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ABSTRACT

A molten salt reactor for conbtinuocusly nitrating bubtene
with nitric acid in the vapor phase was designed, constructed,
and successfully operated, The reactor was designed to use
the exothermic heat of reaction to vaporize liqguid nitric acid
thereby providing excellent temperature control in the reac~
tion zone and reducing the possibility of explosions, Molten
salt temperature was varied from 385°C to 455°C; mole ratio of
hydrocarbon to nitric acid from 3 to 7; and reactant'flow rate
from 0,133 gram moles/min, to 1,235 gram moles/min, A central
composlte statistical design in three orthogonal blocks was
used to reduce the number of experimental points reguired to
adequately cover the range of variables, to supply an estimate
of experimental error, snd to prevent the presence of a linear
time trend from affecting comparisons between different levels
of each variable, However, no measurable time trend existed,

Gas chromatography techniques were developed which pro=
vide on~line quantitative analysis of the reactor products,

Nitroparaffin yields basad on hydrocarbon consumed ranged
from 33,5 per cent to 67.3 per cent while conversions based on
hydrocarbon fed ranged from 1,46 per cent to L.71 per cent.
Yields based on nitric acid ranged from 20,8 per cent to 34.7
per cent,

The mole per cent distribution of the nitroparaffins pro-

duced ranged as follows: nitromethane, 9,26 ~ 16.18;
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nitroethane 17.32 - 27.48; l-nitropropane, T7.1l4 - 12.90;
2-nitrobutane, 12,54 =~ 46,97; l-nitrobutane, 14,17 - 31.60.
For six replicated experiments the standard deviations of the
mean varied from 0.38 on a mean of 23.61 for nitroethane to
1.83 on a mean of 23.84 for l-nitrobutane,

An economic profit model was constructed for a 15,000,000
1b,/year nitroparaffin plant and then optimized to determine
the most favorable set of operating conditions, The optimunm
per cent return on investmenﬁ after taxzes was 7.65 per cent
which occurred at the following cperating conditions:
4L5,7°0, L .51 moles butane/mole acid, and 0.833 gram moles of
reactant/min, The nitroparaffin distribution under these con-
ditions was: 1,9 mole per cent NM, 23.6 mole per cent NE,
12,0 mole per cent 1-NP, 16,6 mole per cent 2-NB, and 32,9 mole

per cent 1-NB.



INTRODUCTION

At this time there are both numerous commerciasl uses for
and high promise of meny fubture spplicatbions of the lower
nitroparaffins, Because these chomicals are miscible wit
most organic substances, they have value as industrial sol~
vents, iIn addition to this direct application, a large number
of commercially desirable compounds are derived from the
nitroparaffins, Of importance are hydroxylammonium salts,
amines, nitroolefins, and nitroalcohols. They are alsc potoen-
tially useful as components in rocket fuels. The long-range
promigse of the nitroparaffin derivatives has been but par-
tially explored, for there have been over 2,000 derivatives
produced on an exploratory basis in the laboratories of the
Coumercial Solvents Corporation alone (25). This versastility
assures further extension of their already proven applications,

The Commercial Solvents Corporation is the only major
U. S, producer of nitroparaffins. Their plant, which uses the
vapor phase conbacting of propanse with 67 per cent nitric acid
in spray nitraetion chambers, has a rated capacity of 10,000,000
pounds of nitroparaffins per year (25). This commercially
successful nitration of propane gave good reason to believe
that butane nitration could also be a profitable operation., A
preliminary economic evaluation for a nitroparaffin pland
using butane and nitric acid as the feed matericis was recently

reported by Fear (31). He showed that the raw material cost



was approximately 28 per cent of the value of the nitrated
product and that an estimated investment return for a

14,000,000 1b./yr. plant would be approximstely 9 per cent,

Gensral

The vapor phase nitration of the lower moleculsr weight
paraffinic hydrocarbons mey bs conducted by numerous permuba-
tions of the possible reactents, nitrating agents, and reactor
designs, The choice of the particular systems investigated in
this research was influenced by :two consideratiomns: (1) the
work 1s a continuation of that initiated by Adzms (1) and Fear
and Burnet (32) and (2) the factors which led these investiga-

tors to choose the system under consideration are still valid,

Nitrating agents

Nitrating agents which have been uged by previous inves-
tigators of vapor phase nitrations are nitrogen dioxide (10,
29, 38, 61), nitric oxide (37), and nitric acid (1, 13, 31,
32, Lo). Some difficulty hes been rsported with corrosion of
squipment used to vaporize nitric azcid (25, 50, 53), and sev=~
eral problems have been encountered in the controlled metering
of the liquid acid (1, 31, 39). Moreover, the addition of
water with the nitric acid incresses, in no small messure, the
difficulties encountered in product snalysis. Howsver, the
following reasons were sufficient impetus to overcome these
problems and use nitric a2cid as the nitrating agent in this

research: (1) both conversion (based on nitrating agent) and



vieids (based on alkane) are generally higher when nitric acid
rather than nitrogen dicxide is employed, (2) liguid nitric
acid is used in the comnercial process, and {3) the iu-reactor
vaporization of the nitric acid could be used to control ths

highly exothermic resctiom,

Analytical

Tarough the combined effovts of Ives {48}, Johmnie (47),
end this author (48), the analytical problems have been con-
gsiderably reduced by the development of a chromebographic

column which will handle the quantities of weboer that occur in

[}

the reactor effluent because of the use of nitriec acid feed,
The operating conditions for a gas~liguid chromatographic unit
using this column have boen debermined, which allow the quan=-
titative separation of the bulk of the rsaction products by a
25 minute isothermal analysis, The mechanical hooke-up for

this multiple~colunn, on-~line analysis was reported by Johunie

(L7, L8).

Mobering and coatrol

The acid metering and coutrol problems were solved by the
use of an acid egg as the prime wover for the liquid nitrie

acid, To wminimize the difficulties proviously encounbtered

3

with acld vaporization in the feed lines the acid was kopt 1
iiguld form wnbil it reached the reaction zons where its heas
of vaporization vas then used to help conbrol the teuperature

of the highly exothermic¢ reaction, In this way the reaction



was conducted at low mole ratios of hydrocarbon to acld with-

out the explosions or extremely high temperatures previously

reported (1l).

Hydrocarbon

Butane, which frequently has a price advantage over pro-
pane but which has not besn as fully investigated, was se-
lected for the hydrocarbon, The same nltroperaifing which are
obtained from propane plus four additional onss, l-nitrobutane,
2-nitrobutane, 2-nitro-2-methylpropane, and l-nitro-Z-methyl-
provane, are obtalned from the nitration of butane, Previous
studies of butene were made in tubular reactors by Hass,
Hodge, and Vanderbilt (39) in 1936, by McCleary and Degering
(54) in 1938, and by Bachman, Hass, and Addison (9) in 1952,
In these studies the guantitetive analysis was based on aver-
age molecular Weights. Recently Adams (1) 2nd Fear and Burnet
(32) applied gas-liquid chromatographic techniques %o aliquob
samples from the effluent of a vapor phase nitrator snd deter=~
mined, with relatively good success, the distribution of the
nitroparaffinic produets, These previous results are shown in
Table 1, However, because of differences in feed stream com=
positions, analytical techniques, and in some cases doubtiul

product collection systems, the data are hardly comparable,

Reactor desiaens

The two major types of reactors of importance in bench

and pilot scale nitration studies are: (1) tubular reactors
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Table 1., Product distribution of nitroparaffins in mole
per cent formed during the nitration of butane

s:Ad ams #3McCleary ##Addison® :=¢Hass #Fear
et al, et al,
(1) CT) (2) — (397 (31)

NM 8-1l 2-9 19 6-10 5.7-1L.3
NE 20-26 11-25 32 12213 14.4-38.7
2 -NP 0.04=0.29 =~ ~ = - - - - 020,12
2-M-2-NP 0-C.3L - - - -- - -~ - 0-3,0
1-N? 5-9 - 57 11 5-8  2.1-13.4
2-N3 36-51 23-L9 21 L5-50 5.9-6L.7
2-M-1~NP 0-0.0L --- - - - - 0-1,1
1-NB 11-20 27-32 17 2L-27 10.4-40.9
YieldP 60-82 - 17.4 - 26,7-6L .38
Conversion 20-4C 18-20 33 28d 8.8-30.7

SWith oxygen added: 2 moles per mole HNOB“

bBased on hydrocarbon consumed,

CInsufficient data available,
dBaged on HNO3 consumed,

®Based on assumption propane, isobutane, and n~btubsne are
recoverable hydrocarbon,

#Adams snd Fear both used the sane range of temperatures
(370 to L80°C) and mole ratios (3 to 8). However, their resi-
dence times are not directly comparable as Adams reported his
on the basis of space velocity in the tube to the bottom of
reactor while Fear reported total time in tThe rsactor.

3#3:A11 wWork performed at mole ratios of butane to nitric
acid of 1L or higher,



and (2) molten salt bath reactors, The Commercial Solvents
industrial reactor is of the continuous, multi-ztage spray

tyve.
Tubular reachors The majority of all vapor phase nl=

s, o N0

tratdon studies havo beem confucted in tubular reactors of ous

type or another, IExbreme wall effects an

which provent the formnation of nitroparaffins were weported b
1%

Aibright (5) and again observed by Fonnnie 47y, Dr, R, L.
Abbott reports thait, although falrly reprcducible composite
products have been obbtained for propane niitration in tubular

o]

reactors, tho instantaneous effluecnt concentrations vary in a
random Tashion for & test under a given ceb of conditions, To
avoid these wmdesirable effccts, goidelined, and platinumeclad

-

apparatus have been useds bubt theze would be expensive :

L}

e

e

large scale use, AL L1ow mole ratios (hydrocarbon to acid),

explosions have been reported which were thought to be caused

>

b o0r Bemperature control 1n the tusul roactor, LIuring
{- ) S

Leal tubular reactors

w

scme preliminary tests with stainliess
at low mole ratios, the author and Johnnie noted a violend
initiation period for the reaction evon when the temperatures’
ware under control, This violent action preclu&és the use of
pyrex reactors under these conditions,

Salt bath rsactors To effoct bettor mixing end tem~

pergture ccibrol and at the zame time avoid the cabalytic
cffect of metal surfaces, scme work has been done with molten

salt reactors (1, 5, 24, 31, 32, 38). These iavestigators



have successfully conducted the conbinucus vapor phase nitra-
tion of butane and propane with nitric scid and heve demone
strated the flexibility and potertial of this typo reactor as
an experimental tool., However, bocause of the cxploratory
nature of the inivtial designs, precise céptrol and measurenend
of the salient variables (temperature, residence time, mole
ratio) were not obbained,

In addition to design and operational probleas, Ghoess
eorly studies were hindered by the iack of sultable analytical

methods, Propans was the hydrocarbon feedstock for the sarly

wore used for analysis, Waile wors recent iavesbigators using

butane reported preduct dispributicns, they encountered cors
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teain problems in collecting th

sis, Specifically, the products were collected, refrigerated,
and stored Tfor up to il days prior to analysis, Since thiz
time it has been noted that even at i1ow temperatures the
nitrous acid formed in the condensato can desiroy the primery
and secondary nitroparaifinz (18). The occurrance of the

"wild" nitration products through tho destructlve action of
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nitrous acid was furthor confirmed b
cause of these problens, opbtimuwa nitration coaditions and the
resulting product distributions for the reaction comducted com=
pletely in.a noliten salt roactor wWera yet to be determined,

