with hatch exp indi that the 800-ml reaction

mixture chosen, the composition of which is given in Section 3.1,
would at its beiling point initially give gas evolution at a rate equivale
ent to the consumption of about 8 g f.e. 0,1 mole) of AN per minute.
The design was thus based on a contimous foed rate to the reactvr

of 8g of AN per minute,
ically in Fig, 4. A 2-litre

The is shown dag
round-bottomed flask was used as the reactor, This was fitted with

a thermometer pocket, inlet ports for the iniroduction of the various

ting a an exit

a pert for
for the gas and vapour, as well as a sampling point and a level
indicator loop. In the latter runs, six glass tubes of dimensions
15mm x 15mm were added to the solution to susure smooth boiling.

From the top of the reactor flask, the vapour passed into the
fractionation column via a 10mmi. d. gliss tube, as shown in Fig, 4.
Heating was done with a 500-watt heating mantle of 3-litre capacity,
which also supported the reactor vessel. Peristaltic pumps of various

makes were csed as motering Pumps.

3
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3.2.2.2. The Fractionstion Column

This consisted of & glass column, of iuternal diameter 25 mrm, and
was capsiructad in theee sections, with a fotal leagth of 2,5 m.
Ball and socket joints were used to conuest the various sectlons

of the column and other sections of the apparatus (Fig. 4). The
packing of the column cousisted of 6mm x bmm glase Raschly rings,
the fotal height of the packed bed being about 7,3 m. The bed was
supported with 2 restriction made at the bottors end of the column,
‘The entive length of the colurn was lagged with an inside layer of
cotton woel, and aluminium fofl on the outside.

The fractionation column was connected directly to a one~liire
xound-bottomed reboiler which was supported by a 300-watt, one-
Htre heating mantle. The reboiler was fitted with a level indic-tor
loop (Fig. 4). Provision was also made for = sampling port and
an exit tube for xecycling bottoms product ta the reactor.

3.2.2.3, The i of the Bench le Plant

From the fop of the reflux column the vapour passed into a coil

condenser (Fig. 4). The waste water condensate was collected in 2
flask fitted with an outlet drainsge stopcock (used also for sampling)
and an exit tube for recycling part of the cundensate to the top of
the fractionation column. The waste condensate building up in tae
collection flask was drained perivdically, and always shortly before
sampling,

Nonecondenssble gases then passed into the bottam of a NaOH
scrubber column, of dimensions Z,5emi.d, x 50cm, packed with
Raschig rings of the same size as those used in the fractionation
colums, A B per cent NaOH solution was passed into the top of ".
scrubber for removing the CL, impurity from the gas stream. To
improve the efficiercy of the scrubber, it was run uader Slooded
conditions in all but the first of the series of full-scale experiments.
The Arainage stopeock of the receiver vessel was thus adjusted

ranvally to give a drainage rate such as to baiance the NaOH. solut~
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ion feed rate of about 5 ml per min, while maintaining the column
in a fully €ooded condition,

Gas from the passed through an
ice-bath cold trap, to remove most of the water vapour. Next in
the train was a silica gel dryer, followed comsscutively by a rota~
meter and, for full runs of the plant, an integral flowmeter, In the
latter runs of these experiments the two dryers (Fig, 4) were used
in series, with the second dryer packed with NaOH pellets. The
NaOH pellets were introduced to remove traces of chlorine passing
through the NaOH scrubber.

Drovision was made, as shown in Fig. 4, for the collection of
purified gas samplos, for N, amalysis, in evacnated gas pipettes,
1.

using a Speedivac E. S 35 vacwam pump, as well as for the diroct ®
lection of crude rwactor gas, for CL, snalysis. In the litter case,

gas was passed through s gas pipette until the air was comsiderad

to have been fully displaced. In the tochnique adopted the rate at
which crude gas was allowed to escape into the gas pipette, was
carefully controlled by means of the stopeock X in such a way as to
enaure a mare or less constant pressure in the Teactor, as indicated

by the manometer,

3,2, 3. Procedure and Results

3,% 3. L. Testing Reactor Operation

As a first step, the operation of the reactor was tested separately,

omisting the fractiondtion column and remainder of the apparatus.
Initially it was attempted to use an 80% (w/w} solution as the AN
feed. However, this solution has to be kept hot (y100°) to prevent
crystallisation, It was only with great difficulty that the formation
of crystals in the tubes leading from the thermostatted raservoir via
the peristaltic pump to the reactor could e prevented, To facilitate
the matter, 2 60% (w/w) AN solution was substitted, It was found that
the syster could readily handle this extra burden of water that needed

to be I all the riments ribed in the

sections, the AN feed was a 60% solntion, The AN solution (kept




at Toom temperature) was fed into the reactor at a Tate of 10ml min"),

which actually represented a feed ate of 7,62g min™" of AN compcza
-1

ed to that of 8 min~  earler decided upon, The heating mantle was

operated at full load, and the vapour emerging from the reattor
passed into a coil condenser, the being ina

reservoir for subsequent analysis. At the second attempt, reason-
able "steady i were achieved. The flow rates requlred
were as followsi AN solution (fixed), 10mi min”™} 6,0 MECL, 2,5ml
mis™} 13,9 MENO,, 5, 0ml min™; water, 8 7mi min~l, (A dilute

HCL solution was used since the concentrated liquid attacked the

silicone rubber tubing of the peristaltic pump).

The rate of gas evolution initielly ¥ose to 3,51 min™ (st amblent
ter.perature and pressure), then dropped to as low as 1,21 mixi..l,
rising again to a value varying between 2,2 and 2,8 Lmin"": (The
theoretical rate for steady.state conditions at a feed vate of 7, 62g
min~} of AN is about 2,6 1min" " at the ambient conditions,) The
duration of the experiment was about 57 hours, about half an hour
having boen taken to heat the xeactor solution to its boiling point.
Gas evolution was first perceived whun the Teactor solution reached
78°,

Initlally, when the mixtuxe first reached its boiling poinst, the
temperature rose to as high as.110,5% This was accompanied {and
apparently cansed) by & rise in the pressuze to 19¢m of morcury

sbove the ambient and (2a shoun in the foregoing paragragh) an un-

usually high rate of gas £ Afte: s the and
manometer readings dropped and continued to fluctupte in the ranges
107,5° - 108,5° and 5 - 6 cm, reapectively.

This pattern was ted in all tes &

rise in temperature, whether caused by changes in the composition
of reactor solution or by a rise in pressure, always lead to an
enhanced vate of gas evolution

The slow rates Teported dbove wele caused by poor control of

feed rates, leading to an increase in thy volume of the reactor




‘solution or a drop in ome or more of the zeaction paramefezs such
as HCl ox HNO, concentration, as indicated by periodic analyses
of the reactor solution for total acid and chloride,

Analyais of the i, gave the™

ng

HNO,, 0,49 to 0,72 M; HCl, 0,037 to 0,091 M. Values. towarde the

end of the run, whon the system had achieved the closest approach
to steady-state, were: HNOy, 0,54 M; HClL 0,091 M. Oxly ome sample
was analysed for clz and was found to comtain I, 28 per cent (v/v).
The calculation was made as before (Appendix A).

3.2.3, 2. Testing O; ion of ¥ i ion Column
In the first run, 1000 ml of an acid solution, 0,141 M in HCl and

1,18 M in HN03, was placed in the reactor vessel, These values

ges of the of the distillate in runs

with the reactor omly (see foregoing paragraph), Five hundred milli-
litres of an acid solution 0,85 M in HCl ard 7,50 M in HNO3 was
placed in the reboiler. These values were obtained by Mr de Lange
in his mass.balance calculations, When the reboiler gpolution was

beated to boiling in the start-up of thie run, NO, fames appeared.

as the ded, the NO, fumes disappearsd,
indicating that the reboiler solution was being diluted, At th staxt,
pure water was placed in the condensate receiving vessel

The untt was operated as a closed system, condensate being
refiuxed into the top of the column at the same rate as it -was being
collected in reservoir WR, and bottoms products belng returned fo
the reactor at a rate to give 2 ateady level in both reactor and
reboiler,

Samples were periodically removed from the two vessels and
analysed for total acid and HCL At the end of the two~houv experiment
the bottoms product had reached the steady analysis of 2,01 Min HNO,
and 0,23 M in HCL The concentrations in the reactor had, of course,

visen at the same time, to accommodate the acid that had been removad

from the reboiler.
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Samiples  ondenmsate were also analysed periodically for

total acidiry, x an initial value of 0,102 M, it dropped to 0,093 M

at the end of the run. These azalyses give an indication of the efw

ficiency of the fractionation columni from a reactor solution of total

acidity 1,32 M, a distillate of acidity 0,10 M was oblained.
Subsequently, in the first run with the full bench-scale plant,

a solation 2,01 M in HNO, and 0,23 M in HG! was ussd as charge

in the reboiler, Thersafter the solution remaining in the reboiler

was not changed from one full run to the mext, although a check

was, of course, kept om its fon, which

as the rate of reflox in these runs varied.

3.2.3.3, Full Runs with the Bench-Scale Plant
In the first series of runs the 60% (w)'w) AN feed solution was made
ap from nitrous oxide grade AN, In the first zun, HGl and HNO,-
were fed into the reactor by means of a single soluticn which was,
by calculation, 3,93 M in HC! and 2,58 M in HNO,. (This expedient
was followed because of the lack of sufficient peristaliic pumps.)

in the

In this run, no glass tubes were wsed as "boiling stone:
eactor. At the start of the experiment, 250 ml of pure water was
placed in the WR flask (Fig, 4) as reflux liquid,

The start-up procedure was as follows, Heating of the weboilex
solution {at full load of the heating mantle) was done until about two
ihirds the lengt of the fractionation column hed been heated up by
the vapour before starting heating of the reactor vessel Aftex about
half an hour the reactor solution reached boiling point, aud the meter-
ing pumps for AN solution, Hcllmvo3 mixture, condensate and NaOH
colution wers started. Heating with both heating mantles was comtinued
st full foad throughout the experiment,

The run was of 8 hours' duration. The gas evolution rate reach~
d the value of 3,8 Imin™) initially, as a boiling poiat of 109,0°
2nd a pressuse of 13 cm above atmospheric were recorded, but

these values soon dropped, and about an howr after start-up (L e.




after gas evolution for ahout half an hour), fairly steady conditions

were achieved, with the gas ion rate batween 2,5
and 2,81 min"l, the temperature between 106,7° and 108, 0%, and
the pressure between 8 and 9 cm. Analysis of the gas product gave
€1, valuea of between 0,84 and 1,5% {the lattes valve baving been
obtained apparently whes the HNO, and HCI concentrations woze
simultaneously bigh compared to frose of the starting reactor solution).
. The condensate had a tofal  dity of only 0,019 to 0,04 M (the

lattex was obtained when acidities in the reacior were high), compared

to a value of 0,10 M in the with the f; i column

only. This fivesfold imp in ton column effi

evidently resulted from the large non-condensable (laxgsly N,0)
component in the yapour stveam in the present rmn.