< o

Choica of deglen Baged on the sxploratory work of

these previous researchers, particularly that of Fear and



Burnet (32}, a nitration pilot unit ubtilizing a back-miz salt
bath reactor was designed and constructed for use in this ine
vostigation., The items of primary concera in this design
wores: (1) incroased eccuracy in thé control of acid and bu-
tane flow rates, thereby allcwing the investigaetor to better
get the mole ratics to be studied, (2) Zmuproved control of the

extent possible of

o

reacitor temporabure and elimination to The

=2

the 1,800°F hot spots reported by Adams (1), {(3) minimun expo-
sure of the reactant mixture vto any surlface obthor than the

sailt, theredy wreducing pogsible catalybic and tubular veactor
effects, (L) ubtillzation of the latent heat of vaporization of

on Ghus minimizing the chance of

0

the acid to control the rsacti
explosions at 1ow mole ratilos, and (5) eliminstion of condi-
tions which would cause destruction of vhe product during thoe

collsction,

Objectives of the Research
The specific objechives of thils research wers: (1) Lo
debeormine the optimws nivtration conditions for the vapor phase

chor,

{D

nitration of dbubtane by nitric acid in 2 molben salsc o
(2) to aid in the devolopment of an on-=line ﬁaé chromabo-
graphic analysig for the offiuent nitration product stream,
and (3) obbain any information which will lead to a bestber in-

sight as to the reaction mechanism,



REVIEW OF LITERATURE

»y complote swmaries of both the historlcal and con=
temporary nitrati ion 11tef ture have baen rﬂCanly copiled aznd
reporsed by Adams (1), Fear (31), and Albright (3). Thercfore,
this review presents only that work relevant to the current

research project,

Reaction Mechanisms

General
At present, comparabtiveoly 1little Lz known of the mecha-

by

nism by which the vapor phace nitration of zliphatic hydrocar-

jo)

-5

that the roaction

s
.

cr
[+

bons takes niace, In genoeral, it iz thou
9

0%

proceeds by a free radical mochanism since: (1) most gas
vhase roactions do procesd by thle type of mechanism (33),
(2) experimental evidence has shown that meborials, such as
metallic oxideg, which normally sa wbalyze fonle rozctions
usually decroase the yleld from a nitration reaction (10, 39),
and (3) tho nitrction of higher pavaffins produces not oniy
nitroveralfing of the same carbon chain number, bub 2lso pro=
duces signilficant duantities of both lower n¢“"osafa¢f$ns and
oxygenased products guch as aldenydes, This produst mix
agrees with thet predicted by froee radiecsl mochanisms,
Bachman, et _al,, (7) have prooouod tho following free
radical mechanisms

HNO; = HO® + °NO, . (2)
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RH + °0H -~ Re + 2.0 (2)

Re + N0, - R0, (3)

a

It since has, however, bheon questioned as to whether the de=
composition of nitric acid, Reaction i, is rapid encugh to
supply the NO, radicals consumed in Reaction 3, IExperimen=
tally it has been shown thal the nowmal rate of thermal décom«

pogition of nitric acid is much slower than the rate of nitra-

acid into a short chaln mechanisnm,

HI§O3 = «HO + oi0p ()
RI + ¢0H = Re + EZ0 (2)
Re + HNO3 = RNOp + eOH )

Beach1 feels that bosh Reactions 3 and L are probably invelved

”

the actual nitration,

s
o

o]

Production of icower nitrvovaralfins

The formation of the lower nitroperalfins csnnot be exe

normally used in nitration (5). In additiom, it iz highly

*Beacn A, Bo, Instructor of Chemical Ex *ﬁgihoo?;hg Iowa
State Uh¢verb1ty of Science and Technology, Ames, Towa, Pri-
vate cormmmumication. March, 19466,
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unlikely that there is a direct c¢leavage of the C=C bond b
J g : 7

NOp attack (19), Thersfors, tho mozt satisfactory explanation

of the formation of the lower nitroparaiiins is that alkyl

nitrites ars formed, then Gecompossed to yleld lower alkyl
radicals, The lower alkyl radicals are then nitrated to pro=-
duce nitroparaffins,

The structural relation of the alkyl hitrites to the

nitroparaffins can be seen from the following formulas., Pare-

ticular abtteanticn is called to the faceht vthat the nitrogon abtom

of a n.tro compournd is joined diroectly to the carbon,
E J
IH HE _O
HC =0 =0=l=0 HC=C=i,
q 5 H H 0
othyl nitrite nitrocthane

Pauling (55) roeproseats nitregeon dicxide as a resonance hyb
where an electron is distributoed betweon the oxygen shoms and
the nibtrogeon atoms., If an &lkyl radical roacts with nitrogen
dicxide when the electron density asbout the ni “”O“Cﬁ atom is
low, a nitroperalffin is formed, On the other hand, if the ro-
action cccurs whon the electron density aboubt the nitrogen is
high, an alkyl nitrite results,

The allkyl nitrites aro unsbtable &t nitraetion tewmporatures
and their decomposition mechanlsm as suggested by Grey (34)
adequately accounts for the vapor phase production of the
lower nitroparaffing, This decomposition ig z tWo-step moch-

anism: (1) the alkyl nitritoe bresks into a WO molecule and



an alkoxlde radical and (2) tho alkoxide radical bresks into
a lower alkyl radical and an aldenyde, The gocond step is
thought to bo the faster so that thse overall rcaction would
give a satisTactory representation of the decomposition pro=

cess, is mechaalgm ig illugtrated Dy the docomposition of

ethyl nitrite,

CH3CHpONO - KO + CH3CH,O- (5)
| GHg0HR0+ = HOEO + Gy (6)
*CHy + CH3CHZONOe = CH), + CH3CEONO (7)
CH,CHONO — WOCHGHO (8)

Any aveilable alkyl radical could react with an alkyl nitrite
in a resction similar to Reasction 7. This mechanism also:
helps accounit fo¥ the oxidation products found in such reace

tion products,

Decomposition of nitrewzsaffing

The thermal deuomb sition of nitroeothene and l-nitropio-
pane was investigated by Grey, o5 al., (35). At 430°C nistro=
ethane was 13 per cent dececmposaed in 2,1 zesocnds, whilie l-
nitropropane wag 20 per ceunb decanposed in L.2 soconds, As
compared with the retention vimesg used in nitratlon, 0.5 %o
1.5 seconds, these rabes ave large enough to sccoumt for the
loss in nitroparaifins when the temperabure egxceeds some opti-

mum value,
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Basig for Compubation
The results of nitration experiments have been reported

a2

in terms of conversion and yiecids however, several different

o

g have beoen used, Bobth torws

[52]

definitions of these guantis

can o based on either impubt quentifties or reacted quantities
of either hydrocerbon cr nitrating agent. To add to thoe cone
Tusion, sowme reports do not cLourly stete which definitions

were used, In the usual case conversicn means the molar ratio

of nitrogeon ia the nitroparalfin product to nitrogen charged
5 2 o5 3

while vield impiied carbon iz the un parafifin product to
carbon Iin the hydrocerbon comsumed, These general usage cone

ventions will be followed iz this work co the resulis will de,

in the maln comparative with scme of the previous work,

Temporatuye &I

Work on izobutane by Hass, Hodge, and Vanderbilt (39)
showed that the yield of primary nitroperalfing was greatly

increased by raising the reaction tempersbure from 150°C to

,20°C, It was laber shown by Bachman, ot al,, (8) that, as
the nitration temperature for propene is ralsed, ths percente

age of nitroethane producsed increases, that of Z-nitropropens

decrsases, and those of nitromethane snd l-nitropropane reémal

RN

the same., This cbservation iz inberesting I that the halfe

n o,

1ife of nitromothcmo under thermal deccuposibion at L20°C is

i minutes, while Grey, et _21,, (35) found that 20 per cent
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e,

of the l-nitropropane was decomposed in L.2 seconds, This
would lead one bo believe that the i-nitropropans ‘percentage
ghould decreasze significantly Teaster than that of nltrcomethanc
under increasing temperasture, However, Fear (31) reportinz on
the nitration of butane further gubstentiated the inecrcasgss of
nitroethane with temperaburoe and the relative insemsibiliby of
l-nigropropane and nitromethans percentages tTo Lemperature.
As his 2-nitvopropane figures scatbered badly (0,063 + 0,033
mole per cont on the averago), he was unzble $o note a trend
in this counpound,

ass and Shechier (L2) uzed the previously published data

to draw some general conciusions aboubt the effect of towperas

C )

s
~?
w
O

H
o©

ture: (1) conversion increasecs with temperature uni
opbimum Gemperature ig roached for cach hydrocarbon, thon Co=
creasos with furthor increase in tempoerature, {

time is mabched with temperature, Total yileld of nitroparale
fins will be approximately the same, and (3) the rebtoe of
substitution of primary, sceendary, aud tert
approaches equailty as the tempersture increases., Fear (31j,
on the other hand, found that, as btemperature inecreased, ths
gmount of l-nifrobutane increased from an average of 12 role
per cent at 371°C vo an average of 32 mole per cent sb L1§2°C,
while over the same temperature range the mnownt ol Z2e-nitroe

.

butane correspondingly decroszsed from 56 mole per cent o 9

mole por cant. In addition, over the rangs studied (0.5 to

1me

S

{denco

(o]

3]

of

(43

0.7 seconds) he found no significant effec



15

on nitroparaifin production in his.wmolten salt bath reactor

study of bubane nitration,

Prassure sffects

At this writing there is very 1ittle data available on

-

this subject. It was ghewn by Hass, et al,, (39) that during

3 -~

the nitration of methane a moderate pressure (100 psig) in-
creasad conversion based on nitric acid, At both 100 psig and
1,000 psig optimum tempqrature and contact times decreased
although the conversion had decreased from the 100 psig level

to the 1,000 psig level,

Cabalyels

Both homogensous and heborogeneous cabalysis have boen
studied in some detail. The genoral'rasui" of these studies
was to find materials thab either inhibited the reactlion or

that increased conversions based on nitrabting agent at the
expense of yields based on hydrocarbon,

n -

Hoterozensoous Although a counsiderable smount of work

has been done in this area and several materialis (particularly

borosilicate glass) seemed, for a short tiwme, tTo have positive

catalytic effect on nitration, all of the concrste resulis
obtained indicate sither a negative ér neutral effect, The
highly detrimental effects of copper, mild stecl, and to a
lesser degree stalnless steel ars discusseé in the section on

Tubular Reactors, Of iuporbtance, however, Is the evidencs of

the noncatalytic charactor of sodium and potassium nitrate
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salts (L, 5, 24, L4)., In general, at this bime there is no

pudblished evidence of the existence of a heterogenoous

catalyst that accelordﬁes nitration or lmproves the yields or

product digtribution, The catalysts that show any activity
[

ions at the &x-

o]
o)
o

havae increased the competing oxidation r
pense of the nitration roeaction,

Homopeneoous Nitric oxide has bsen shown to decresse

conversion (12, 37), presuwably by actlon a8 a chain stopper,
In a tubular roactor, the asddition of bromine or chlorine to
the vapor phase nitration mixture can increas oth yield and
conversion (12, 13, 1h), while the addition of oxygen can ine
erease tha couversion (9). These compoundg, however, increase
the conversion based oan nitrating egent abt the expense of
yields based on hydrocarbon, This occurs because there is a

corrogpondingly greater increase in the competing oxidation

roactions,

Mole ratio eoffects

wsmon

Coldircn {23, 2i) reporied that the meiimuw: conversions
based on nitric acid wero essentially independent of mole
ratio during the nitration of propane; however, the apparent
best operatlag temperaturs decreased with decreasing mole
r.sio, Fear (31) also found‘that cornversions wore not &ppre=
c%ably fected by changes in mole ratio durlng tho nitration

of butane,
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Reactors and Auxiliariles

Tubular reactors

Tubular reactors have been used to conduct the majority
of the vapor phase migratlon studliss, Glass has been used
most olten as the materlal of construction, and gbainless

¥

steel has been used occasionally {4, 5, 43). Albeizht, e al,,

(5) investigated the surface effects of glass, staiuless stesl,

'Y

copver, and carbon steel, He oncounbered consideorsgble Aiffi-
culty in reproducing results from the moetal roactors, HDowever,
when the relatlve conversions were calculabed by dividing
nitroparaffin conversion in the metal reactor by conversion in
the glass reactor abt tho same btemperasture, a trond was evident.

he ralstive convorsicn in the carbon steol reactor increassd

Hl

from 58 per cent to 100 per cent in siz hours of oporation,
that in the stainless steel reactor decrgazsed from 100 per
cent to 62 per cent in the same time span, while after ess
than three hours of operation almost no produst was being

formad in the coppoer resctor, Tho glass surface itsclf daid

15
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not secm to change ag a function o
studies wlth surfaces involving molten salt showed thet sure-

faces favoring nitration reactions minimize oxlidetion resc-

tions and vics versa,

HMolten salt reactors

Reacvors using a moltor mizxtiure of sodium and potaszsiwm

nitrates as the heat transfer medium have besn developed
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recently in an effort to both provids better temperature con-~
trol of the highly exothermic nitration reactions and to mini-
mize contact of the reacting mixture with possible inhibiting
surfaces, This effort was the outgrowth of the work by Hodge
(4L5) who noted that these salts prevented the increase of oxi-~
dation that occurs at the expense of nitration in stainless
stesel reactors,

In 1952, Hi1l (Lb) first applied the technique of allow-
ing the reaction mixture to bubble through these salts., Fol-
lowing this general fechnique, Coldiron, et al,, (2L) were
able to nitrsate propane at hydrocarbon to acid raetios of one
to one without é&xperiencing the explosions previously reporited
(LO) at mole ratios lower than two to one in tubular reactors,
They attribute this %o better temperature control, Albright,
ot al., (5) showed quelitatively that, when no heated void
space exlisted above the salt level in a glass salt bath re-~
actor, oniy insignificant amounts of oxidation occurred;
while, if several inches of heated void space were available,
a considerable quantity of aldehyde was produced., He attrib-

‘uted this to 2 possible surfacs effect., Adams (1) and Tater:
Fear (31), working with 2 metal reactor pot filled with molten
salt, demonstrated the flexibllity of the rsactor as an expsr-
imental tool and reported the first sets of product distribu-~
tion data avalliable for the nliration of butane,

The method of mlixing the reactants varied wildely between,

these studies, The earlier investigators vaporized the acid
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in a flask and contacted the bubane and acid in ths vapor
ko)

phase outside of the reactor, then ran this mixture through a

1

vertical tube to the bottom of the molien zalt bath where it
was allowed to bubble through the salt (5, 2i). Adems (1)
sprayed liquld scid through a 0,008 in, hole into a concen-~

-7

rically flowing stroeam of butana about three to four in,

C(‘

above the reactor head, then allicwed the mizxture to flocw
through 13 in, of tube to the bottom of the salt bath and
bubdble up through the molten mixture, Fear® att empted to con-
tact liquid acid with preheszted butane below the galt level
but reported, "when the tip of the acid spray was belocw the
salt level, excessive prossures wore required to puw the
nitric aclid and the flow rate wazs oerratic, I am 8t1ll not
quite sure why this heppened but perhaps acid was vaporizing
n the spray tube ceusing high pressure drop &b the'spray
holes,” Consequeatly, he contacted the acid and butane in a

manner similar to that reported by Adams

Produet collection -

In the bulk of the vapor phase nitration studies, the ol-
fluent product has been cooled o the extent of fomming a two-
phase liquid layer and an off gas product, The liguid leyers
have then been separated and either further fractionstsed by

distiilebion prior to molecular weight determinstions or

1Fear,'D,-L,; Engineer, Dow Corning Chemical Company,
Midlend, Michigan, Privsate communlcation. duiy, 1965,
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analyzed directly by gas chromatography. In at least one case
the liquid layers were stored abt refrigerator temperatures for
several days prior ts analysis (31). Both Coidiron {23) and

Albright, et al,, (L, 5) collected their liquid condensete in

saturated solutions of sodiwm bisuifite for the purpose of

removing the aldehydes, Coldiron noted that a highor amount

of nitx on product could beo obtained if sodium bisullite
solutions wore used instead of sodium bicerbona Fear (31),

~

who collected his product by direct co Jaensation, observed the

tion flask: “The weaction

C\

following cccurrence in his collec
of nitric acid with other compounds caused boilihg and evolu=
tion of COp and Noz, Nitrogon loss from these roactions pose
sibly explains the low accouwntability.’

In work to suppress the oxides of nitrogen, Xerns (L9)
showed that the active effect of the oxideos of nitrogen in an

aqueous mediwm occurred through the intermediate, nitrous acid,

which is formed in the following manner:

N02 + NO + HZO - 2 HONO {9)

This nitrous acid iz stable in agusous solubtioms belew 20°C.
When heated, the reverse of the above reaction occurs, As

n

olubion is guite

{-fo

n

[72]

‘shown by Brewster (18), nitrous acid
reactive towards orgenic compounds containing active hydrogens,
such as the nitroparaffins., For example, by reaetion with
nitrous acid, primary unitroparalfins are CO“VG'qu into

nitroso compounds known as nitrolic acids, The following
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equation is an example of this reaction,

HONO
-)

By a similar rceaction, secondary nitroparalfins give nitroso

l""

S,

derivatives called pseudo-nitroles,

In an effort to eliminate nitric oxide and nitrogen die
oxide from the off gas during a metal prosessing opsratlon,
Kerns (L9) found that urea was an excollent supprossor of the
nitrogen oxides Also, onoe of the svandard techniques to
guantitatively determine urea 1s to moeasureo the nitrogon

evolved when it is treated with nitrous acid {18).

Chromatogrephie Analysis

The study of tho vapor phase nitraticn has becn conbin-

[ B8]

ually hampored by the lack of a rapid, reproducible quantitae

515, he first satisface

C)

tive enalysis for the reactor efflus
tory method of determining quantitatively the nitroparaliin

sgtribution resulting from a vapor phase nitrabion was ra-

ported by Bethea and Adems (1, 15, 16, 17

S
-
5
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A

he reactor product stream was cocled end separated inbto three
phages: an oil layer conbtaining mostly nitroparaffins an
oxygenated organics, an aqueous phase conteaining mostly water,
and an off gas combaining bubtane, propans, Wwiser v apow ana
the oxides of carbon and nitrogen, These phases were then
analyzed using gas chromatography with three different coluwms,

one of Armeen SD and Apiezon N on C-22 firebrick, one of
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scgualene on activated charcozi, and one of squalane on Fluoro=-

(

-
1

pakx, Aliquob samplos of the oil layer were analyzed on each

-

“of thogse columms, while samples of both the liquid layer and
the gas phase wWere analyzod once on the activated charcoal
column and twice on the Fluoropek coivmn at different condi-~
tlons By the usc of tho substances appearing on each cclimm,
shey were able to guentitvabively identify the major cxygenased
compounas, sconme cf.the gases, and all of the nitroparaffins,
Inltially they reported that the squalene, activebed charcoal

o3 of mnitrogen (1, 17); however,

ilater thiz technique could not be wreplicated,

Taig general analytical technique was much refined by
Foor {(231), who found that bis (2~othyl hoxyl) adipate on
Chrosord W rosulbed In a more satlisfactory enalysis, He also
gsoparabed the oxides of nitrogen by cooling the off gas below

she freezing polnt of nitrogen diloxide and assuming only

nitric oxide remeined behind in the ges phase, Some diffi-

culsy wag oncounteradd with weter talling on the Chromsorbd W
coiurm,

Cne interegiing resuls of these.chromatographic analysos
was to zhod thal the organic or oil 1a§er contalned signifi-

v

cont guentitios of the oxygenated materials, The earlier in=-

s2lt bath nitrasions all made the same assump=-

vostigabeors of
tion, "olecular weight of the organic layer, assumoed Lo be

oniT nisronsraffing, was determined by the Vietor Meyer method"
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To dabe no satisfactory quantitative analysis by gas

chromstographic uOCﬂ;i 8 has been found for tho oxidez of
nitro In 1964, Bethea (15) reported, "in & recent attempt

of nitrogen, over 30 chromatographic aystewms rsgorbted in tre
literaburo as effective for thls geparabion problem were in-

vostigeted, The results wore"ﬂifo:nxj poc¥T; no accoptadle
quantibtative analysis was obtained even though some cualita-
tive results wore marginally scceptable,” Move recontly,

(6

Trowell (62) performed a quantitative analysis of the oxides
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of nitrogen in the presence of
first froeezing out the nitrogen dioxide and Water vapor on
glass beads, Frossard, Rinker, and Corcoran (

gquantitatively separate tho oxides of nitrogen in the presence

L siiica gel column, However, while

o
i1

of nitrogen on & spee
the nitrogen dioxide and nitrogon peaks appeared lmmediabtely,

)

the nitrogen dloxide poak tailed for twendty minutes,
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study of the chromatograph

ment of the experimental plan,

Doscription of the Pilet Plant
The eguipment was designed to allow thoe maxiwmum conbrol
of invut flow rates and reactor temperature, ALl cosizn cale
culations Were bassd upon the azsurtlion of ideal gas behavior

!,

for the vapor phase anrd roactant properties shown in Ta

tion consists of five major sectionss: (1) tho nitwzic acid

system, (2) the butane system, (3) the furnace group, (4) the
vstem, the butane gyster:, (3, the furnace group, the
reactor assembly, and (5) the product sampliing sysbem. Flguwe

1 shows a schematic flow disgram for the entire pilct plant,

Gensral
m?, EL RPN CRN D Aerd e g e " - "2 e -
The pilot unit was designed for conbinuoug oporation up
to a maximum of three hoursg, The length of the period of

L3

Oy the capacity of the acid

£
5
e
d—
¢
e}

continuous operation was 1in
egeg which held sufficient acid for a three hour run a2t the
meximum possible butane flow rate and a onze vo oueg mole ravlo
of butane to acid,

The.onbire pilot unit was installed behind a 3/L in, ply=

wocd enclosure which served both as panel board and sscondary



Plgure 1, IMlow diapgram of pllot plaant
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Table 2. Bubtane and nitric acid physical properties used in
equipment design (56)

Butane Vavor

Heat capacilty

Computed from empirical equation for hydrocarbon vapor

at 100°F 2h,12 Btu/1lb., mole °F
at 8L2°F 13,9 Btu/lb, mole °F

Thermal conductivity
Plot of log k versus t used to extrapolate outside the

given range of data

at 32°F 0.,0078 Bsu/nr, ©t, °F
at 212°F 0.0135 Btu/hr, ft, °F

Critical values

Temperature 1 25,2°K
Pressure 37,5 atn,
y (viscosity) 239 x 10-0 gram cm~lsec-l

Viscosity (1 atm,)

Computed from reduced correlation

at 100°F 0.0081 C,
ot 8L2°F 0,0179 C
Enthalpy
set, vapor: 52 psia 306 Btu/1b.
at 10Q°F

sat, liquid: 52 psia 155 Btu/1b,

sat, vapor: L0 psis 302 Btu/ib,
at 80°F
sat, liquid: LO psie 146 Btu/1b.,
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Table 2., (Continued)

NWitric Acid (70% Liquid)

Density
at 20°C 1.L130 C’O
at 25°C 1.14067 C;
at 30°C 1.3983 Cp

Specific heat

st 20°C 0.615 cal./g. °C

and secondary blast shield. The plywood was bolted securely

to three tubular steel uprights which were anchored to both

]

[

the floor and ceiling of the laboratory. Because of previou:
reports of occasional explosions occurring during vapor phase
nitration, an additional three-sided enclosure of 1/L in,
aluminum plate was bolted to the floor between the boiler
plate frame of the reactor furnace and the plywood enclosurse,
One cormon side of both the »lywood and aluminum enclosures
opened toward a window which provided pressure reliel in case
of an emergency.