Gratifyingly, it was found easier to control the operation of
the full b le plant and h steady-stat itions than
had been the case in the experiment with the reactor alons. Operation

of the system was controlled as follows, In the first inatance the
level in the reactor vessel was controlled by adjusting the pump rate
of bottom product into the reactor. The level in the bottom products
vessel was, in turn, controlled by adjusting the reflux vate of cons
aensate to the top of the fractiopation column. On the basis of aualys-
es of the reactor solution, metering vates of the HCH/HNO, golution

were adjusted. Analyses of the bottom product solution were recorded

to assist judging the attal of steady

The silica gel column used as dryer turned slightly yollowish
groen st the iulet side, probably by interaction with Tesideal traces
of Cl, not removed by the scrubber. The purified gas emerging at
the far end of the benchplant was shown to contaln residual traces
of CI, at times, showing that the scrubber was not 100 pew cent
efficient,

In subsequent rung, the HCL and HNO, wore added soparately

whea a2 further Itic pump became ilable, Two
were made in the vertical paxt of the level indicator of ths reactor




: to restrict oscillations of the liquid level in the loop, which made
readinge difficult, It was also at this stage that glass tubes (I5mwax
15mm) were introduced intn the reactor to promote smoother boiling,
and that an integral rate meter was introduced into the train(Fig. 4),
Table 4 and Fig. 5 show the results of a 4-hour run with
nitrous oxide grade AN using the bench-scale plant with all the modi-
fications descvibed above., {These are all incorporated in Fig. 4.)

These data skuw clearly how the gas evolution rate varies with such

as and The {here

the boiling point of the mixture) and the pressure are, of course,
coupled. There does not appear to be a clearly evident relationship
betwsen rate of gas evolution and the concentrations of HGL and HNO,.
Clearly, the variaticn of reactor solution temperature was the pre-
dominant effect. Too few saraples were taken for Cl, and N, amalysis

to allow even tentative i about the d of their

levels on the but the impression was gained

that the clz concentration {and hence probably the N, content as wall)
jncreased with increasing rate of gas evolution, (It chould be nated
that the integral flow meter readings in Table 4 are in error by the
amounts of gas that had bypassed it during gas sampling for N, wnd

c1, enalysis.)

The above 3 wes 1y i when the

stopeock of the sampling port on the reactor accidentally popped outy
and reactor solution was spilt on the heating mantle, putting out of
action its top heating element, With the reduced heat outpnt from
the heating mantle, the reactor soon went out of control in the sense
that the necessary rate of water evuporation could not be maintained
despite the fact that the solution contlnued to boil, With the ensuiny
dilution of the reactor solution, the rate rapidly fell off.

In the next, b-hour Tun a 60% (w/w) solution of AN of fertiliser

grade was used instead of the nitrous oxide grade material. Slightly
higher tates weve sbserved (Table 5 and Fig, 6), possibly because
of an error made in preparing the solution to the desized conceatration.
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“(This was done in a rather crude way at the Sasol factory.) An-
othex factor which mdy have affected the rate was the presence of
colloidal Tust particles, which were fortuitously introduced at Sasol-
burg when 83 per cent AN solution was drained from the production
line through a vather rusty pipe that had to be bent for the purposs,
The manometer readings, it is noted, are generally higher than
those of Fig. 5.

* Values for N, coutent of the gas product are not given foy this
Tun, Unfortunately, the detector of the gas chromatograph was defect-
ive at the time, giving spurious results.

In a 2-hour Tun with mitvous oxide grade AN the effeqt of press-
ure on the rate of product gas was tested. A ncedlo valve {N) was
introduced into the glass tube comnacting the rsactor vescel with the

fractionation colurmn (Fig. 4). It was found that by increasing the

pressure in the reactox to 50 cm (above atmospheric) and thus ine
creasing the boiling point of the mixture to 114, 1% a rate of product

gas as high as 5,5 1mm"1 was attained.

3,2,4, Discussion

R bl dy -state itions were readily achieved in the bench~

scale plant experi the 3 d in the rate of NZO

evolution being mainly due to variations in the boiling point of the
mixture, which were in turn caused by fluctuations in the pressure
inside the reactor. The cause of the latter wae mot ascertained
with certainty; we are inclined to ascribe this (except for the initial
rize at start-up) to fons in the drop

al.ag the flooded N2OH scrubber owing to variations in the level of
lguid in the column, which was manually controlled.

Fractiouation of the vapour is necessary fo enable HC1 and
HNO, carried over with the water vapour to be returned to the
reactor. Mitric acid does not appear to be consumed in eitheT the
foxmation of CI, or of Ny, and lossce of HNO oceur only a5 traces
carried over inmto the distillate which goss to waste, Some HOLis
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-consumed in the foxrmation of Cl?, and the HC1 in the reactor would
thus Kiave to ke contiaously replenished, albeit oo & very slow fiow

¥ete, The product gas always contains up to a few pex cemt of both

Clz and Nz. .

e S




KINETIC EXPERIMENTS

4.1. Imtroduction
From the i e in the i Chapters it is tlear

that several factors influence the rate of production of N,O and of
the impurities Gl, and N, during chloride-catalysed decomposition

of AN. The principal parameters aifecting these rates have been
shown in Chapter 2 to be the concentrations of AN, acid and chloride,

a5 well as the termpexature.

This chapter describes a defailed i sgation of the
of N,0, Cl, and N, evolution rates on the reaction parameters. Batch

weve designed to obtain 3 1 rate fona for
these gas evolution reactons with 2 view to selecting optimum con-
ditions for an industrial-scale plant for N,0 production. At the sarme
time it was hoped thai the rate equations thus obtained would enable
the idation of the i of the i involved.

The isclation method' | was used. Several series of reaction
mixtures, from which the chloride catalyst was omitted, were prepar-
ed. In cach of these series, where possible, only one parameter at
a time was varied. A lnown volame of such a mixture was placed
in the reactor and heated in 2n oil bath to the desived temperature,
whersupon the chlovide catalyst was injected, Gases formed during
the ensuing reaction weve swept out of the reactor by means of helium
sparge gas (passed through at a known rate). The concentrations of
N,0 and Cl, in the product gas wers measured contimuously by pasa-
ing the gas stream through the consecutive gas cells of a infrared

{for ing N,0) and a let spectrox
photometer (for measuring clz). A 4-way stopcock was incorporated

in the gas product line to enable intermittent injection of a gas sample




into a gas chromatograph for determination of the N, content.
Empirical zate equations for N0, CL, axd N, were obtained

from the variations of the vates of evolution of the respestive products

as fons of the

and acigity,

of chloride, nitrate and

The effect on the evolution rates of these gases of the tone
centrations of AN and !-IN(:»3 {where two parameters vary at the same
time} was also studied, These experiments were done for the purpose

of obtainine data directlv anvlicah'e to an $ndustrialescale vlapt {since
in & such a plant the real variables .xe likely to be Em Noj and

E}},Emo;] vather than Naj. Evcs' .
and E;:O to check the-ra:e-dal; Ol;:;hl!d for the individual variables
for consistency.

It has not been possible to propose a plausible mechanism fox

the -eactions in this system which would be in agreement with the

and acid concantration separately)

high a1 of the terms in the rate
equations. The isms of these ions are 1y very
complex. They appear to be sally & from those posmlat

16, ntosia

ed by Keenan and Di dysed

of AN {n the melt,

4.2, Experimental

4,2.1, Reagents and Equipment
Solid, nitrous oxide grade AN was used for all the experiments,

Nitric acid and sulphuric acid were of vommercial grade, The hydro-
chloric acid, and the chlorid
sulphate of sodium were of Analar purity, Standard ges mixtures
were pr-parsd by Union Liquid Air Ltd.

The apparatus {Fig. 7) consisted of 2 4-necked, 100.ml, round

Iphat nitrate and

bottomed Q/Q flask as reactor, fitted with a thermometer pocket,
an inlet port for the sparge gas and standard gases, and en injuciion
point closed off with a rubber septum. The reactor was immexsed
in & silicone oil thermostat bath, The load in the heating element

of the bath was controlled by means of & Variat transformex,
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A refiux condeaser was fitted to the top of the renctor. The
condemser was connected to 2 gas mixing tube and & oap-film flow-
meter, The 4-way tap aliowed continuous flow in both the reactor
off-gas streamand in the helfum camrier gas stream to the gas chromato
graph, In the reactor flow stream the 4-way lap was pasitioned
between the gas mixing chamber and the ultwaviolet cell in the veactor
off-gas stream. In the gas chromatagraphic flow stream, the 4-way
tap was positioned between the heliurn cylinder and gas chromato-
graph reforence cell. By turning the cock rapidly through 1800, the

same were agiin realised, but a 3 volume

(ca 2ml) of gas momentarily trapped in the borz of the cock carry-
ing the gas from the reactor was thus introduced into the ges chroma-
tograph.

The chlorine content of fhe gas stream was measured by the
absoxbance of Cl, at 330 am in a gas cell, fitted with silica windows;
with a Varian Techtvon, model 635, recording spectrophotometer.

The N,O content was obtained from the transmittance fat 2080 b'n-l)
through a second gas cell {fitted with polyethylene windows) in an
Infragraph H 1200 infrared spectrophotometer, The I, content was
determined with 3 Shandon UK.3 gas chromatograph, Helium at a

sate of 25 mimin~" was used as the cavrier gas. A U~shaped column,
ca 8 mmx 600 mm, packed with 60/80 molecular sieve 54, lot number
10270 (supphﬂd by Supelco, Inc. ), as the stationary phase. AlLI%y

were ] ily at room

4.2.2. Auslytical Methods
For a study of the dependence of the evolution rates of N,O, Cl,

and N, as fusctions of the various concentration prrameters, methods
wore required for quantitatively measuring the fnitial rates of product-
on of the three gaseous products. This was dome by sweeping out the

reactor vessel with a sparge yae at 4 'mown and vonstant rate, The

rates of producho:\ of N 0, Cl and N could then be determined

by the 1 of the three gases and




the tatal flow rate in the combined gas stream.

The N,0 concentration could readily be determined by measuring
its absorption at one of the peaks in its infrared spectrum (Fig. 8).
The peak at 2080 o™’ was selected, and the Infragraph was adapted
to record the i at this fixed as

a function of time, The was minimiged on

-1
the 2080 e peak to optimise the sensitivity of the spoctrophoto-
meter.

The Cl, ion was fently 4 from its
absorbance at 330 nm in the ultraviolet region, whe: Cl, absorbs

strongly (Fig. 9).

No convenient method was dilahle for

the N, concentration in the gas stream. It was thus necessary 10

resart to i 2nd gas

e : :
of NZ from NZD and CIZ

was achieved under the conditions desewibed in section 4.2.1, which
also gave good resolation of N, and U, (Figd0). The ability to detect
0, provided as intesnal check on possible contamination of the gas

stream with residval air,

4,2, 3, Procedure

The dependence of NZO' Clz and N2 evolution rates or the various

was i d by p ing in each series

of experiments a number of reaction mixtures {Table 6 ), the com~
position of which was kept constant but for the parameter being varied
In the preparation of the mixture the source of chloride iuns was
omitted, and the mixture made Up to 100 ml with distilled water, The
mixture was transferred to the reactor vessel as quantitatively as
possible and the apparatus assembled (Fig. 7), with the Teactor im-
sersed in the ofl bath, The Iatter was lheated o about 1°.5°

below the desired final temperature of 94, 8°, Helium gas wes passed
through at 2 known and constant rate to expel all air from the systen,

‘When the deaired temperafure had been reached, the chloride
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catalyst {in most experiments 1,5 mil of 12,0 M HCL) was jnjected by
means of a hypodermic syringe, Injection of the catalyst immediately
resulted in gas evolution from the reactor solution,

Because of the exothermic natare of the reaction (see equation
1.1), the temperature of the reaction mixture rapidly increased by
2 few degrees {the extent of the increase depending on the composition
of the mixture), aily ing a 3 value, The

temperature of the thermostat bath was at the same time adjusted
upwards by means of the Variac contral By trial and errox it was
found possible to choose a starting temperature and to opeyate the
Variac control in such a way that the temperature of both the reactor
mixture and the bath asymptotically reached the desired reference

of 94,8° (arbitrarily chosen).

Helium sputge gat was passed through the reactor at a known
rate controlled to within better than 3% throughout each run Except
for the first series, the product gases plus helium was passed through
a flowmeter {to measure the total flow rate), the gas mixing tube,
and then via the 4-way tap to the cells of the uliraviolet and Infragravh
spectrophotometers (Fig. 7). When 2 constant absorbance was recorded

by the ultraviolet spectrophotometer, the first samyle was introduced

{nto the gas raph for 1N, {The, iok
spectrophotometer was found to be = more semsitive method of detect-
jon of steady state flow conditions.} Three tv four samples were

taken for Nz determination in the course of each run.

The time, T 4 with a stop-watch, was periodically noted
on the recorder tracings. Flow rates were checked at regulax intervals
by means of the flowmeters. A typical set of recorder tracings and
a gos chromatogrom are given in Figs, 11, 12 and 13. The theoxy
of the mezsurements and methods of caliprating the instruments are

discugsed in the nexi sections,

£.2,4, Theory of Menguzements
4,2.4.1. Detr .1 of the NpO Rate
In calibrating the naragraph spectrophotamster,

two soap-film flowmeters
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were used to measure the rates of pure NZO {99, 9%) and of helium
sparge gas fed {rom cylinders into the xeactor, which contained 1.
solution 2nd was kept at room temperature. When the air-had been

fally displaced the p g d reached a

constant value, By keeping the helium rate constant and varying the

zate of N0 from the cylind i t i i.e. partial
pressures, were establiched in the gas stream, Values of the trans-

mittance were recorded carresponding to the different concentrations

of N,0. The i d were into 2
and these were plotted against the ratic of the partial pressure of
the NZO to the atmospheric pressure (i e, the fraction of NZO). This
ratio was calculated from the flow zates of the N O'and the He
streams by the relationship

Po o

T8
Faem  Pmp0+ Rre
where Py o % partial pressure of M,0

RNZ(): rate of N,O entering the reactor .
R, = rate of He enter’ , the reactor

He

P = tarometric presoure.

atm

The measured rates of the gasus were always converted to S, T. P,
Fig. 14 shows a typical calibration curve,

In the actsal experimental rum, the vate of flow of sparge gas,
helium, was measured before enteving the reactor, and was kept
conatant to within T 3%, The total rate of gas flow was moasured
with a flowmeter located as shown in Fig, 7. The absorbance, cal~
culated from the Tecarded transmittance, was then related to the
fraction of N}.O by tatexpolation from the calibration curve, From
the total flow rate of gases from the veactor, R, and the {raction
of N,0, the initial zate of production of N,0 vas calovlated by the

equation
4.2y
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Fig. 14, Calibration graph for N Q.
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4,2.4.2. Determination of the Clp and Nz Rates

Standard gases of 0,87% (v/v) Cl, in N,0 and 1,8% (v/v) N, in
NZO weye used for b i the i and

the ges chromatograph for Cl, and N,, respectively, As before,

helium at a constant rate \vaszpassed through the reactor together
with one of the standard gases at varying flow rates. Calibration
gra hs were constructed relati~g absorban » in the UV {for CI,)and
gas chromatographic peak height (for Nz) against the ratio of t;:e
fraction of Cl, (er NZ) in the gas stream to the Gl, {or N} in the
standard ge : {Figs. 15 and 16)as follows

Rolp - N30

F o=t tT20 (e (4.3)
Ciz I.RC12 - Nz0 * Ry, Gl st
Ry, - M0
2 - Mo

Foo= - (7. 4. 4
Ny E‘Nz N0 ¥ R 0 Ny st fas)
where R and R axe the flow rates of the standard

Clz - M0 Ny - N2O

gases G and N, F) and Fyo 2re the mole fractions of G} and N {n the
gas strecm, and (sz)s: and (FNZ)S o 87¢ the mole fractious of
Cl, and N, in the standard samplos.

Although the quantitative relationskip of pesk arvea to amvunt
of N, (partial pressure of N, in & constant volume) iz lin:ar over
a wider range of conditions, the relationship of peak height vo amonnt
of N, was adequate for our purposss and much mose convenient.

In the experimental yuns, calibration graphs for N, were al-

wayse determined immediately before the aciual series of rans, to

allow for day to day vaviations in itione of the gas
chromatograph. On the other hand, the calibration cvrves for Cl,
2ud N,0 were zot subject to variations in ambient temperaturs and
pressure, and thus & single calibradon surve (whick was checked
- pericdically) could be used throughout the entirs kinetics study,
The initial rates (st § T.B.) for Cl, and N, wexe determined
from the squeions

acty Repp =0 7] Pe
2 & o {F ., ) th 1P, {4.5)
& EClz T30 Fine ) Gg'Sw Ttotal Po
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§ ax - s (Fm)sm Ryptag {8 6)
{ whore dCIZ/dt. 4N, /dt are the initial rates of Cl, and N, in

ml 17, zespectively. R, is the total flow rate measured in the

total
system, Pg and P the barometric pressure at the time of the ex~
perimental run and at the time of when the calibration graph was
determined, respectively, and (Fc12)sm and (Fyg ) the mole fractions
of G, and N, in the standsrd samples. The quantities R, /
Clp - NpO'

c)l - N0 +RHE)and Ry Nzol‘RN ) + Ry ) were caloulated

fromh e calibration graphs.

The derivation of equations (4.5) and {4.6) s given in Appendiz C.

4.3, Eesults
For a study of the imitial rates of production of N0, Cl, and N,
as a function of the concentrations of acid, nitrate, chloride and
ammoniuwn 50ms, it was desired in each series of experiments to
vary the concentration of osly one of the components which affected
the rate of product svolution at a time. To fiis end, the following
compounds were used as variables;

H SO where E‘l]waﬁ varied

NaNO where [NOTJwas variea

NaG whese f1] vas vasiea

(1 4)250 .whare
In these experiments eithor so

15, g varied
" or Na* are thus introduced as
foreign ions, 2nd it was necessary to verify the assumption that

(or 2 ble one) on the

their had no i
i in the system.

The influence of the presence of Na¥ and so on the rates
of production of NZO with a typical reaction mxxnu-e wag stadied
by including 20 g of N3,50,, (vhich was near the maximum amount
that could be dissolved) in IDL, 5 ml of reaction misture. Table 7

shows thst the presence of Na SO had no sigpificant efiect on the

rates up to the maximum cencentmt\on of Na,50 4 tested.




In the course of a series of experimental runs the rate of
spazge gas helium was adjusted to ensure that the insfruments were
operating in their most sensitive regions. To check whether the zate
of sparge gas flow had any influence on the observed rates of product-
ion of N,0, Cl, and N, a sewies of experiments was cervied out

in which varyiny rates of sparge gas was used with reaction mixtures
of fixed composition, Table 8 shows that the measurement of rate

is independent of the sparge gas rate.

4.3, 1. Deteryipation of the of the Ci ion Terms

in the Rate Equation
The rate of product (N,0, Cl, or N,) evolution was found to be bigh-
1y upon the tons of H, NOj, C1° and NH] in

the reaction rojxture. The exponent of each of the concentration terms

which appear in the ion for rate of P ton ol elther N,0,
Cl, or N, was determived fram the slope of the straight line ob-

tained when the it of the i 1y i rate of

gas evolution was plotted against the logarithm of the concentration
of the component which was varied. The validity of this trestment
is shown below.

Consider the expression

Ra¥ G
where R is the rate of product i k' is 2 p i ta:

which incorporates the vate constant and each af the concentrations

and their specti of the which bave besn

held constant in the G, in the ion of the com~
ponent which is varied and x is the ewponential dependence of the
yate on the concentration of that component.

By taking the logarithm of each side of equation {4.7) we have:

log R = log k' # x log G, “.8)
Since log K is a comstant, a plot of log R versus log G, should have
a siope of x.

In this study the value of x was detevmined in each case for




5
t
{

TABLE 7. The effect of Nr:,,SO4 on the rate of NZO evalution.