All instrumentetion and controls reqguired to operate the
unit once the reaction was initiated were placed on the ply-
wood panel board, A photograph of the panel board is shown in
Figure 2,

The physical properties of the products, reactants, and



Figure 2, Photograph of contiol pansl
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materials of construction roguired to perform the design coi=
put abions were, whore possible, obtained from the literature

or, where necessary, ostimated by stendard empirical methods,
The valuses of the properties used and their sources are showin

in Table 2,

Nitric z2cid system

The nitric acld systom used an acid eogg commectsd to The
regulator of a heliun cylinder to puwap the acid, The acid
egg, which had a capacity of 79,5 cu. in., Wwas constructéd of
1.5 £5, of 2,5 in, outside diameter, 0,065 in, wall, type 306
stainless steol tubing with 1/l in, stainless steel plates

welded 4o close each end, Swagelok 1/ii in, tube Fittings were

ct

welded on the end plates to provide the heliwm in, acid ou
and drain ports, A check valve was instsiled to prevent acid
vapors from backing up to the cylinder regulsbor when the
pressure was released, Although both the ¢ylinder» end acid
egg Were behind the plywood enclosure, the pressure in the
acid egg could be observed and controlled by a pressure gage
and valve mouanted on the panel boawrd,

The nitric acid flow zystem is iIncluded in Figure 1, The
acid was forced from the acid egg througn 1/l in, tubing %o &
blunt needle valve and a calibrated Brooks robameber, From
the rotamoter, the acid passed through a Whitely micro-regulae
tor control valve, and then either to the acid vent port whilse

the flow rate was being adjusted or to the rsactow, The acid
g ’
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while flowlng from the rotameter to the roeactor, passed
through a 8ix foobt counter-current double-pipse heat exchangoer
in which the annular space was filled with flowing FPrestone

antifreeze at -15°C. Cooling the acid was one of tho things
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done to gid in the prevention of pram:
whicl: could have led to vapor locking in the zcid spray de=
vice, reduced nitroparaifin yilelds or sxplosions at 1ow mole
ratios, The acid line was reduced from 1/L im. to 1/8 in,
irmmediately prlor to entering the reactor,

Controllable flow rates from 3 x 10°h to 100 = 10~k grem
moles of 70 per cent n nitric acid per seccond wers cbbained dy

use of this system, Commeoreiasl grade (Maillinckrod: Chemical

Works) 70 per cent acid was used exclusively for this rsesearch,

3

But ane gystem

The butane system is also included in Figuwre 1, The bu~
tane cyllnd@r was hested by a hot water bath and iusulated to
maintain a supply pressure of 60 psig, The downstream praes

sure was st first by a two-stage regulator on the cylinder

2

o

and then by a low pressure panceke regulebor geb at 20 psi

After flowing through 20 feet of 1/l in, copper btubing and a

w

Moore constant differential pressure floWw comtrollerr, tho gas

was met ered in a callbrated Brooks 600 mm, robtameser, The buw
tane temperature at the rotameter entrance was controlled by |

meens of a Fenwall thermoswitch cornected to 20 feet of clec-

trical heating tape which was placea outside the insulated
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line from the source cyilndor, By use of a fine Hoke neoedle
valve sized according to specifications for use with the Moore
contrcller, constant and highly reproducible ficw rates wero
obtained, and because of the controller, were independent of
downstrean pressure fluctuations, Tho bubtarne pressure was
messured at the rotameter with a mercury mancmod

The robtamster was calibrated wWith a precision wet test
meter, The system delivered bubene at rates from 0,04 to 0.35

gram moles per minute, The butane used in this calibratiocn

a2

was Phillips Petroleun Company technical grade butane with a

mininun purity of 95 mole per ceont n-bubane,

Resctor furnace group

The wroactor furnace group was both a support for tho
reactor pot and a heat gource for the molten galt, Tho fur-
nace frame was a 19‘x 19 =z 30 in, °h01 formed from angle iron
wluh 1/h in, boiler plate on the fop, botbtom, and three sides,
The angle iron junctions were first securely bolbted together,
then the edges were sealed with a vead of weld, The boiler
plate sides were bolted to the innef face of the angles,
thereby creating a firm structurs, The oubter faces of the
reactor frame were covered with 1/l in, trsnsite, The immer
walls of the cavity wore 1ined with a double layer of firoce-
brick while the ramainder of the cavity, with the exception of
gsufficient space in the center to acccmmodate the resctor pob,

was f11ed with asbestos blocks, The side of the frame not

-
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covered with boiler plate was covered with a shest of transiie
and faced toward the windew,

The reactbor pot was wrzpped in a spiral with three ce=
ramic-covered heaters, Then the pot aid hesters were encasgad
in thermal setting ceramic, Two of the hesters are rated at

1,500 watts, the third at 1,000 watts, The power output of

2,

the heaters wes controiled by powerstat variable transformers
mountsd on the pansel board, To conitrel the tempersture of the
molten salt at the desired set point, a Brown Electric Pyrome~
eber was comnected in series with one of the 1,500 watt heat=

ors.

Reactor assembly

ey

The reactor assembly consisted of two separats groups,
the reactor nead and the roezacior pot, Thsse sections were
bolted togethoer using five 3/l in, bolss and were supporsed
in the furnacs dy ﬁhe wopor boller plate of the furnace Iframs,

The reactor pob, shown in Figure 3, was 2l inches deep
and six inches iIn internal diameter, It was counstructed of
Schedule 0, six inch iron pipe with a 1/2 in., mild steel
plate for the bottom, Three baffles of 1/2 x 1/8 in, staine

leas stoesl plats were installsd abt 120° sepavations, The pob
was £illed with 21 pounds of a sutectic mixbture which melts atb
222°C and consists of 5L weight per cenb YNO3 and L6 weigat
per ceont NaNOB. The reactor conbents were agitatsd by means

of a two-inch stainlegs steel impeiler of the turbine type



Tigure 3., Reactor pot and head assembly
B: 1/2 in., mild steel plate

F: sgchedule L0, 6 in, iron pipe
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acking gland

R: compression ring
T: +thermocouple-
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mounted on a shaft driven by a 1/20 hp., 115 vols, fan-cooled
motor at 1,000 rpm, The stirrer was capable of producing a
local Reynolds number of approzimately 30,000 (56).

The reactor head Was constructed of 1/2 in, mild steel

¢
[éal

plate with stainless steel fittings., Figure 3 ig LOSS =

H.\
Q:
o'
<

sectional drawing of the assembly reactor head, modirl
rotation of several items to permit all compcnents to bo shown
in one plane. Photographs of the reactor head are shewn in
Figures I} and 5,

The acid entered the reactor essembly through the inner
tube of & concentric assembly which comnsisted of 1/8 in.,
1/L in,, and 1/2 in. tubes., Air fiowed down the immer annue
lar space to the point wherse the acid iine entered the mixing
tee, then up through the outer amnular space to be vented,
The purpose of this concentric tube arrangement wag to pre=-
vent premature vaporization of the nitric acid,

The bubeane entrance line and prcheater consisted of a

(12

l"‘!

13 f£t., long, L in, diameter coll of 1/L in. stainless tubing.

The coil wasg sized to bring the butane spproach temperature
to approximately 25°C at a butane flow rate of 0,13 grem moles
per minute, The reactants enbered the mizing tee whora the
acid sprayed radislly into the concentric sitream of bubane and

-

neat

once the reaction started, the acid was vaporizsed by the
of reaction, The mixturo then flowed from the tee, through a
two~inch section of 1/4 in, tubing, and sprayed through four

0.032 in, holes into the highly turbulenit salt bath, PFigurse 6



Mgure I, Phobogzraph of roactor heoad plate
> o
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Figure 5, Photograph of the assembled reactor
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Figure 6, Cross-section of mixing vee
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shows a diagram of the mixing tee assembly,

The aglitator shaft passed through a compression ring
packing gland in the reactor head plate stuffed with asbestos
packing rings, The thermocouple wells contained 28 gauge
chromel alumel thermocouples welded into the tips of 1/L in.
stainless steel tubes which made up the wolls themselves and
passed through drilled-out Swagelok fittings mounted in the
head plate, Two of the four thermocouples msasured the salt
bath temperabture, one the freeboard gas temperaturs, and one
the temperature in the mixing tee, An additional thermocouple
was ingtalled in the product exit line just above the reactor
head, Tne salt bath thermocoupie in the neighborhocd of the
mixing tee sent its signal to the Brown Electric Controliling
Pyrometer, while the signals from the others went to a Brown
Flectronik multiport recorder, A moercury manometer was con=-
nected by a tap to the produect exit line,

A movable electric probe, which closed a 10 volit circuls
in series with a panel light on touching the selt level, ex-
tended through a packing gland constructed Irom a Swagslok
fitting., The probe was fabricabed from a 1/L in, stainless
steel tube conbtaining two electrically insulated silver wires,
At the terminal end of the probe in the reactor, the ends of
the wire were bare and slightly protruding from the tube, By
use of the probe the level of the molten salt could be meas«

ured, although under operating conditions the entire reactor

was filled with salt,
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Product sempling system

The product sampling sysbtem consisted of two major parts;
an on-line and a total pyoduct system, The first ﬁas used 4in
the collection of an allquob semple of the broduct geses in a
heated sempling valve and subsequent enalysis by gas chroma-
tograpny., The second in the cooling}and collection of the
total product followed by its subsequent separation and angl-
ysis by gas chromatography.

For the on~line collection and analysis the product was
sampled for analysis by a Beclkman sempling valve (Model
102396, Beckman Instruments, Incorporsted) with a 3 cc seample
loop, The valve was operated'pneumatically from the pansl
board by a solenoid with 50 psig air used to actuate the
valve, Because salt carry over bullt up in the sample loop
and prevented the obtaining of a full size ssmple, reactor
effivent could not be alloved to pass thru the sample loop on
a continuous bagis, Consequently a water operated aspirator
was used to draw a portion of the effluent thru the deviece for
a few minuses prior to sampling. The bulk of the effluent
went to the product collection system directly,

To provent sample condensatlion in the sampling device,
the valve was installed in an Insulated aluminum box which
was kept at 250°C. The tempersture was maintesined by a hot
plate (700 watt, Model HP-A1915B, Type 1900, Thermolyne Cor=
poration)'controlled by a Model 117, Superior Electric Company

powerstat, The temperature in the semple box was messured by
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2 iron-constentan thermocouples mounted in stainless steel

thermowells,

The sample box was mounted directly on top of the reactor
body so a minimum amount of additional tubing was required to
send the sample from the effluent tube to the valve, The
sample was picked up by helium in the valve and sent to the
first chromatograph for analysis.,

The cooling and collection system involved a major pro=-
duct exit line of 3/8 in. stainless tubing which formed the
inner shell of a double pipe heat exchanger, The oubter shell
wag of 1/2 in, pipe. Prestone anbifresze at about =15°C en-
tered the annular space and flowed countercurrent to the pro-
duet stream, The condensed'portion of the nitration effluent
passed through a dry-ice liquid trap into a fiask, The uncon-
densed portion passed through a gas sampling flask then to a
vent, The rate of flow from the vent was measured by a cali=~
brated bubblemeter as described in detail by Ives (Lb).

The coolant was supplied by a small gear pump from a 50
gallon reservoir which contained & 1l:1 mixture by volume of
water and Prestone antifreesze, The refrigeration mixture was
cooled to a miniagm of =15°C by a double pipe hest exchanger
device using expanding Freon 12 supplied from a Mills two-

cylinder gas compressor driven by a 220 volt, 3 hp. motor,
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Chrometographic Analysis

General

Butane nitration products may, in goneral, be considered
to consist of three distinet groups of substances, esch group
possessing unique characteristics which allow it to be sep~
arated by a particular combination of_packing and partitioning
agent, The groups are: (1) the nitroparalffins and higher
aleohols, (2) the oxygemated zliphatics and water, and (3) the
fixed gases and paraffins, An acceptable degree of component
resolution is required to obtain quantitative results but this
must be obtained at a minimum retention time when the analyt=-
ical system is to be used on-iine, It was believed that, if a
sultable chromatographic analysis could be deveioped for each
of the three major groups occurring in the nitration efflusnt
stream, an effective on=-line analysis could be developed by
using a valving arrangement to hook the thiree chromatographic
columms in series, The concept was that, if the first column
were operated at a relatively high temperature and flow rate,
the low and middle boillers would pass through repidly and un-
resolved and could then be sent to the second colummn, The
high boilers would be quantitatively separated on column one,
then through the use of a multiport valve, sent to vent %o
prevent their contaminating the second colum which would be

operated at a lower temperature,

The particular type of column used during this
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investigation consisted of a packing of powdered teflon which
was marketed under the name Halleport F and a partitioning
agent of Celanese No, 9 ester, This combination of packing
and partitioning agent was used because Ives (L}6) had earlier
shown that the non~porous surface of the teflon reduced the
possibility of servious water tail and that the ester would
quantitatively separate the nitroparaffins,