50

Mixtare 1 Mixtare 2
3 N0
{mol sec™) (mnlz secT}
It x 1
35 g NH_NO, 35 g M3, NO,
+ 5,85 + 5,78
40zl BN, 128 40 mlHNO, 12N
3
H,0 +
100 ml solution 20g Nazso A
e laye
* 100 mi soh Hon
+
1,5 ml HCI 12N 54, 8°
+
1, ml HCL 2N R
TABLE 8, The effect of varying rates of helium on the rates
of N»O, Clp and Nz production.
Misture Rate of He | Rate of N,O | Pate of Cl, | Rate of N
(mifsac) (mot seg?Y) | (mol sectf | faaol sec
x1078 * 1078 x 1078
30g NH,NO, 1,99 20,4 34,3 21,7
30ml HNO, 128 31 21,0 35,0 21,9
+ 1,5 19,8 34,7 21,1
11g NaWO,
1,0
100m1 golution
194, 8
1, 5ml HC1 12N




the straight-line plots obtained by doing a least squaves fit, with a
95% confidence limig on a Fewlett-Packard "Calculator®,

4,3.2. Rate D ies on Acid Ci
The exponential dependence of the rates of evolution of NZO' ClZ- and

N, on the acidity, [H'|, wes determined .. the method described in
section 4.3. 1. H,S0, was used as variable instead of HNO,, to en-
sure that only one parameter, H', would indced be varied in the
series. The acidity {Table 9} sas varled over the concentration
range 3,36 to 8,15 M,

The zesults are given in Fige. 17, 18 and 19. Expouonts of
3,72 (for N,0), 3,54 {for CL,) and 3,16 (for N,) were obtained.

It is to be noted that in this serles of experiments the apparatus
4id not incorporate a flow meter for measuring the flow rate of the
gas mixture issuing from the reactor. Inetead, the gas was assumed
to contain only helium (the fiow of which into the reactor was measur-
ed) and N0 (the xate of production of which was obtained from the
Infragraph recording). Although the partial pressures of N,0, Cl,
and N, wese accurately measured, the total flow rate of reaction
product and helium sparge gas had to be determined indirectly from
fhe measured helium flow rate and the calculated partiel pressure
of N,0. Although we axe confident of the relative valuse of fae rates
determingd in this series of experiments, we would not place too

great a confidence in the absolute values that were determined.

4,3,3. Rate Dependencigs on Nitrate Congentxation

The amounts of sodium nitrate added were such as to give a variation
in total nitrate concestraticn in the reaction' mixtures over the range
7,24 to 9,55 M (Table 10). The results are plotted in Figs, 20, 21
and 22, The exponential dependencies of the rates of producraa of
NZO, clz and N, on nitrate concentration were fyund 1o be 4,21

N, LT a: 3 N
(for W,Q), I 37 ffor CL) and 3,30 {fox N,)
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9+ log rate of Clp (mol sec)

¥ = mx
m=3,54%0,13
b= 0,2%0,09

Fig.

T
log Gy it (mol ) 0,9

18, D i of the 1 of

the rate of Clz on the acid concentration.
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4.3.4. Rate D on Chloride G

H ) The ¢hloride concenlyation was varied over the range 0,12 to 0,60 M.

In each run the chloride was injected into the hot reaction mixture
in the form of NaCl solution. This resulted in a variation of the
final volume of the reaction mixture by up to 3,5%., To obtain strajght

line plots in a of the i data to section

4.3.1, i was to apply a correction to thy 3 of
the ireasured rate in each case, These cortections were as follows;
6,27
- log [1OLS {for the case of N,0)

100 + v
5,37
“log } 1015 (for the case:of CL))
+v 2
4,72
- 101,517
Tog {1015 {for the case of N,)

where v is the volume of the NaCl solution injected and 6,27, 5,37
and 4,72 are the values calculated from equations (4. 11), {4, 12) and
(4. 13) {section 4.3.8.) by addi.g the exponents of [H+] andEw; and
substracting tie expoment of |NH }in each case.

The results are reported in Table 11 and Figs. 23, 24 and 25.
Exponents of 0,59 {for N,0), 1,0 (for G} and 1,3 (for N,) were
obtained.

4.3,5. Rate Dependencies on AN and Nitric Acid Concentration

In order to determine the effect of AN and of HNO, on the rate of
production of N,0, Cl, and N, two sexies of experiments were run
in which the AN concentration was varied from 1,25 to 7,50 M and
the HNO, acid concentration covered the range 2,4 to 6,6 M. These
results are shown ir Tables i2 and 13, In ~ddition to providing
vaiuable data for an industrial scale pilot plant,these data provide
an experimental check on the validity of the empirical rate expressions
developed in this study {section 4.3.8),
method which was outlined in section £ 3.1 would

Treatment of these data

according to the

be meaningless since in these experiments two paremeters were

varied simultaneously and, mozeover, by varying relative amounts,
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In the sorles in which [NH4N03] was varied, for instance,

wias determined only by the AN concentration, wheteas the ritric
acid componentalgo contributed to the [No;]

4, 3,6, Rate D, I i on A G

The effect of ammonium concentration on the rates of NEO’ Clz and

N, was nat determined directly by the addition of vatying quantities

u{ (NH,),50,. Because of the low solubility of (NH, ),50, in the
reaction mxxmre only two cxpez'lmemal points were omined. For

the reaction mixture in which H was 4,2 M, [NOQ] 4,375 M, E"ﬂ
0,18 M and T = 94,8°, addition of 20 g of (NH ,),50, reduced the rate

of evolution of N,G from 5, 917 % 10 8 mol sec~! to 2,054 x 10 0mol suc™)

This Hon in rate was since Keenan and

16
Dimitriades's mechanism suggests that the rate of N,O should fa-

crease with increasing [m-x‘i . Because WH] in cur experxment
varied only over a small range, .limtle significance could be
attached to this result. We therefore attempted to obtain the exponent~
jal dependence of the rate on ammonjwm concentration by an indirect
method. Bince we had alrveady estzblished the exponential dependence
of the rates on the nitrate concentration, we utitized this resnlt and
the influence of AN concentration on the rate, to determine the amw
monium exponential dependence,

Consider the rate equatian

R= k“C;o; c}'mi (7%}
where R is the rate of product gas (N,0, Cl, or N}, k" incorporates
the rate constant and all other concentration terms which are constant,
% the euponential dapendence of the rate on the ND; concentration,
C the concentration of AN, and y the exponential dependence of the
rate on the ammonium cotcentration.

Equation (4. 9) may be written as

log R - x log cm; = log k' +y log C"H: (4. 10)

! " o ial cles of the rates of product-

By using the ap

ion of N)O, Gi, ov N, on NO; concentration (eee section 4, 3,3}, he
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exyonentxal dependencdies of the rates of production of N 0, Cl, and NZ
on the NH concentrafion were determined from a plct of flog R
-xlog Cuo- | vexsusllog G t|. The resulis .re plotted in Figs.
26, 21 v ia giving expun:nts of -1,66, -1,64 and -1,74 for the
zates of N,0, CL, and Ny, respectively.

4.3.7. The Effect of T.
21d Np Production

The effect of tomperature on the rates of the product gases was

© tn 100°, Table 14. Arrhenius plots

on the Rates of NpQ. Cly

determined in the range 78,3
for the rates of 1‘320. ClZ and NZ evolution are given in Figs, 29,
30 and 3l. As may be seen, these plots are linear in all three

cases.

4, 3,8, irical

Combination of the results from the preceding sections give the fol-

and Rate Constants

lowing empirical rate expressions:
-1L,66 T

~L 1" [m;]"'“ S
d [Hja. 54 [N ]3. 47 E«H‘] s
—dN_= [ﬂS.lé[ ]J’ El 13% ;]‘l " (4.13)

i of the irical rate in equation {4, 11),

(4,12) and {4, 13) for the experimental date yielded values which ap-

pesred cansistent for any given series of experiments cxcept that in
which the HNO_ concentration was varied {see calculated values of
fhe rate constants in Tables 9, 10, 11, 12, and 13}

The units of the rate constants are such that the rate will be
in units of mol sec™ ' when the concentrations are cxpressed in units
of mol 1"\, When the several series of experiments are cor pared,
the agreement s considerably less good than the case within a single
series. The average values of the empirical rate constant for the

aeveral series of experiments are shown in Table 15, The vulues
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TABLE 15. Average values of the rate constants

vaffféii "0 o ',
of - x10 ? *10 10 *x10 9
" 0,99 1,33 0,513
Noj 0,530 1,13 o, 327
- Cl 0, 482 0,911 9, 250
AN 72 2,58 1,01
E'INCB a, 507 0,903 d, 376

for those series in which H' and AN concentrati-ns were varied
seem somewhat inconsistent with the sverage values obtained from
the sssies in which the cancentrations of NOj and (i were varled.
For the series in which te K concentration was varied, the ia-
consistency could be due o the deficlency in the experumental method
used, moted in section 4.3,2, For the case in which [AN] was varied,

no jon for the inconsi can be offered,

The "best" average values for the empirical rate constants
(disreparding the values for the series in which H' and AN concen-
tration were varied) were calculated to be,kw o0 506 x 10 9

.10
2 999 1070 and o 0,323 % 10”

4.4, Discussion
From the experimental data obtained it is clear that increasing the

i dally

acidity and nitrate and chloride
the rates of N,O, Cl, snd N, evolution, Whereas increasing the am~
moptum concentcation has the opposite effect for all the gases,

The unexpectedly high exponents which appear in the emplrical
equations (4. 11, 4. 12 and 4, 13) could be due to a number of factors,
such as variations in the water activity of the mixture when varying

the P ilibri etc, Changes in water

activity in the reaction mixture when varying the concentration of fe

pazameter being studied could possibly account for some paxt of the




high exponential dependencies, although addition of up to 20 g of
Na2504 bhad no significant effect on the rates of NZQ, C}z and Nz.
The high expomential dependencies of the terms in the rate expressions
could also be due to a series of pre-equilibrium steps, the combination
of which would give Tise to the high exponents that were found in the
empirical rate expressions,

In £}l the experimental runs the acidity was calculated as hydro~
gen fons (H'), although it is @ifficult to know what the actual chemic-
al species are in these extremely concentrated solutions, This asw
sumpt:an was also made for convemience sake, Complete dissociation
of ic acid in all i ‘was d, Thiz might also

be an addivionzl reason for the incomsistent average values for the

rate constants obtained when the H' concentvation was varied.
‘The linearity of the Arrhesius plots suggesis, although it is

1o proof, that the rate expression comsists of o single term, Le.

a single pathway is ps i ible for the
formation of the reaction products. The activation exergies ior the

ion of the three aze 30,57 keal mot™? {tox 1,0),
37, 80 keal mot™? (for Cl,) and 41,92 keal rool™ {for NZ).

Finally these empirical rate expressions obtained from oux

data seem to differ substantially from thuse derived from Keenan's
and Dimitriad % for the chlorid

of AN in the melt,
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CHAPTER 8, DISGUSSION

8.1, Review and Di: fon of i 1 Regults

In Chapters 2 2nd 3 it has been shown that N,0 may be produced
with an aguecus solution of AN containing a relatively high con-
centration of acid, and chloride ions as catalyst. Mitric acid has
been generally used as the source of acid, but sulphuric acid may
also bo used. N, and Cl, are produced as impuritics, and, in
gemeral, the higher the rate of N,0 production, the higher is the
level of impurities in the product gas, The resction may be carvied
out below 100°, but in a commercial process the boiling point af
the mixture, which would fall in the range of 104°-115°, would
probably be more appropriate, since under these conditions it would
be possible to continuously volatilise all the water introduced 2§
solvent and formed as & reaction product in the pyrolysis of AN,
Increasing the temperature in the reactor by as much as 3-4°

{by imposing an elevated pressure) resulted in almost a doubling
in the rate of N,0 evolution. This points to a meed for careful
control of prassure in the reactor.

The N,0 contas i of the product gas vas found o be ¥95% and
the I, and Ncoutents both ahowt 1-2%, A single scrubbing stage (with
NaOH solution) is required fo remove the G, This would, of course,
lead to a small. loss of N,0 owing to its solubility in the serubblag

solution,

5,2, Comparison of Kinetic Results of this Study with chose for
Chloride.-Satalysed D ition of AN in the Melt

Keapan and Dimitriades'® studied the kinetics of AN la the melt,
in which Cl, and N, (e latter in relatively loxga propoxtion) are
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aleo produced as impurities. They found that chloride added to 2a
AN melt catalyssd both the reactions leading to N,0 and those in
which N, ie formed. Because of experimental limitations their
study did not embrace a complete examination of the kinetics of
the system., Nevertheless, using a steady-state treatment, they
were able to detailed mechayié ms fo. the in the
ystem. These included several steps in which, amongst othex

intexmediatos, chloxine atoms and other fxee radicals are involved.
Their experimental vesults were consistent with the postulated
mechanism, and evidence was adduced in subseguent wark e’ '

in support of the mechanizm,

Keenan and Dimitriades did not derive complete rate equations
for their postulated mechanism, nor did they arrive ai experimiental
zate equations. In the melt, fhe concentrations of ammonjum and
nitrate fons do not vary sufficlently to allow reliable correlations
to be made. This is not the case for studies of the aqueous
system,

in Appendix D, we have carried out derivations of the zate
equations based on the Keenan-Dimitriades mechanism., The fol-
lowiog expressions were founds

an, o

Ex
z

= ai,0Nwo) fender) .1

4, =« ofs,0"NOZ)CI) HNHICE,) £ (H307) .2)
dat
& frpoenyin,ot] e + » e oeopioniierits.
where d, e, f, gand h are composite rate congtants (sve Appendix
D)

A compaxis.n of the above set of theoratical rate equations
with the empirical rate equations (4 11), (4,12) and (4.13) for N,0,
Gl and Ny, vespectively, cbtained in this study leads to the foliowe
ing conclusion: either ike mechanisms are radically different for
d d i of AN in

in id aquecus

the two systems, viz, chlorid

the melt, and




medium; or Keenan and Dimitri ism is in

errer, This statement is,of course,based on the assumption that
the

h empirical in the terms for acid
and nitrate obtained in the present study are real, and m;t due to
water-activity effects, etc,

Perhaps the only firm conclusion that may be drawn is that
the reaction mechaniszos in both systems are highly complex, not
only because of the apparent succession of reaction steps, but also
because of the obvious difficulties in attempting a physica-chemical.
interpretation of the kinetic results.

5.3, Present G 1 Method of Producing Nitrous Oxide

Nitrous oxide is now produced commercially by the thermal de-
composition of AN (equation 1.1} in the melt at 250°-260%, If solid
AN is used as raw material, the piant consists of two intercomnected
pots, in the first of which the AN is melted and hoated to about 200°,
and a second in which the melt is further heated to produce decompo-
sition. In other versions the AN is fed Into the reactor in the form
of a hot, concentrated aqueous solution (usually about 88 per cent),
During the reaction, some AN Is lost aa fumes and partly as NH,.
The raw gas emerging from the reactoz contains, apavt frs = Nzo, Na,
fumes of AN, some amumonia, several parts per million of highex
oxides of nitrogen (Lo, NO and NO,, usually desigmated NO,) and
traces of O,. These impurities ave eliminated as follows,

The raw gas fizst passes through a dilute sulphuric acid
scrubber, which removes the AN fumes and NH, The kigher oxides
of nitrogen are thereafter scrubbed out with a NaOH solution con-
taining a small amount of KMaO,, The reaction batween NOINOz

and the NaOH sclution is rclatively slow, and removal of these

is improved by the of the which
exidises the nitwits to nitrate. It should be noted that NO, is paison-
cus, and fhe N,0 product gas, if it is to be suitable for medical

purposes, has to "eet a stri ieath ing the




of NO,
Followlry  .pression of the gas and cooling, which eliminates

most of the water vapour, the gas is passed through dryer colurans

(packed with sither activated afumina or molecular sieve 5A). These

i

H 2

. The N, and traces of 0, are finally eliminated by bloeding
off these non gases after li = of the NZO'
5.4. E ic T ibility of the Agueous Process °

columns also remove residval traces of NO/NO,.

The results of the bench-scale plant experiments clearly show that
the agueous process for tha production of N,0 is technically fuesible,
and thus a tentative assesment of its ecomomie feasibility is warranted,

The aqueous process appears io offer a number of advantages
aver the current process,

(a) The Use of a Cheaper Grade ium Mitrate

A special, bigh-specification grade, solid AN is curremtly required
for the production of N,O. In the U.5.A,, solid matexial must meet

the following specificationa;
NENO, {dry basis) + 99, 95% minimum
Chioride £ 0,0002% maxiroum
Ether extractable matter; 0, 01% maximum
Acidity (s HNO,) 1 0,025% maximum
Moistare content ({0, 3%) has to be sufficiently low? to minimise caking
of the salt,
The smatesial is locally supplied to the two N,O producers at
R 87 a ton by AE and CI Ltd,, Modderfontein, We understand that
the price is to be xaised to R 111 pes ton, when present constracts
expire. .
Fertiliser grade AN, on the other hend, is availzble fram three
sources, AE and GI Ltd., Fisons {at Milnerton, Cape Tows) and
Sasol (st Sssolburg), and a fourth plant, that of Fedmis Ltd, is
shortly to come ints operation at Semalburg, At pressnt, this grade

of AN is framsported in special road fankers as a hot, 88% (w/w)




solution. Prices rauge between R 50 and R 56 a ton of AN, Under
South African conditions a changeover to the fertiliser grade AN
would thus produce a saving of about 35 to 40 per cent in the cost
of the principal raw material for N,O production, The cost of the
AN constitutes about 40 per cent of the over all production costs
of N,0 for a small plant, and somewhat higher for a Jarger one?®
It should be noted that two of the items listed in the above
specification for solid AN, viz, +  <da and HNOy, are important
additives in the aqueous process. Ether extractable matter (Le.
organic impurities) have to be absent because they would give rise

to the produstion of N, snd NO/NO,, and particularly because of

the fon hezard with their The Iatter
consideration daes not apply to the aquebus process,
Although fum is o' particvlarly undesirable material®

in nitrous oxide grade AN, as would also be Ce, Mz, Ni and Gu
and apparently also Fe (see below), no limits for metallic elements
are set in the American specification.  The build-up of such im-~
purities in the AN melt necessitates periodic interruption of plant
operation to allow dreinage of the Teactor end replecement of the
AN vith fresh, pure material’'ln South Africa, suth forced inter-
ruptions are caused by the build-up of Fe in the melt,

Fertiliser grade AN is considezably cheaper then the nitrous
oxide grade material, but this does not imply that the cheaper grade
product is necessarily of matexially lower purity, Both are manu.
factured by the same process, from a gaseous starting muaterial
{9H,), and the impurities would be expected to dexive wmainly from
corrosion products of process equipment, and from impurities intro-
duced via water and the air.

While the effects of impuritics that may be expected to build
up in the reactor solution have not heen studied for the agueous
system, it is not expected that their presence in the fartiliser
grade material would be at such levelias to necessitute interruption

of plant operation at gre.t:r frequancy thaw is vequired in the current




melt process,

In the agueons process such reactor clean-out operation would

also ba expected to be simpler and of much shorter duration.

(v} Absence of Explosion Hazard

Explosions may be caused in AN melis by the presence of excessive
levels of certain impurities and/or if the temperature is allowed to
80 to0 high. 4n a result, modern N,O plants are equipped with
fairly extensive safety devices, and plant operation practice has

to follow directions rather closely. No such Hmitations apply to the
aqueous process, and safety equipment could be dispensed with al-
together,

In practics, the oporation of an N,0 plant is nat as hazardous
ab the foregoing statsments might seem to imply, Additives to the
AN, such as phosphates and pyrophosphates,are claimed to ensure that
the AN decompasition reaction proceeds smoothly and to prevent the
reaction from tending to the explosive region. > The main “explosion
hazard® would seem to arise during plant start-up,if the AN had
been altowed to solidify in the reactor during the previous shat~
down. If the reactor is heated too strongly before the AN ia fully
melted, the decomposition reaction could set in and dangerous pres-
sures, perhaps leading to an explosion, built up below a residual
crust of solid AN.

Such hazards do mot, of course, arise in the aqueous process,
in which start-up and shutedown vperations would, as a result, be
simpler. Start-up should also take less time, the time to heat the
mixtare to its boiling point, compared to a period of about five hours
in a small plant based on the melt process.