Initial work showed that the time controlling analysis
would be that of group (1), the nitroparaffins and higher
alcohols, The approach then taksn was to develop an analysis
for this group which could be performed in a reasonable time,
then o0 mesh the remainder of the groups in series, In this

way all group analyses were complete by the time group (1) was

finished,

Exploratory study

Since the problem was, in essence, one of minimizing a
retention time function subject to a set of copstraints which
insured acceptable resolution between all important peaks, it
was necegssary to first mathemetically define the.term accept~

able resolution,

R = ;2'31 (11)
avg
R = pesolution betwoen two adjacent peaks
t1 = retention time in minutes for first peak
t» = retention time in minutes for second peak
W = gverage base wildth for adjacent peaks, scale units
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It was then necessary to determine the smallest value of R

which would, in the case of all adjacent peaks, insure quantie

tative separation, then to make an initial estimate of the
best set of oporating conditions,
The first part of the work was carried oﬁt using a 12 ft.,

3/16 in, diameter, 5 per cent Celanesae No, 9 on Halleport F

colum and a second column six ft. in length, 1/L in, in diam=

eter, and containing 15 per cent agent,

(a) Two 2.0 Ml saﬁples of each expected reaction product
(except NO, NOp, and fixed gases) were run individually
through each of the above two columns at 60 ml,/min.
helium and 78°C,

(b) For each column the rotention time and peak width were
determined fof each individual component, The components
were then ordered for sach column according.to retention
time and a resolubtion factor (R) caleulated for all adja=~
cent palrs of peaks, The following actual data are given

as an example of the type of resulits observed,

Table 3, Resolution factors

Retention Time Peak Width Resolution Factor
Component (min,)" (in,) (R)

Nitromethane 1. . :
trom 9 0.L 2.0 = 1.9 = ¢.20

n=-but anol 2.0 . 0.5 . 0.
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Table 3, Conbtinued

Retention Time Peak Width Resolution Factor

Component (min,) (in.) ; (R)
OO "'.2»0 —
| L = 165
Isobutanol 3.0 0.6
8 o -0 -
Nitroethane 3.3 0.7 2_20_..72__ = 0.43

(¢) To confirm that the expected separations could be made,
two-component mixtures of each adjacent pair of possible
products were run in the two columns at the same condi-
tions, viz., 60 ml,/min. helium and 78°C.

(d) From a knowledge of the value of the resolution factor
(R) between adjacent peaks as determined in (b) and con-
firmed in (c¢) above, the minimum (smallest) value of R
that will assure a quantitative separation of all peaks
was identifled for each column, As anticipabted, this
value was the same for each colﬁmn; 0.8, This minimun
resolution value was used later as one optimization crite-
rion.

The next portipn of the Work was necessary to obtain an
initiel estimate of the optimum operating conditions to givs
the desired quantitative'resolution in minimum time, The
values thus obtained were used as a starting point for the

final experimentai design,



(a)

(b)
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The overall experiment involved the following values:

Columm length (2 levels), ft. 6 12
Column diameter (2 levels), in, 3/16 1/
Per cent agent (2 levels) g 15
Temperature (2 levels), °C 50 100
Helium rate (2 levels), ml,/nin, 30 90

The values selected were for the most part based on prac=-
tical limitations, As examples, the Teflon support pack-
ing will not fit in a columm less than 3/16 in, in diam=-
eter; partitioning agent concentrations greater than 15
per cent lead to stickiness, end at 120° a slow bleed of
the agent can bg detected, To decrsase the number of
experiments required, a one~half replicate was used,

This confounded any interaction between column length,
diameter, and per cent agent, It was equivalent to as-
suming these factors are independent, which was quite
likely.

The experiments were statistically scheduled using the

following nomenclature:

Code First Second
- Treatment Letter Level Lovel
Column 1ength; ft. E 12 6
Column diameter, in. D 3/16 1/4
Per cent agent C 15 5
Tempoerature B 100 50
Helium rate; ml,/min, A 90 30
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When the nomenclature was used to designate combinations,
the absence of a letter mesnt first level of treatment,
Conversely, the presence of a letter meant second level,
The symbol, (1), indicated the first level for all treat-
ments, TFor example: _

BE meant 90 ml,/min,, 50°C, 15%; 3/16 1in., 6 %,

ACDE meant 30 ml./min., 100°C, 5%, 1/L in., 6 &,
The experiments were performed in four blocks to elim-
inate ?andom varistion according to the sequence shown in
Table i, Run 5 in each block was included to supply a

replicate point to allow the determination of error veri-

ance,

Table li, Experimental design for initial chromatographic

experiment
Run Block 1 - Bloek 2 Block 3 Block L
1 (1) AC AR AD
2 AB BC BE BD
3 ACDE DE cD CE
L BCDE ABDE ADGD ABCE
g AB BC BE BD

The experiment performed under each treatment combination

consisted of the following:
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i, Run individually a 2 ul sample of each of the five
components listed below at each combination of con-
ditions (total of 20) listed immediately above,
ii, Récord the retention time and peak width for seach

component,

1131, Calculate the following:

Component Calculate

nebut anol

Resclution Factor
2-nitropropane
Nitrohethane

Resolution Factor
2=butanol
l-nitropropane Retention Time

Previous work had indicated that ‘the first two
pairs would probably be the most difficult to sep~
arate and that 1-NP would probably exhibit the
longest retention time,
(d) From the 20 tests required in (b) above, the initial es=-
timate'of the.optimum operating conditions was estimated,

Results of exploratory study
From the study ﬁhus far deseribed, the following conclu-~
sions were reached,
(1) In each case a minimm value of the resolution factor, R,
of 0.8 resulted in a quantitative separstion,
(2) The resolution factor, R, measured not only the retention

time differences but also the peak spread and tailing,
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These qualities make the R value superior to the standard
measure, the height equivalent to a theoretical plate
(HETP), for determining the operating conditions of a
colun,

(3) A 15 per cent column increased both the peak widths and

» tailing and dacreased column efficiency.

(L) The only effect of the 3/16 in, column Was to increase
the effective flow rate,

(5) That a column of length greater than 12 ft, would be re=-
quired to perform the separations, An extrapolation of
R values indicsted that an 18 to 20 ft. colwmn would do

and that the low boiler separation would requlre a ten-

perature in excess of 70°C.

Second experiment

A 20 ft,, 1/ in, diameter, 5 per cent Celanese No, 9 on
Halleport F column was constructed and a ten-component mixture
containing possible products in the low boiler range was pre=-
pared, The components were t~butanol, isobutyraldehyds,
n-butyraldehyde, 2-butanone, l=-propanol, nitremethane, 2-buta-
nol, nitroethane, isobutanol, h-butanol, and 2=-nitropropane,
This mixture included all reactor products previously reported
in this range except Z-methyl-2-nitropropane, l-nitropropans,

- 2=nitrobutane, l-nitrobutans, These four components have the
longest retention times, and previous experiments indicated

that they are very easy to separate quantitatively, Therefore,
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to shorten the time required to complete this block of tests,
they were omitted from the test mixture,

A second-order central composite design (20, 22) was set
up and 2 Wl samples of the test mixbure analyzed, Figure 7
shows the pictorial repregentation of the design and the test
levels, The results of this experiment were expressed in

quadratic polynomials by multiple regression analysis,

(RT)y = by + byxy + bpxp + b117»12 + bpoxa + b1oXixy (12)
1= 1, 2, 3, ssev e 10

Ryj = ap + ayx) + agxp + ay1x1° + agaxa® + ajpmi%z (13)
i,j=l’ 2, 3, ¢ 6000 10

where: (RT)3 = retention time of the ith component, min,
Rij = resolution between adjacent pesks
x; = flow rate helium, ml,/min,
X, = column temperature, °C
All of the correlation coefficients were greater than 0.9,
thus indicating an acceptable fit of the data by the quadratic
expressions.
From the least squares equation the following plots were
produced:
(1) for each pair of adjacent camponents a plot of resolution,
R, versus flow rate at parameters of constant temperature
(2) for the component of each pair with the greatest reten~

tlon time, a plot of retention time, RT, versus flow rate



Figure 7, Experimental design for chromatographic experiment
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at parameters of constant temperature,
It was noted that for each individual palr of components there
was a true opbtimum or best set of operating conditions, The
best set was not the same, however, for all adjacent psirs,
Thus, the problem became one of matching ranges of conditions
to arrive at a set of conditions that would give a resolution
value of at least 0.8 for all pairs at a minimum overall re=-
tention time, For example, it can be seen from Figure 8 that
the optimum resolution in the operating range is 1.1 at 105°C
and Ll ml,/min, for the 1-butanol, Z~nitropropane pair, while
Figure 9 shows that the minimum retention time for Z2-nitropro-

pane occurs at 105°C and 70 to 75 mi./min.

Data analysis and results

The method developed to minimize the tobtal retention time
while keeping all R values greatser than 0.8 is outlined below:
(a) Contour plots of resolution as a function of temperature

and flow rates were preparsd for each adjacent peak pair,

Figure 10 shows an example of the contour plots, At in-

crements of coded flow rate, coded temperature ranges

which bounded the criterion R > 0,8 were read from the
plots for each pair of peaks,

(b) A table of flow rates and temperature boundaries for seach
peak palr was constructsed and examined, It was observed
that the criterion of R > 0.8 for all peak pairs was ob-

talnable for only a limited range of flow rates,



Figure 8, Resolution of l-butanol and 2-nitropropane on a
20 ft,, 1/b in, diameter, 5 per cent Celanese
No., 9 on Halleport F column as a funetion of
flow rate and Lemperature
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Figure 9, Retention time of 2-nliropropane on a 20 ft,,

1/ly in, diameter, 5 per cent Celanese No, 9 on

Halleport F colum as a function of flow rate
and temperature
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Plgure 10,

Plot of rosolution walue contours for 2- outanol
nitromcthane on a 20 ft,, 1/ in, dismoter, 5 per
cont Coelanese No, 9 on Halleport F column as a
function of btemperature and flow rate

Rogolution values start at 0.9 (A) and incresass
in steps of 0,1 to 1.9 (K),
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(¢) Those acceptable temperature, flow rate combinations ware
then used to compute,.from the appropriate quadratic
equation, the retention time of 2-nitropropane which was
the time controlling component, The temperature~Ilow
rate combination which resulted in the shortest computed
residence time was picked as the operating condition, 4n
example of this procedure is shown in Table 5, The best
set of operating conditions was found to be at 105°C and
55 ml,/min, helium flow,

In addition to being useful in determining operation con-
ditions, the contour plots were helpful in obtaining a better
appreciation of the relationships between the controlled vari-
ebles and the analytical response, For exeample, the l-~butanol,
2-nitropropane system resulits in a retention time plot as
shown in Figure 11, Thils plot showed that a low=-level reten=
tion time could be obtained over a rather wide range of tem~
perature~flow rate combinations,

By utilizing the concept described in this ssection, of
using boiling points to make initial separations then running
each resulting cubt thru an appropriate column, Johnnie (47,
44,8) developed the mechanical procedures for a complete on~line
analytical system, He used the operating conditions developsd
herein to separate the first two groups of products, aud
standard analytical procedures from the literature to separate
the fixed gases, The final tool was a complicated, but very

workable combination of chromatographs, multiport valves, and



Filgure 11,

Plot of roboention time contours for Z2-nitropropane
on a 20 ft,, 1/L in, diameter, 5 per cont Coelansse
Mo, 9 on Halleport F column as a fuuchlon of teme
porabure and flow rate

Retention times start at 12 min, (A) and increase
in steps of 1,0 min, to 29 min, (R).
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Table 5, Example of method used to determine the best set of
operating conditions for a gas chrometogrephic ane~
lytical procedurs

Temperature values which bound acceptable resclution for each
peak pair, coded

Flow rate, 1,1 1,2 2,3 3, eee. 8,9
coded (max,) (min,) (range) (min,) (min,)
-2,0 - -0.64  -L.Lh o0.24 -1.20 .... 0.32
-1.6 - -0.80  ~l.4l o.24 -1.0h .... 0.24
-1,2 1.36 -0.,88 -1.44 0.20 =-0.96 .... 0.16
-0.8 0.96 =0,80 -1.,ht 0,16 -0.80 .... 0.16
-0,k 0,72 =0.,72 =l.,4L 0,08 -0.6k .... 0.2k
0.0 0,50 -0.,56 -l.4k 0,08 -0.48 ,... 0.32