{c) Higher Yields

In the present study, reactor ylelds were not measured directly,

but were of the order 9% per cent, a figure similar to the maximum
achieved in the current process. Lose of AN by sublimation is an
impostant source of losses i the melt process; loases of fhis kind
Further losses occur in

la scxubbing stage is

aze not posaible in the aqueous process.

the gos purification stages. Since only a sing
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requited in the aqueous process, an overall yield higher by an
estimated § zer cent may be expected for the agueous process.
This small expected improvement in yield has been estimated
by comparison with the best yields achieved with the melt process,
In practice, yields in South Africa and elsewhere are on average
substantially lower than 95 per cent, This is mainly due to dif-
ficulties arising from the presence of Fe as impurity to above the
specification Hmit of 3 p,p.m, (in South Africa) for the nitrous
oxlde grade AN. The Fe, which accuronlates in the reactor, ap-
parently catalyses side reactions leading to NO/NO,, which, as
pointed out earlier, 15 scrubbed out with some difficulty. As a result,
intexzuption in production, with drainage of the reactor and recharging
with fresh AN, occurs ra’” ex frequentsy, This down-time adds con-
siderably to production costs and, naturaily, lowers yields,
(d) Greater Flexibility
For the current process the rate of N,0 production per unit volume
of melt is more or less fixed. The production rate may be pushed
up marginally by operating at a slightly higher temperature, but:
this oceurs at the ewpemse of a higher NO/NO, content. In the

aqueous process, the rate for a given volume of reactor solution

may be i by increasing the ity" of ions in the

solution, e.g. by raising the operating pressure {and hemce the tem-

perature of the boiling solution), or by ing the
of AN, acid and/or chloride, Indications are that such increases in
the N,O production rate will be achieved oaly at the expense of
poxity of the crude N,0, and hence the yleld. Increased concentrat-
the crude N,O should, however, present few problems

fons of Cl,
since Cl, ulike NO/NO, is readily acrubbed out with NaOH
solution, the reaction between Cl, and NaOH being instantaneous and the

xate of Gl removal being dotermined solsly by i0ass transfer cone
sideratio. 5.
In a situation where demand for N,O is steadily rising the

ability to raise the production - rate of a plant without the need
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for structural modification might prove to be an impbx;z-nt
advantage, even if this is to be achieved at the cost of  somar
what higher Cl,/N, content of the crude gas, and hence of slightly
lower yield. (The additional cost of removing the large amounts of
€1, would probably be for by the i y

2
of saleable NaOCL )

5,4,). Other Considerations

The most important disadvantage of the aqueous process is the
high corrosiveness of the reactor liquid, the vapour to be fractiomate
ed, as well as the gas stream (up to the point whove Cl, hes been
removed), This should, however, not prove to be animsurmountzble
difficulty since suiteble vessels and other equipment made of glass
or glass-lined steel are now fairly readily available.

The quantities of HNO, and HCL consumed in the agueous
process would be small and would only make a small contribution
to overall process costs, Larger quantities of NaOH would probably
be used in comparison with that used in the melt process, but these
costs should be more than offset by the credit accruing from sales
of the NaOC1 by-prodict, formed in the scrubber.

5.5 Conclusion

The feasibility of an aqueous pracess for the production of N,0 has
been demonstrated by batch and bench-scale plant experiments. In
the latter 2 p: duction rate of about 2,5 to 3 1 min™t of gas was
maintained for several hours in a Z-litre reactor containing 800 ml
of reacting solution. Variations in the temperature (i, e. the boiling

point} of the mixiure, brought on by fluctustions in the pressure in

the reactor f{a few centi Hg above Jyhad a pro-
nounced effect on the rate of N,0 evolution,

The crude gas contains 1-2 per cent each of Gl and Ny, and
it was shown that the former is readily removed by scrubbing with
a 5% NaOH solution. The N, impurity may be removed after Mgue-




¥ faction of the product gas, as in fhe current commercial process,
h R bl dy -sta ‘were readily obtained, but for
smooth running of 2 on plant, for control

in the reactor must be provided

‘The main advantage of the aquecus process over Le currewt
melt process is the fact that cheapes fevtiliser grade AN may be
substituted for the special nitrous oxide grade marerial now wused,
Other advantages expected include greater flexibility, the possibility
of dispensing with elaborate safety devices and practizes, and an
improved yield. 4 reduction of about 20 to 30 per ceat in N,0

ion costs  is y if the agueous procass

is to replace the current melt process in South Africa, Tt should
2350 be noted that scale-up of the bench-scale plant by a factor of
abont 50 to 100 would give a plant of Emensions {and N0 production
capacity) similar to those of the N,O plants now used in South Afzica,




APPENDIX A
Method for the Calculation

arebhod for Bie Taleulstion

of Gl Content of Product Gas

The volume of gas collected in tha measuring cylinder was converted
1 S, T, P, using the formula

PLV) _ PpVp
T,

where Py, V; and T, are ihe atmospheric pressure, the volume coi-
lected and temporature of the K,SO, solution, respectivaly, Py and
T, are the standard and and V,

the volume of gas at 5. T, P,

No correction was applied for water vapour pressure, ¢ince
the value for air above saturated K,SO, solution was not available.
Gorrections were also not made for the N, content of the gas which,
for the sake of simplicity and bearing in mind the semi~quantitetive
mature of the results, was ajsumed to contain only N,0. Both wf
these errors are to some extent compensated for by the finite solue
bility of N,0 in the K,S0, solution,

‘The quantity of Clz in the gas was calculated from the equation

Ve, » o N, 22400
2% Tooo T2

where Vi, = volume of Cl, in mls, and
¢ = thiosulphate titre of normality N

The 1, content, expressed ns volume per cout, is thus given by:

v,
Percentage Glp = w22 . 100
V2




Plant fr K:0 Production

B.1. The Reaction System

APPENDIX B
“ Design_of Bench Scale

‘We shall not concern ourselves with the reaction mechanism but

simply assume that the reactions ocenrxing in the reactor are

- NH, NO;—)NZO + ZHZO

4

NH4N03 + ZHCI-)NZ + C.l2 + SHZO

The reactor will be assumed to operate at steady-state conditions.

(1)
(b 2)

A fraction a = 0,02 of the AN will be assumed to react by rcaction

{b.2).

B.2. Mass Balance over Reactor - Distillation Colwmn System

Bast:
IN  :1 molr AN = 80g

22 & HCL= 1,46g
$,0 associated with AN and HGL solutions:

Assume 80% {w/w) AN solution, 20% HCl solution.

: 1 mole AN {£80g) per hour entering the reactor

Mass H,O entering = 20 + 1,46 x 4 = 25, 84g

2
Moles H,O entering = m=

5, 84

-

1,437 moles

QUT : 1 -2 70,98 moles ,0 = 43, Ig N,0
2 42 +mumoles H,0 = 2,02 + 1, 437 = 3,457 moles = 62,2g H,0

a = 0,02 moles N2

a

Overall mass balance:

DN : 80 41,46 425,84 =107, 3

= 0,568 N,
0,02 moles Cl, = 1,42g Cl,

OUY : 43,1 4 62,2 +0,56 + 1,42 = 107, 3g

ATl material out leaves in distillate product stream.

B.3. Boil up Rate in the Reactor

A minimum quantity of vapour must be obtained from the reacter

This vapour will antomatically contsin all the N0, Cl, and N,




produced in the rwaction, Suificient water must be boiled off to give
& distillate s(zoams of 2 42§ m= 62,25 HyO per mole AN fed to redct-
or, as well az the water present in the bottoms product of the column

which is returned to the reactor. The quantity of water in this stream

depends on the it of the disti column (to be

Bext), The 3 possible acid Hon in the

bottoms sets the minimaem boil-up rate per wmole AN fed to the -eazto:

The maximum boil-up rate is not theoretically limited.

B.4. Yapour-Liguid Equilibrium Data
At this stage we are concerned not with the physical . & of the
column but with the problems of reflux ratia, reboil rate, stream
compositions, ete.

In order to carry out a.‘design we need to have vapour-liquid
H,ZO - HCI - HTNOS. The other gases,
LA NZO, Clz and Nl are co volatile thad their presence in the liguid

equilibrium data for the system

sruxture need not be considered. They merely increase the total gas
How rate through the column, .
We do not have data on vapour-liquid equilibrivmm, nor on
entbalpy-composition for the ternary system H,0 - HNO, - HCL
Data are only availzble on the two binary systems H,O=HNO, and
H,0 - HCL
Without ternary data ome can ouly get 2 very rough approximat-

ion a5 the system is 1 ideal and involving
ideality ave worthitss,

A very xough idea may be obtained, however, by looking at
the two systems HZO - Hl‘:03 and HZO - HCl separately, From data
in Persy’lihe following calculations have been dones

%owiw | xmos | T* | Pmnos | Pm0 | Fr | VHNO,
HNOg 9 | mmug | romug|mmHg
20 0, 0667 95 1,37 555 | 556,4 | 0,00246
105 2,50 800 | 802,5 | 0,00211




% wiw *HNO3 3 PHNO3 Pr0 Py Yeno,
HNO, °c mmHg | mmHg | mmHyg
100 1,87 675 676,9 | 0,00276
30 0,109 100 8,05 580 586,0 | 0,01033
105 7,90 690 698 0,0123
40 0, 160 105 | 20,0 573 | 593 0,0337
110 | 257 688 | 714 0, 0360
us | 2,5 610 842 0,038%
50 0,222 110 54,5 560 £05 0, 0902
us | os7 665 742 4, 0902
120 | 84 785 869 0,0966
60 0, 300 o {103 417 | 520 0,198
15 | 126 495 621 0,203
120 | 156 590 746 0,209
70 0,400 15 | 262 330 592 9,442
120 | 312 393 705 0,442
125 | 372 469 841 0, 442
hwiw | xgcl I Prci Pi0 Pr YREL
HC3 C | mmHg | ;mHg lmm Hy
6 0,03054 [ 100 0,92 715 716 | 0,001288
10 1,78 888 890 | 0,002000
10 0,0520 [ 100 2,9 677 680 | 0,00427
110 5,4 960 965 | o,00560
14 09,0743 | 100 9,0 625 634 | 0,01420
10 | 6,0 892 908 | 0,01760
18 6,097 | 106 { 280 550 578 | 00488
110 48,0 783 831 0, 0578
defined at the

* Symbols used in this table and in the text are

end of this Appendix.




Although o, and Vi, VATY With pressure and teraperaturs,
plotiing approximate interpolated values for & pressure af 700mm Hg
gives a good enough idea, Both systems are roughly plotted on the
accompanying graph {Fig. B, I}, =»s THRO VOTSUS Xpron From this
graph azeotropic points appear beyond which one canuob go, The
azeotropic point for the ternary mixture represents the limit in our

case, We are not i in ing a very mixtare

of acids and we shall take a lowex Mmit of Xy, % 0,800, as the
maxizum acid concentration giving the least boil-up rate reguirements
in the reactor. A rough idea of the possible range of behaviour of

the aci¢ mixture is obfained by wmaking 2 two extreme assumptions,
i.e that it bebaves either as a bimary HNO, « H,0 mixture or as

a binary HCL - H,O mixture, In the foxmes case wé should he able

to work to the HNO, - H,0 aseatropic composition, bat in the lamter
case only to the HCI-H,0 X ion point. The
s Nkely fo lie closer to the former since the HCL is only presentin

a fairly low proportion {normally C10mole % of the HNO, concentrafion).