Limiting values of temperature for all peek pairs

Flow rate,

coded Minimum Mazximum
-2,0 0.32 0.2l
~1,6 : 0.2l 0.24
-1,2 0.16 G.20 possible opersting range
~0.8 0.16 0.20
-0.L 0.24 0.16

From Retention times for 2-KP

At flow rate = =0,8
RT = 17 min,
t emperature = 0,16
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pressure conbtrol valves which gave an on~line product analysis
in less than 30 minubtes, This tool was incorporated into the

- pilot plant scheme and used the sampling system described

earlier,

Operating Procedurs

St art up

On the day prior to stasrt-up, the reactor furnace wes
turned on ard the power adjusted to approximately 50 per cent
total capacity with the set point controller at 300°C. This
type of adjustment melted the salt ancd brought the reactor %o
within 100°C of reaction temperature in 12 hours, The chroma=-
tographic system was turned on and ail flows and valve resist=~
ances set at appropriate levels, The sample valve was in the
"off" position so that the products would purge the sample
loop once the flow of reactants was staried,

On the morning of start-up, the reactor furnéce was ad-
justed to 80 per cent total cepacity and the set point moved
to the initial reaction temperature, The flange plate on the
reactor pot was covered with silicone grease To insure a pro-
per seal between it and the headplate, A flexible hose was
connected to the inlet lines on the reactor headplate, end
nitrogen flow started thru the hose, This was to keep a posi=-
tive pressurse on the reaction tee so the salt would not plug
the bubbler when the headplate was lowered into the molten

salt bath, The rcactor head plate was then lowered and
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sacured to the reactor pot. All piping end thermocouple con-
nections were then made and the refrigeration unit starte@ upo,
The multipoint tempersture recorder and chromatographic equipe
ment were checked to insure that they were functioning prop=~
erly and had sufficient chart paper and ink,

The acid line was disconnscted from the rsactor head and
the entire acid system was washed with two 500 cc porticms of
acid to remove any residual wash wabter, The acid egg was then
filled with 1,000 cc of acid, all comnections completed, and
the egg pressurized to 20 psig with helium,

The product recovery system was flushed with water to re-
move any salt deposits left from a previous run., Ths product
oxit line and sample box system were connected to the reactor
head plate, Dry ice was packed around the product recovery
flask,

Nitrogen was purged through the butane and reactor system
for at least 20 minutes to remove any air tﬁat was presenﬁ.
This was extramely important in preventing fires resulting
from butane flash, After the purging, the butane fiow was set
at the desired level and the final adjustments on the reactor

.

furnacs made, The bubtane was allowed to flow into the reactor

-

srval the re-~

ct

ime in

=3

for approximastely 20 minutes, In this

ct

actor temperature leveled off at the required set point,
After the btemperabures had leveled oubt, the acid flow was
slowly initiated, It was mandatory that the finsl flow rate

be approached very slowly to allow the mixing-tee to reach
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thermal equilibrium, When this was not done the reaction was
very violent. The large bubble meter was then switched into

the product vent line to measure the off gas flow rate,

Operation end sampling

After approximately 15 min, of reaction, the water in-
duced vacuwnm was started in order Lo pull a sample thru the

sample loop, & 500 cc off gag sample was collected from the

02

product exit line by the opening and closing of appropriste

stop cocks, The on~line sample was taken by flipping the

11 1t

gample -sWitech to "on", As soon as the sample switch was "on',

a syachronous timer was started to indicatoe valve switching
times to the individual controlling the on-iine device, The
liquid product from the collection system was separeted into
two phases, the adqueous phase and the organic phase, Fach
phase was drained into & tared flask, weighed and storsed under
refrigeration, The off gas semple was analyzed as soon &8 the
on-line sample cleared the chromatographs. The ligquid samples
were analyzed st the end of each day of operation,

t required between one and two hours to attain equilibe
rium at a new set of conditions., During this period, the pro-
duct collection and sampls box sysbems were disconnected and

flushed with water to prevent salt build up,

Shut dovn

The acid and butane flows were turned off canpletely and

the system purged for 20 minutes with nitrogen., After purging,
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the acid line was disconnected and the emtire acid system was
washed with two 1,000 cc portions of water, If the system was
not properly washed, the écid tended to swell the packing
around the controlling needle valves which consequently made
them useless,

The reactor head was removed While maintaining & nitrogen
flow to prevent plug-up. The furnace, refrigoration system

and all heating elenoeoncs were then turned off.
Experimental Plan

General
The term "optimum operating conditioans™ for the buiane

nitration process encompassses numerous criterion such as the

following:

(a) To maximize the mole ratio of the nitroparaifins produced
per mole of bubane consumed in the reaction (i,e, hydro-
carbon yield).

(b) To maximize the tobtal moles of butane reacting per mole
of butane fed (i,e. hydrocarbon conversion).

(¢) To restrict the mole ratio of butane to acid to a minimun
value in order to keep the quantities of butane and zecid
that would have to be recycled in an industrial process
at e reasonable level,

(d) To produce the most desirable nitroparaffin distribution,
It was realized that these constraints and the onses con=-

cerning nitric acid would probably be conflicting, but this 1is
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not unidue in a practical situation., In Cochrant?s words,
"Frequently, more than one characteristic of a product is im-
portant, A shift in the X; away Ifrom the trus optimum may be
preferadble because of 1ts effoect on one of these other cherac-
teristics" (22). In the nitration work, however, all desir-
able constraints were linked fo & common denominator, the

profit function,

Optimization

Many general methods of obtaining opbimum conditions from
experimental data are avalladble (6, 20, 22, 28). Some of
thess, however, like the Method of Stespest Ascent require
that the results of an experiment become known quickly, since
each experiment in the method awaits the completion and analy-
sis of the previous one, Thesse sequential methods, in general,
attain optimum points in less total experimentation than other

)

nethods, Because of the lengbth of Time raguired to stari-up

L)

the pilot plant then to evaluate the resulting chromatographs,

such sequential strategies wers not practicable so the "Single

Large" experiment technique was used {22}, In this case, be-

cause the exploratory work of pravious iunvestigabtors had al-
ready bracketed reasonable starting conditions this technique
wag applicable,

The results of the experimental work in ée&ms of ylelds,

on were fit to quad-

[t

conversions, and nitroperaffin distribut

ratic polynomials by multiple regression analysis, The
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polynomials were of the form
Ye = by + DyXy + DpXo + DaXa + byyXy> + DpsZs® + baaxao
i~ %0 1+l 242 343 T V114l 2242 3343

+ b12xlx2 + b13x1x3 + b23x2x3

i = 1e°°8

where:? Yi = rezponse in terms of yield, conversion or nisro-

]

ion

ci

paraffin distribu
X, = btemperature, coded
= mole ratio, coded

= molar flow rate of recactants, coded

N -
LER

3]

Exporimental de

The experiment was performed in a central composite
second-order design in three incomplebe orthogonal blocks (20,
22)., The variable levels wers coded to range from ~1,633 to
+1,633 in order to mainbtain the orthogonal features of the de-
sign, Table 6 shows the effect levels, coded values, and
block design, The design itself is shown pictorially in Fig-
ure 12, Thoe cenber point was replicated six timss to obtain
an estimate of the experimental error and the blocks wers made
on days, A design of this nature: (1) reduces the amount of

udy a response surface, (2) pro=-

ct

exverimentation required to s

[a])

vides a measureo of the lack of fitv of the quadratic surface,
(3) provides an estimabte of the experimental error, and (L)

ndicates any time trend which could result from the slow

t-to

poisoning of the reactor,



Experimental design for reactor optimization
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Table 6, IxXperimental design for reactor optimization

¥olse Ratio Ch/Acid Temperature Flow Rate
%1 M,R., %2 °c x3 g, moles/min,
-1,633 3.0 -1,633 365  -1,633 0.433
-3 3.77 ~1 398.5 -1 0.590
0 5.0 0 120 0 0,830
+1 6.23 +1 LL1,5  +1 1,079
+1,533 7.0 +1,633 LS55  +1,633 1,235

Central compositeo second~order design in three
incomplete blocks, (A block was a day)

Block T Block II Block III

xl x2 =3 Zl = x3 x1 .o x2 ... X3

-1 =1 1 -1 =1 =1 ~1,633 0 0

A i =1 1 +1.633 0 0

-1 1 -1 ~1 1 1 0 -1.633 0

1 1 1 1 1 -1 ¢ +1.633 0
0 0 0 0 0 0 0 0 -1,633
0 0 0 0 0 0 0 0  +1,633

0 0 0

0 0 0
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DISCUSSION
Reactor Operation

The reactor and its auxiliary equlpment performed, in
general, very satlsfactorily, The significant problems asso=-
ciated with metering and control of reactant stireams were
overcome, The pulsing acid flcw reporied by Adams (1) and
Feoar (31) was provented by the use of the acid eggz which
produced a steady, reproducible acid flow rate, The Moore
Flow Conbroller in the butane 1line was successful in prevent-
ing downstream pulsations from effecting the butane rotamster
settings.

The concept of using cold acid fecd as an &id In con-
trolling the reaction was qulte successful, for the reactor
was operated at low mole ratios of hydrocarbon to acid without
the occurrence of excessively violent reactions, Although a
series of very distinet “"bunps" were often felt when the acid
flow was initiated, it was found thet this undesirable effect
could be reduced by bringing the acid to the final fliow rats
very slowly, Within a few minutes after the final flow rate
was reached, the reaction would level out, and any initial
tendency toward irregular behavior would disappear,

No problem was encountered in obtaining and maintaining
operatlional salt bath temperaturss, As with the acid flow
start up problem, an experience factor soon became a signifi-

cant aid in obtalning the desired temperasures quickly. For
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example, when opereting at mole ratios of less than 5 to 1 it
was advanbageous to have the salt bath a few degrees sbove the
set point valus prior to starting the acid flow., In this Way

the initial heat absorption required for acid vaporizaztion

d not result in a tempersture

o
2

before the resction started
drop below the desired reaction value, During operation, no

-

temperatures exceeding thoss of thae salt bath wWere ever ob=-
served, This was another indicabtion that the highly exo-

thermic reactions wore under conbtrel at all times, The pro-

duct teupsratures at the outlet above The roactor head were on

the average 100°C below the salt bath bemperaturs indicating

r the reactor,

ie]

that the product ccoled rapidly after leavin

¢

Analiytical Results

Genoeral
The on«line analytical met aod which was esrlier tested on

mulated nitration products (L? 1L8) preved to be quite sa

 id

s

sfactory in acbual operation, There were, hovever, several

=

mechanical problems with the sampling systenm which were not

completely solved,

from the very delicate balsnce between sulfificient semple size
and excess gample size, In order to quantitatively detect

the small quantities of some components, a sample size of 5 ce

B

was reduired, However, with the svaileble sampling techmicgue,

a sample this Tlarge resgulted in g decrease in component
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resolublon because of peak "tailing”. The shaps of a chroma=-
tographic peeak is strongly influenced by the flow character-
istics of the sample "plug" (59). Any diffusion or baclkmixing

of the

()

will result in tailing of the leading or traliing s&dg

B

sample plug and consequently woesult in analogous Tailing of

*>

hale

11>

G

the individual pecks on the recorder chart, This tail
effect becomes more and more signilficant as snalysis times are
decressed and as the columm effi

Cormercial sample valves are available with 1/8 to 1/16
in, entrance and exit ports, The one used d
search head 1/8 in, ports, and the supplied 5 cc sample cole
lection loop Was consequent yll/B in, 0.4, 4 1/8 in, 0.4,
loop with a 5 cc cepacity is 3 feet long, Therefors, the 5 cc
sample carried by a heliwm stroam was alvready "cailed™ for
3 feet vefore arrivel at the analyt
found that a 1/L in., o.d, loop with 2 5 ce capacity resulted
in a different typs of, but equally unacceptable, taeil, This
occurred becauss the heliwm stresm from a 1/8 in, port was

unable to sweep a larger sample loop While maintaining a true

}.’
}—{)
o
G
<

plug flow condition., The resultling diffuse and backni

then caused the sample teill,

An scceptable, bubt not ideal, compromise was obtained by
constructing a 1/8 in, o.d, sample loop With a 3 cc capacity,
Some sensitivity was lost, bubt the resulting analysis was
quantitative for the major components, This system would be

1deal for the snalysis of ethane nitration products where the
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number of components present would be consideravly smaller and
sensitivity would not then be a problem,

Another difficulty with the sauple collection systen

ch

which rasulted in lost results during the early runs wWas salt

carryover, During the sarly sbages of experimentation, a pors
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samples, This probles was elimineated

The complete analysis of the anitration products for the
final experiment, runs 20 to 39, is given in Table 19, Appen=-

dix A, OF the possible nitroparalifins, only M, FE, 1-i7,

e}

2-%B and 1-NB wsere found in signilicant
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sthanol, and l-propanol wers present whi
served, Quantities of propionaldchyde, n-butyraldehyde,
acetaldenyde and formaildehyde were present in Tarying propor-
tions, In geniral, the quantity of oxidation and dscomposition
prodﬁcts such as the alcohols, aldehydes, low molecular weligh

!