The choice of 5gyo = 08 a5 the lower lmit tharefore seems reason-

able, Any higher veactor boil-up rate will not only give 2 higher
value of xjro in the bottoms product but will alse requice fewes
stages. For the purposes of design of fhe number of stages we thers-
fore take the extreme case {xy,q = 0)800) and we shall assume that
the HCI present behaves as pure HNO,, 50 that the H,0 - HNOy

equilibrium relationship may be used. This is a somewhat hazardous

fon but probably d for by the value of
Xp1p0 7 0,800, Also, operation will normally be at a boil-up rate highex
than the mintmum giving Xp, >0, 800,

B.S. Distillation Golumn; Operating Conditions
We shall consider the case of a specific (N0 free) vapour composit-

ion which, from previous batch experimental work, appears to be
realintic, Actual prodiction of vapour composition leaving the reactor
is even more complex than indicated by vapour-liquid equilibrium

predictions for the actd mixture because of the presence of AN. The
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“experimental composition to be used is & vapour which, when con-

denacd, glves an aqueous solution of 0,5 3 HNO,, 0,06 M HCL -
This is equt to a vapour ition. 98, 95% H,0, 0, 94% HNO,,
0,11% HCL

; The liquid from which this vapouz is oblained has the approxim-
; ate composition; 300g AN, 300ml cenc. HNO,, 300ml 1,0, 15ml conc,
HCL This reacts at a boiling point in the range 107° ~ 109” at 2

tota} pressure of about 700mm Hg,

Consider a mass balance over the columa,

N0, Cl, and N, pass straight out a5 the top and do not conn
cern us now,

Let 100 moles N,0 free vapour enter, Tha composition of
this vapour is as above.

The Liquid dstillate may be assumed to be pure water,

The bottoms has the coraposition Xy, = 0,80 and contains all

4 the HCL and HNO, in the distillation column feed, i e. 0,111 mole HCL
and 0,939 mole HNO,. Hence the mumber of molés of water in bots
toms is N
0,80
2,80 = 4,20.
B0 % 1105 = 4,20,

This water is returned to the reactor,

‘The number of moles of water rernoved in the distillate is

98,95 - 4,20 = 94, 75.

Tke number of moles of HZO which must be removed per
mole AN fed is

Z+a2+m=2 40,02+ 1,437 = 3,457 moles.

HNumber of moles HZO removed per mole NZO produced is

Biasm- 80 . 552
94,75 moles H,0 must thesefore have & mezimum of
94,7513,524 = 26, 90 moles N,0 coming off with it
Reverting to the basis of 1 mole AN feed to the reactor, the

molax vapour composition for the minimum boil-up rate will be:

. 0,98 moles N,0, 0,02 moles Cf,, 0,02 moles Ny,




R RmETRE

S 9,05 -
FE3 x 0, 98 = 3,604 moles 1,0,

0,939 x %‘é:lg’o = 0, 0342 moles HNO,, and
: 6,111 x %s?%o = 0,00404 moles HCL

Distillate product will be:

3,457 moles 1,0, 0,98 moles N,0, 0,02 moles Ci, aad N,,
Tespectively.

Bettoms product returned will bes

0, 0342 moles HNO,, 0, 00404 moles HCL,

:—gx (0,0342 + 0, 00404) = 0, 153 moles H,0.

Water balance: IN = 3,604

QUT = 3,457 +0,1530 = 3,610,

We shall design for a maximum feed rate of 480 gfh of AN,
corresponding to & maximum of 0,100 mol min' of N,0 or2,24
ltres min" &t 5, T.P,. The system must also be capable of coping
with a production Tate very much less then tais,

Mass and energy balances for the 5 .tem at this AN feed rate;
with a minimum Teactor boil-up vate, a reflux zatio of 0,25 and a

selectivity parameter a = 0,02are shown in Fig. B.2.

B.6, Number of Theoretical Equilibrium Stages Reauired
In order to achieve the least number of theoretical stages, feed
should enter at a point in the distillation column where the composition
most closely matches the fead composition.

To determine the mumber of theoretical stages and the heat
foad required, w: carry out & Ponchon-Savarit construction on an
enthalpy-concentration diagram. The enthalpy data for the HINO,-H,0
system obiained from data in Perry’ will be used. As the quantity
of HGL is only about 10% of that of HNO,, we shall assume this

assumption will ot give serious problems. The following data are

obtained from this chart;
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= C E,
13 B
latn fib {Braan] P|
S

C;:c "HNO3

Bay Mg Hyy
B.tu/lh Rt /16| Bt fik

wiw at 32°F, 0°C |Bta/Ib mmole mole ;
760 %
i mri vA
; ¢ 9, 00 o 1,0 10071 212 1150 3820 20, 700 .
i 10 0, 0320 .22 0, 91 101} 72 1151 3330 20,720

H 20 |o,0667; -42 o, 83 103] 112 1152 2358 20,770
30 10,309} -60 (0,73 08| 82 1154 1877 21,170
40 10,160 | -74 |0,67 12§ 61 1155 1537 22,466
50 0,222 | -55 0,66 16| 53 1155 1485 25,180

£ P.5. conmstruction bas been carried out for the case of &
reflux ratic 1,5 x R min = 0,733 assuming feed to enter the bottom
of the column {see Fig, 3):

B _ 33100 - 20700 _ 1,147

y F By +20700 21,85

Dby = - 215500 B, t.9. /1b mole.

Heat fnput in reboiler is SLE500.% 1600
1000 x 1,8

Heat removed in condeaser is

33100 . 3800
%000 x 1,8

The number of equilibrium stages required is 4, of which one Te- :

i

i

i

x 1,147 = 138, 2 keal/h, i

!

x 20, 46 = 333, ¢ keal/h i
i

presents the reboiler. Even better operation can be achieved if feed
is entered 2 stages from the top.

Vapour and liquid rate will be a maximum at the fop of the
column. Here we have

33100 ~ 3800
- 20,46 = 35,5 mol /h
V= 9700~ 3806 * » 5 ol f

To this we must add the non-condensable gases whose total

flow rate is 6,42 mol/h.
Hence total vapour flow rate
. Vigt * 35,5 +6,4 = 41,9 mol/h
: Allowing for a 25% increase due to higher production rate or

: higher reflux,

: Vimax = 92 4 mol/h




_SAVARIT construction for feed sntering column at

NGHON.

hottoin ax vapoux,




Liguid rate will be
L= 35,5 - 20,46 = 15,0 mol/h

L ey = 15,0% 1,25 = 18,8 mol/h

I feed rate 1s less than 6,0 mole AN/h the liquid rate will
e higher if the reboil rate is kept constant.

By mainmining 2 constant boil-up rate in the rshoiler, irrespect-
ive of the load on the column, the vapour rate should not vary with
loadihg, but the liquid rate will increase significantly as a much
larger reflux ratio will be required. Thus we need not be concerned
about large fluctuations in column lcading.

Let us mow look at the type of packing to be used, We shall fol-
low the procedure given by Morris ond Jacksonl

Volumetric gas rate is

41,9%22,4x 313 373 = 1282 1/h,

{This ion at 1 aten )

Volumetric liquid rate is 18, 0x18x1 - g 270 y/n
10609

(This may be slightly higher near the bottom because of measuring

moleculaz weight but the effect will be insignificant.)
4- eHzo ].
[Fg(au- at Rtp),

v,
Y 28220 697 _
»$ o EEEL 330

3
8 x 239)% = 0,697
5 373

This 1nd|cates a pacldng greater than 3" for operation at the minimum
wetting xate (M W,R.) of 0,85 f°/h ft. This is clearly impractical
on this scale and we shall have to content ourselves with operation
well below the M, W.R. and make allowances for it

Let us assume we are going fo use 1/4" rings. Assume a wetting
rate of 0,22 ft7/h fr, This should give a packing sifectiveness of
roughly sa%

ne
s

2,3
S for 1/4% paciing is 240 £ mz
Vi=0,22x 240 = 52,6 £F 35 h

52,6 x 0, 3044 = 16,02 m /h m .




B

- Hence area of column required is;

9,270 x 10000 2
0,270 % 10000 _
7690 x 16, 02~ © 0+ 169 om

@
|
|

This is unrealistic. The liquid rates are so low that a jacked column
clearly is not a satisfactory method for performing the distillatios.

R 2
Assuming an area of 10 cm’, the gar flooding rate is:
I 5 68
! 3 % 0,3044 "
h The liquid rate

2520 m?/m>

2,270 x 10000 3, 2
= 0,270 x 10000
V1= 5% i000 ~ = 0270 m /hm

x=2,5%2  ~2,5%x0,00284%2 = 2,5%0,491%1,23
x%; = 1,23 x 2530 = 3,100
¥Vgs = 3000 m3/h w®
-4 1
v=288x (3220 g,y

y : v = 4290 m>/h m®

8 g
N ) 3 2
‘The actual rate is about 1282 m'/h m'.

=~ 3000,
0,7

A cross sectional area of about 2,5 cm” would ba better than
26 e’

ie. D= 1,78 em

The wetting rate is about 0,0074 x M W, R. and effectiveness
will be considerably less tham 10%.

The height equivalent to a theoretical state

{HETP) for 1/4" rings is 20x 0,135 =3 £

For 3 stages the colurmn height is about 9 ft (very rough estimate)

B.7. Heat R b for the Reactor

B For the reactor at steady Atate:
AH =0 - Ws - JKE -APE

; Therefore
K ABZQ
A process enthalpy balance may be calonated by assuming the

followdng pathi
L Hot, concentrate. ‘.07 80%) AN solution mixed with & laxge




¥
i

AH Heat of dilution of AN is likely to be fanly smah (although heat

bH,: Hest of solution of 20% HCL is abont 190 Bt u. /Ih,
roixture = 0, 00548 40,0445 = 0, 0509 moles. For 0,04 moles in

BHy: In dilute solution at 25°, for the reaction
NH,NO, (ag) >N,0 fg)  H,0 ()
&g = 19,55 +2 (-57,80) + 80,89 = ~15, 16 keal/tnoke

quantity of water at 25° and cooled to 25°
Cold concentrated (25°, 20%) HCI, mixed with a large quantity
of water at 25° and cooled to 25°

AN and HCL solutions mixed and reacted at 25%; water and

other products in gaseous form.

Product gases hoated o T,

Water of dilution removed at 25°

Water of solution of AN and FCl hoated to T_
A quantity of solution vwith composition equal to that of ‘he
bottors product of fhe distillation column with the same com-

position is vaporiseq,

Bif= AH) + AH, + OH, ¥ AH +

of solution is significant), We must find data on NH4N03 for

this and we sl

a 20% HC1 solution, AH,

For the reaction

NH,NO, (aq) + 2HC: (ag)-»N, + Cl, + 31‘—120
-3 % 57,80 (86,8 g) - 2(-22, 063) = ~48, 39 keal/mola

aug,
Therefore

AH3 = 15, 16 x {1-a) {-48, 3%a
= 15, 16 -33,23 a keal/mol AN

For a= 0,02
BH, = -15,82 keal/mol AN

H,t No hest capacity da on H,0 are xmmed.lately availa ‘e, Assume

thatiorNO. Cl 4N Cp

Therefore

2,02 = 13
AH (llﬂ-Z’)xO,ZSx(‘!B,l-ﬁO 56 +1, 42)4*.4-_8‘_.-
x {1157,0 -~ 1092, 2) = 966 + 1328 = 2288 cal/mol AN

ignove this for the time being.