()

hydrocarbons, and the oxides of carbon increassd with increase

- o

resction temperatures, Tnis is seen in Figure 13. Also shown

in the same figure are the ethans/butane and prop ane/butane
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mole ratios vs. temperature., It is seen that the quantity of
light hydrocarbons formed increased with temperature, The
amount of nitrogen foimed also increasced from an averags moLe
ver cont of 0,135 at 398.5°C to 0,375 mole por cent at L4i1,5°C,

The ratio of carvon monoxids Lo carbon dioxide increased

©
m
107}
[0}
0

markedly both with incr in temperature and with decreases

in mole ratio,

Product Rosulits

Geneoral

ol

Conversion, yield, and nitroparaifli
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direct importance in determining the econocmic Teasibility of

the nitrabtion process, The conversion values, which indicste

)

the total extent of the reaction, determine the magnibtude of

recycle streams reguired for a given product output rate, The
vield values give information on the quantity of raw mate
lost to undesirable side reactions, Together these tuwo paran=-
eters fix, for a given production rate, the sizes of the
clean=-up and separsabtion squipment, the quantities of chemicals

vraent, and ceriain ubility requirements,
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The niltroparaffin distribution is of marketing importance in
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that it is desiradble Lo produ
most salable maverials,

In order to obbaln the functional relationship betwesn

o
'
U

these thres economically imporsant varisbiles and the control=~

rate end mole

<

lable reactlon variaebles: temperature, Ilow



ratio, the data from tho Ifinal, complete, central composito

&)

ion enalysis techniques, The acbtual
analysis was performed on an I.B.M. 360 sories digital com-
puser,

The experimental design used permitted not only the

£ ]

extraction of 2 maximum amoun’s of Information from a2 minimal

3 S et
v

number of data peoints, but also allcyed the use of steiistical

15

158, I a factorial oexperiment

03

nad been used, it would have redquired 125 runs o cover the
possible trestment combinabions for 5 levels of three veri=
ables, Additional runsg would have been regulred to obtain an
estimate of Hhe experimental errcr, The central composite
five levels of three variables
in 19 runs which incliuded an estimate of the experimental er-
ror, Tae dosign was split into three incomplete bloeks (20,
22) to prevent a linear Ltime trond from alffecting the comparie-
sons beiween the different lovels of each varladble, It weas
Shoughs thet such a trend might be caused by 2 gradual poison=-
ing of the reachor or of the chromasographic columns,
The blocks were performed as days, and if, due to equip=-

ment fzilure, the process was shut down in the middle of a

lock, That block was started over on another day, Approxi-

mately 20 proliminary rung were made To obtein tho switehing

ERFY

3

5imes reguired to operate tThe on-line a



runs, the numbered runs were sbarted and daba collectoed, How-

“

ever, due Ho failures in the sampling valve and the heaters
blocks were not complsested in the required time and some re-

sults were lost for the Tirst 19 runs, The policy was then

instituted of running a biock, completely shubting down the

equipnient, checking every major plece for proper functioning,

D

readjusting the chromatographic flow rates and pressures, and
starting up again in five days, In this way runs 20 to 39
were successfully collected in three blocks over a 15 day per=-

i1od.

Yialds and conversions

The experimental conditions and the results in terms of
yislds and conversions for runs 20 to 39 are presented in
Table 20, Appeondix A, The rogressicn cocefficients for the

2

3
o]
e}

(o)

]

Q

{-re
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>

smoothed yield and conversion data are in Table 21,

]

¢}
421
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An analysis of variance (62) and subsequent F~ratio t

l‘l
S
s
|

used on the yield and conversion date to datermine: (
the dats were adequsately fit by the quadratic equations,

(2) if the cquadratic terms were required or if a linear equa-

(€]

tion would have been equally satisfactory, and (3) if a
effect indicating a time trend was present, Tables 7, 8,
show the analysis of variance for hydrocarbon conversion,

stical

|-t
M

hydrocarbon yield and acid yield, The levels of stat

s
<

/i

“

significance used wers 90% indicated by one asteri

\rL
(SR

¥ and ¢

u

indicated by twWo asterisk in the teabilar values, The error



Tablo 7.

AITERLITIIAEN Y IOEILL L LA TOr

Analysis of variance for hydrocarbon conversion

Source of Veriastion

Dogrcos of Froodo

Sum of Sduares

Mean Sguaro

(Rogroession)
Linear
Quadratic

Bloclks
Liaclz ol it

Error {poolad)

Toval
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(9)
3
6
2
5
3

19

(18,6116)

11,0388
7.5719
0.7897
3,0838
0.3630

22,818
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2 i

(2.067)

3,679
1,262
0.395
0,617
0,1212
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Table 8, Analysis of variance for hydrocarbon yiold

e St

Axbv S

Source of Verlation  Degroeos of Froscion  Sum of Squaraes Mesn Square

F-=ratio
(Rogroession) (9) (1598.1L) (L77.57) (6.,71)%
Linear 3 L6l .37 15,79 5.85%
Quadratic [ 1133.77 188,96 7o Ll
Block ' 2 75,08 3799 10’4’—!—
Leck of Tit g 143,779 28,756 1,09
Fraor 3 79.390 26,1163
Total 19 1897.11

88



Table S. Analysis of veriance for acid yleld

Source of Variation Degrees of Freedom Swn of Squeress Mean Square Feratio

s

o7

(Regression) (9) (337.228) (37.1169) (9.37)%
3 81.375 27.125 6.78%
6 255,85l W2, 6h2 10,663
Eloclk 2 17.354 8,677 2,17
5
3

Linear
Quadrabic
Lack of fi% 30,516 6,103 1.526

Frror 11,993 3.998

Total 19 397,098

A A e A e EE 2T e m IS AVl 82, T e T e (TINTE # i S 2N AL T SN T B T T g R i L LT LR P Ev)
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terms werse obtained from the two weplicabte values in each
block end wore pooled among blocks,

The individual regression coefficients of the regression
modol were then separavoly tested for significant departurs
from zero by the student~t test (80). It must be emphasized
that this test was performsd to obtain an insight as to the
relationships among the variables, not to eliminszte terms
from the modsl, Although a nuwber of the coefficients were
not, in a statigtical sense, significantly different Irom zero,
they could not be replaced with zerozs, for regardless of their
magnitudes they were the best estimaﬁés of unknown coeffi-
cients, To replace a best estimste estimate by a zero would
in effect be replacing a best estimate by & biased one,

An examination of the analysis of varisnce shows, In all
thres cases, that the data are it significantly well by the
quadratic form and that the linear form would not have besn
adequéte. In every case, the mean square for blocks is of the
same order-of-magnitude as the error term, thus indicabing no
significant time trend., The lack of fit terms are all insig-
nificant in a statistlical ssnse thus again showing that the
total sum of squares was adequately sccounted for by the gquad-
ratic Tit,

Nitroparaffin yvields based on hydrocsrbon consured ranged
from 33.5% %o 67.3%, while conversions based on hydrocarbon

fed ranged frvom 1.16% to L.71%. The yields based on nitric

acid ranged from 20.8% to 3&.7%. ‘The results of this section
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are generally sumarized in Figure 1 which shows the effect
of temperature on conversions and yiselds, The mole per cent
nitromethane and the mole of nitroethane in the nitroparsffin
product are plotted against temperature in Figure 1L, Since
nitromethane and nitroethane are normally the higher priced
nitroparaffins, this figure chews that while increasing temper-
ature adversely offects conversions and ylelds it improves the
economic worth of the product, This conflicting temperature
criterion demonstrates both the importance and the difficulty
of choosing the most economically favorable operating condi=-

tions,

Witroparalfifin distribution

Replicated values for nitroparalffin distribution at the

i<

design cenber point and the statistical estimate of their re-
0,

ligbility are presented in Tsble 1 The error mean sguare or
variasnce term is a measure of the dispersion of the individual
points, The standard deviation of the mean and the 90% stu=
dent -t value wers used to place the confidence limits dn each
mean value, The nitromsthane data have a large random effect
while the nitroothane and l-nitropropane debes are very consis-

tent, The confidence linits on the l-nitrobutane data ara

rather large. EHowever, the ent

-~

s was effected by

w
s
@

e ana

pre

J
the 18,09% value which is the unique and inconsistent point.
The experimental valuss of the nitroparaffin distribution

for runs 20 thru 39 are presented in Table 22, Appendix A,



Figure 1, Plobt of nitration yilelds and conversions as a

function of temperature
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Table 10, Replicate values for nitroparsaffin distribution at
center point

Component ™M NE 1-N? 2-N3 1-IB
Mole % of 1L,1k5 24 .Lbhl 10,239 33,081 18,091
total nitro=- )
paralffins 9.672 22,092 11,06L 30,647 26,52l
produced

1.543 24,672 10.137 26,162 24.LB9
12,953  23.59L 10,946 24,772  27.73

12,926 23,71k 10,617  29.626 23,121
13,189 23,157 10.95L 29,617 23,083

Mean value 12,904 23,612 10,659 29,108 23.839
Error mean 2,952 0.8686 0.1568 9,207 20.05
square ‘

Stendard dev-~ 0,701L 0,3804L 0,5110 1.239 1.828
iation of the

mean
t value (90%) 2,015 2,015 2,015 2,015 2,015
20% confi~ 1l.491, =22.845, 9.629 26.612, 20,156

dence limits
1,317 2L.,379 11,689  31.60L 27,522

The regression coefficients which were determined for esch of
the five significant nitroparaffins sre found in Table 21,
Appendix A, while the analysis of variance for each of the
nitroparaffins is in Tables 11, 12, 13, 1L and 15, The F-
retlo tests showed each of the nitroparalfins with the excep-
tion of nitromethane were significantly fit by the quadratic

equations., The size of the nitromethane error term which



Tgble 11, Analysis of varlance for nitromethane dlstribution

Source of Variation Degroeg of Frcoedom Sum of Squares Moan Square Ferstio
(Rogroession) (9) (71.9656) (7.9964)  (2.7)
" Linear 3 12,5787 .h.1929 1,37
Quadratic 6 59.4069 9.9011 3.35
Lack of fit 5 18,8035 3.7607 1,28
Error 5 14,7563 2.9513

Total 19 105,505l
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Table 12, Analysis of varisnce for nitroethane distribution

Source of Variation

Degreos of Freedom Sum of Squares Mean Square Feratio
(Rogression) (9) . (128.635) (1l ,292) (16,5)%%
Linear 3 37,601 , 12,534 1y, 633
Quadratic 6 - 91,03 15,172 17,63
Lack of it 5 11.213 2.2113 2,6
Error 5 h.343 0.8686
Tobal 19 1kl , 1906

AT S+ eSS S e et R = < e s A,




Table 13, Analysis of variance for 1l-Nitroprcpane distribution

Source of Variation

oA

Degrees of Fresdom  Sum of Squares Mean Square  F-ratio
(Regression) (9) (37.974) (4.219) (27.1)%
Linear 3 16,229 5.1109 3ly , B3
Quadratic 6 21.745 3.62L 22, Dt
TLack of fit 5 1.687 0.3374 2.6
Error 5 0.7841 0.1568
Total 19 Lo L5