At =0
A = &%_%‘1 % {1157 - 38) = 16,07 kcal/mol AN
AH.: This can be found from the enthalpy concentration dlogram
AH =0, 1912 x 23,500 - 5 5
5, 58 L 500 calfmct N
Hence for the entire reactor process for a feed of 1 mole AN
AH=Q=0-0,35 - 15,82 +2,29 + 15,07 + 2,30
Q=4,79 keal/ mivle AN fod.
This term ig the minivur heat requtwed. If maxirmum beat is

added this will cause more of the acid solution to b2 evaporated,

B, 8, Absorption Column for Trace Clp Remsoval

Again absorption column design is d@fficult because of low [ow rates,
but approximately the same size of column as for e Sistillation
colamn should be adequate, A NaOH solution rate of about 4 1/h

Lsould be satisfactory.

B,9. Note on NaG Process System Design
The process used to produce N,0 in the laboratoxy was designed

using a distillation colvmn with its owa reboiler and recycle of bottoms
product to the reastor. In retrospect 3 simpler system could have
peen designed in which th: distillation co.mmn would have been mousted
over the reactsr with vapour entering at the bottom of the column and
reflux liquor runnisg dixectly from the column back into the reactor
Such a system would have been possible because of the lazge differsnce
in compesition bet .cen vapour leaving the Teactor and the lquid in
equilibrium with this vopour. Failure to wss such a system gave rise
ey ing dfficulties but drawn from

to some

the actual experimentsl set-up are not materially affected as a resuit.

1dst of Symbols

a = Fraction of AN reacted to form by-products

m = Moles HyO snteving the reacter

1
i




= Temperature

= Partial pressure of nitric acid in vepsur

= Partial pressave of hydrochloric acid {n vapour

= Partial pressure of water in vapour

= Total pressure

= Mole fraction of nitric acid in vapour

= Mble fraction of hydrochloic acid in vapour
= Mole fracfion of water in vapour

= Mole fraction of nitric acid in lguid

@ Mole fraction of hydrochloxic acid in Hquid

= Mole fraction of water in Bguid

= Enthalpy (B. v, /1b)

= Enthalpy (B.t u, /ib mole)

= Enthalpy of satnrated vapour

= Enthalpy of saturated liquid

= Specific heat at constant pressure
= Rottom products rate

= Feed rats

= Vapour rate

= Liquid rate

= Delta point in the Ponchon-savaris constraction
= Quantity of hoat tranafered

= Kinotic enexgy

= Potential chergy
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APPENDIZ C
The_Derivation of Equations_for Caleslati

the Rates of Ghlorime and Nitrogen

From Beer's law, we have A = abc

(e}
where A = a= ivity for the sub b = thick-
nesg of the cell, and ¢ = concentration,

From the ideal gas law, FC‘ZPV = nRT {c.2)
where ¢ = § (c, 3)

Combining (c.2) and {e.3), c=F_, £
g (c.2) 2nd (.3}, © ooy [

where FClz = mole fraction of Cl, and P = Baromeiric pressure

Fer, T " Pay,
wheze B, = partial pressure of Gry

.+ 5)

Thus we can relate the absorbance of the gas cell to the fraction
of Cl, in the gas .

b
A= FR—TP] ¥y .6)
For the calibration vun we can relate the fraction of Clz in the gas
stream to the fraction of CIZ in .2 standard cylinder by the flow

rates of the standard gas and the sparge gas

To ™ Forlaa [R—;-tilz—'—N—zf,)—R;—} =1
Ciz -~ N0 &

where Rclz -0 is the flow rate of tandard gas, RHE is the flow
rate of helinm and (chz)s‘:d ig the mole fraction of Clz in the
standard cylinder. Calibration runs of absoxbance versus the ratio
of the fraction of Cl, in the gay stream to the Cly in the standaxd
gaa were constructed.

In the experimental runs the mole fraction of Glz in the comw
bined exhaust from the reaction vessel is ealculated from

Py -1 8
chz = (chz o’ Ryt Fey, B, mls gec .8

where By, s the flow zats of Gl production, (g, _ .o+ Fy)
is the measnred total flow Tate in the eystem, and Dy, P are the
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barometric pressures at the timé of the experimentel run 2nd at
the time when the cali graph wae detsrrnined, i

The. rate of N, production in the gas cell is obtalted by an
analogous procedure. Instead of Beer's law applying, the peak height
of the N, peak in the gas 'chromatograra i&" proportional to the
amount of N, in our gas sample, Since we had constant volutne

samples, the peak height from our dure 55 directly i

to the concentration of N, in the gas stream.




APPENDIX D

The i for the Chlozid talysed D i

of Ammonium Nitrate in the melt proposed by
Keenan and Dimitriades

to the K Dimitriad sarn, '© the oxcoss HNO
inan £ N melt which has become ncidic by preferential lose of NH,
from ue partially dissociated AN; undergoes the following autaproa
tolysis and ionic self-dehydration reactions:
zmros—-m?no; + N} (autoprotolysis) (a. 1)
and HZNO;—?‘ 3

+Hy0 {self~dehydration} (8. 2)
by analogy with the case of HNO, - H,SO, mixed acid systems, whare
such tions have been i verified by Hughes et 217%

Keenan and Dimitriedes assert that such reactions are feasible for
the chloride-conteining AN rnelt becsuse of the high temperature
(185° in theix study) and the low water content of the melt.

Chloride ions are oxidieed by the nitronium ionz (\IG ) to chiorine
atoms: -

NOY + CIa e, + G (. 3)
a radical mechanism deduced by Kuenan and Dimitciades from the
square-root dependsnce of the N, vate on the ciloride concentration
they had found experimentaily.

‘The chlorine atoms now reast with NH: {present in high ren~

by the fon reaction
1+ NH: —)NH + HC}. (&9
thus being reduud back to chloride and completing the catalyst cyale,
The NH; radical is formed on the wall of the 'solvent cage’ which
contains the No, resulﬁrw from reaction (d, 3). By the reaction
et} +No—--[b S o+ 10" (2 5)
these two radicals Cﬂmbxne to form NZO via the intermediate nitra-

.mide, written in eguation {d,5) as the nitrammonium ion. They

state that these redical processes are expected to be of low activation

energy, thus explaining the high veaction rate,




For radicals which escape after the initial cage resction (4, 3)

alternative reaciion pathsare postulated to explain the formation of

Cl2 and NZA Chlozine is formed by recombinafion of chlarins atoms:

Cr4 Cl—-)Clz

(a. 6)

Paxt of the Clz escapes by volatilisation, but most of it reacts in

the melt with NH3 to produce NZ' according to Keenz and Dimitriades,

Hprobably by fast reactions through a semies of chlovamine-type intex.

medlites which need not be specified for the presemt kineties'. The

roactions propused ave given by the equations
o1+ NHg> Ezﬂzcgl-—mz +HC
A second reaction path proposed for the foxmation of ¥
by MO, sadical rocombiastion s sslf-onlsasion (5 dine
NO, % O~ NO" + NOZ
The NO' now oxidises a €1 ion ta u chlorine atom:
wot 4 c1ewo + o

{a.7)

v8

{a.9)

followed by hydrogen abstraciion by the chloine atom from au NH,

molecule in the cage wail:
C1 + NR;NH, +HCL

{4, 10)

whexeby the chlorine cycle is complated to Cl. The NH, radical

then combines with the NO radical already presert in the cage [from

roaction (3. 9}]to producs niticsarsine, & knows wstaile precursny

for N,

s ths

0, +N0-BEGHAN(% SN, FH,0

2

{a. 11)

Keeran and Dimitrisdes then proceeded, hy steady-state trezts

ments, to cajculate rate equations for N2 and Nzo evolution, Faor

the rate of N, production, after making some simplifying sssamptions,

they deduced the euvation
any

B2 1k, [l 00o ) t,0"] Gu ek, [l /] ¥
« ooy oy

(d 12y

where ki, k,; etc. vepresent rate constant - for reactions {d 7}

(4. 10), ete., zespectively, and K, is the equilibrium constaut for the

hydrolysis veaction
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N+ 1,0=H,0 ¢ i, (d 13)
In equation (4, 12), (H30+) and (HOJ) are both measures of actdity,
which kas a comstant, steady-state value In these melts, as pointed
out eatlier {see Section 1.1}, The same applies for (H,0). Keenan
and Dimitstades azgued that the (Gl,) in their melts was probabiy
alsc constant.  rates are compared for runs at a point where (NH;)
is the same for all runs, equation (& 12) slmplifics to

1
L2 - arvier)®
{where a and b are i ), in with their

experimental findings.

Keenan and Dimitriades did aat succeed in obtaining 2n experi~
mental Tate Jaw for N,0 evolution, but derived the following rate
law for the postulated mechanism:

W0 e g oot Ty (@ 1)
and since
{0}y = k kw0 )P/ (0
- [xlkzlxﬂ (H30+)Z(N0;) {a 15)
we have that
3 _1 4
B0 oo gyt ] fimohiwen Fomery]
1
ox aso*)(no;)i(m:)(cr)* (416

where c is 2 cemposite constant and K, the acidity constant of ;moy
It conld be argusd thas sizce (H3O+) is constant, and if rates

were compared at a point where the AN concentrations ate the same,

the N,O rate should be proporierd to {G17)%. However, Kvenan and

Dirnitri found no between the NZ') rate and rulozide

They explain tais by polnting
r N, hss an acidify factor in both

ion ion in their
out that whereas equation {d. 12) fo
i. of the i term, no such

cancellation occurs in equations (d. 14) or (4 16) for N,O. They
xperimental N,O rates with

-euggest that the lagk of correlation of e
may have beea due to a very much greatsr

the and the

chloride concerir '




J—

sencitivity of this reaction to small variation in acid concentration,
and proceed to adduce experimental evidance in support of this view.

The authors did not obtain a rate equation, whether sxperimental
or theoretical, for the rate of Cl, formution, Thia sate for their
poetulated meckanism is given by

4Cl; 2
“l = ke (G = ¥y (€1 (NH,)

= k(OG- k6, (IHCL,) (150"
- kakxkz(nsu*)zmo;)(cf) . k7Kh(NH:)(ClZ) /(330"')
= £(31,0 Y @OJC1) ~ eBHHCLIE,0T) (e 1)

where { and g aze composite constants.
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