N -

L6



Table 1li, Analysis of variance for 2-Nitrobutasne distribution

Source of Variance Degreos of Freedom Sum of Squares Mean Square Feratio
(Regression) (9) (1359.8L) (151.093) (16 0p) s
Linear 3 193,39 161 116l 17 . 8%
Queadratic 6 866,115 1l 1108 15, 63
Loclz of fit 5 60,142 12,028 1.31
Error 5 16,035 9,2069

Total : 19 166,017

86



Table 15,

Mnalysis of verisnce for 1-Nitrobutane

Source of Variation

Degrees of Freedom

Sum of Squsres Mesn Sdquare F~ratio
(Regression) (9) (351.42) (39.047) (9.75) =%
Linear 3 134,01 Ll .67 11,138
Quadratic 6 217141 36,22 9 ,004¢
Lack of fit 5 56,88 11,376 2.83
Error 5 20,05 .01
Total 19 128,35

66
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resulted from the data scatter was the reason for the fallure
of fit in this csase,

None of the nitroparsffins were found to be time depend-~
ent to the first power, Temperature was in every case the
most significant factor in fixing the distribution, however,
mole ratio was significant in the nitroethane equation. The
temperature effect 1s shown graphlcslly in Figure 15. The
amount of lower nitroparsffins increased with increasing tem-
perature, The increase in the l-nitropropane was small but
the amount of nitroethene increased from 1§ to 26 mole per
cent and the amount of nitromethane increased from 8 to 17
mole per cent over the 70°C range. The amount of Z2-nitrobu-~
tane feoll off drastically as temperature was increased while
the l-nitrobutane increased, The effect of both tempereture
and mole ratio on the nitrosthane produced is shown by a cone
tour plot, Figure 16, From this plot it is easy to see that
there 1s an optimum per cent nitroethane at any given tempera-
ture. This in each case occurs at a mole ratio of close to
four. At a fixed mole ratio the per cent nitroethane in-~
creoases with increasing temperature, The general results of
this section show that the product distribution can be con~
trolled by controlling temperature and mole ratio. The greet-
est control exists in the relative amounts of l-nitrobutane to

2-nitrobut eane that can be obtained,.



Figure 15. Plot of nitroparaffin distribution as a function
of temperature
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Figure 16,

Contour plot of mole per cent nitroethanse in the
nitroparaffin distribution as a function of tem=
porature and mole ratio at a reactant flow rate
of 0,82l g, moles/min,

Mole per cent nitroethane starts at 18,0 (C) and
increases in steps of 1,0 to 26,0 (K), Coded
temperature is the horizontal exis and coded mole
ratio is the vertical axis,
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Economlc Optimization

General

As shown in Pigure 1L each of the important properties
of the process, yleld, conversion, and proeduct distribution
hes a different functional dependence on the controlled vari-
able, temperature, mole ratio, and reactent flow rste, If a
single criterion, for example acid conversion, were picked to
determine the best set of operating conditions, then the re-
sulting procduct distribution or hydrocarbon conversion would
not necessarily be the most favorable, The process properties
or state variables and the controlled or decision variables
are, however, related by one common denominator, economics.
An economic model for a nitroparaffin plant using butane and
nitric acid as the feed materials was constructed, Trom the
model an objective function which expliclitly described the re-
lationship between per cent return on investment and the state
varliables was written, The objective function implicitly was
dependent upon the decision variables thru the quadratic equa-
tions obtalned from the experimental data, The objective
function was then optimized to produce a maximum return on in-
vestment, and the values of the decislion varisbles which pro-

duced this result were determined, In thils manner a set of

optimum operating conditions was obtained,

Objective function

The profit model and resulting objective function was con-

structed using the definition of profit and the general
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guidelines set forth by Villbrandt and Dryden (63). The cri-

terion for optimization was chosen as per cent return on in-

vestment,

= (100) ®

I’a ~——-——:~[——-—- (15)
r, = annual per cent return on investment after tax
I = capital investment, dollars
E = annual new earnings, dollars

E = Px (16)
P = annual gross profit before tax, dollars
x = (1 - fraction for tax) =1 - a
a = fraction for tax

The annual gross profit was in turn related to production

rate, production selling price and total production cost,

P = V(S - Cp) (17)

V = annual units of production, 1lbs,

i

selling price per unit of production,

dollars/1b,

total production cost per unit of production,

)
it

dollars/1b.

The total production cost was then defined in terms of costs

which were later related to the process state varisbles,
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Cp =R+ (b+c+o+ 1)L + P, + (m+d+ t)(F/V) (18)

R cost of raw materials per unit of product,

i

dollars/1b,

I = cost of operating labor per unit of product,

dollars/1b.
Py = cost of services per unit of product, dollars/1b.,
P = fixed plant Investment, dollars
V = annual units of production, lbs,
b = operating supervision as fraction of operating

labor
¢ = control lab as fraction of operafing labor
o = overhead as fraction of operating labor
m = maintenance as annual fraction of fixed investment
d = depreciation as annual fraction of fixed investment

t = taxes as annual fraction of fixed investment

Equations 15, 16, end 17 were combined to give:

_ ®(100) _ Px(100) _ V(S - Cp)(x)(100)
e STT T T 1 7 | (19)

The final objective function was then obtained from a combina=-

tion of Equations 18 and 19,

r, = YLEQ%EQQlfs ~R~((b+c+o0+ 1)L - Py =

(m + 4 + t)(F/V)] (20)
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Relatlonship to process variablas

The product selling price, S, and the raw materisls costs,
R, were related to the process state varlables which then made
them functions of the~dacision variable thru the quadratic
equations., In the preparstlion of the following equations, it
was assumed that the nltric acid would be manufactured at the
plant site and sold at cost to the nitroparalffin plant. It
was further assumed that the cost of the recycle acld would be
68 per cent of the original manufacturing cost. This figure
was based on the fact that the recycle acid will be repro-
cessed at a fraction of the original cost and that the raw
materials will be available in the recycle stream, The exact
fraction was estimated from information available in Chilton
(21).

From the nitroparaeffin distribubion as a function of tem-
perature, mols ratio, and flow rate, the following velues may
be computed directly for any choice of operating conditions

within the experimental range:

average molecular welght of the nitroparaffins

Am
(p)
(Wn)i = weight fraction of the ith nitroparaffin in the

total nitroparaffin product

C/mole = moles carbon per mole of nitroparaffin product
N/mole = moles nitrogen per mole of nitroparaffin pro-
duct = 1.0

The equation glving the cost of acid per 1lb, of
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nitroparaffin product producedIWas obtained then simplified
by asswuming an average recycle, The experimental data show
that on the average 50 per cent of the input acid will be
recycled,

mole acid fed  _ ¥/mole (21)
mole NP produced  acld yield

1b, acid = mole wt, acid ( mole acid fed ) (22)
1b., NP by mole NP produced

cost of acid _ 1b. acidr(mgf. cost l)

b, N~ 1b. NP L 1b, acid 2
mef ., cost 0,68
o+ ~ =
o, acid X 2 )] (23)

By combining Equetions 21, 22 and 23 and inserting numerical
values, the acld cost‘equation was obtained as a function of

the state variables,

cost of acld _ (88.2) (2L}
1b, NP = (acid yield) (&)

cost of acid/lb, NP in cents/1b.

The cost of the butane per pound of product was obtained

by a similar derivation.

moles butsne used _ C/mole (25)
moles NP formed L (hydrocarbon yield)

1b, butane _ moles butane (mole Wi, butane) (26)
1b, NP~  moles NP Ay
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cost of butane _ cost 1b, butane) ' (27)
1b, NP 1b, butane lb, NP

From Equations 25, 26 and 27 and the appropriate numerical

values the bubane cost was found to be:

cost of butane _ _L43.21 (C/mole) (28)
1b, NP (hydrocarbon yield)

cost of butane/1b, NP in cents/lb.

The recycle cost was obtained by first setting up a2 bal=-
ance to compute the moles of butane recycled per mole of
nitroperaffin produced, then estimating the material costs ﬁer
pound of recycle, The material costs were based on estimates
of meke-up kerosene and soda ash used in the product recovery
system, These estimates were made by considering the recovery

system in the existing propane nitration plant (25).

cost of recyclae _ 3.,0{mole ratio) butene conv.
To, &2 = 0.0415] S0 Tt (1 STy | (29)

The selling price of the product was very simply related

to the nitroparaffin distribution by:

selline vrice '
S =i§1(wn)i( 5. ' )1 (30)
3..::1"'5

The selling price per 1b, of the individual nitroperaffins were

-

obtained from the literature for NM, NE, 2-NP, end 1-NP (58).
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The prices per 1lb, of the nitrobutanes were estimated to be
the same as those for the nitropropanes, The prices in dol=-
lars per lb, were: NM, 0,31; NE, 0.29; 1l-NP, 0.27; 2-NP, 0.18;
2-NB, 0,18 and 1-NB, 0.27.

The fixed capital cost of thevplantkwas estimated by
scaling up 2 cost estimate for the 10,000,00 1b,/yr. nitro=-
paraffin plant built by the Commercial Solvents Corporation in
195k, Assuming that numerous process improvements have been
made over the years so that the present plant cspacity is
grester than the initisl rated capaclty, end that the current
demand for nitroparaffin is ineressing, the bubtane nitration
process was sized for 15,000,000 1b./yr. The original cost of
the propane nitration plant was $h,200,000. This was scaled
to current costs by the ratio of the Marshall and Stevens
index for 1967 (30) to the index for 1954 (27). This resulted
in a capital cost estimate of $5,70L,000, The cost was then
incressed by a factor to account for the extra purification
equipment required when additlonal nitroparaffins are produced.
This additional factor was obtained by sizing and costing a

distillation tower then relating 1ts input capaclty to reactor

mole ratio by average yield and conversion figures,

F = fixed plant investment

5,704 x 10°

+ fo.lo z 10% + (mole ratio -2) (0.04 x 106)] (31)
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The minimum possible mole ratio was fixed at 2 and used as a
base In the cost estimates, Thiz was reasonable because of
the safety and control problems that become significant when

operabing at low mole ratics,
v

Profit equation

All factors and costs required for the basic objective
function were obtained from Chilton (21) and Villbrandt (63).
The vealues used and notes on judgements made in thelr estima-
tion are given in Table 16, With these numerical values in-

gerted in Equation 20, the final profit equation became:

| . | |
p, = 82T A0TSR 223 - (1,066 x 107O)F] (32)

Equatlon 32 was subject to the definitions of S and R given by
Equations 24, 29, 30, and 31, The snbtire profit equatlion was
regstricted by the gquadratic equations relating the state and

declsion varlables,

Optimun operating conditions

The profit function, Equation (32), was optimized over
temperature and mole ratio at a fixed reactant flow rate by
exhaustive search technique, Thls technique was used bscause
profit equatlon is a nonlinear functlion of highly nonlinear
constraints and without simplification, direct methods would
not be feasible, Such a simplificatlion was, however, at-

tempted and the resulting equation optimized by Jacobian
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Table 16, Estimates™  of econcmlic factors used in profit

model

a: tax on gross profit a = 0,49
b: operating supervision as fraction of operating

labor (assume aversge instrumented chemical

plant ) b = 0.25
c: conbrol lab as fraction of operating labor

(assume average valus of given range) c = 0,20
o: overhead as fraction of operating labor

(Chilton gives 0,50 but assume added socisl

securlity and benefits have increased it) o= 0,60
me maintenance, 6 per cent of fixed investment m = 0,06
d: depreciastion, 8 per cent of fixed investment d = 0,08
t: taxes and insurance, 2 per cent of fixed

investment t =0,02
L¥:  operating labor, 6 per cent of estimated mgf.

costs L = 0.6
PS% = cost of services ver unit cost of product,

10 per cent of estimated mgf., costs P=1.,0

I = capltal investment = F(1 + 0,1) This assumes
operating capital is 10 per cent of fixed
capital,

*Estimated mgf. costs obtained from Fear (31)

¥ alues and estimates obtained from Chilton (21)
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elimination., A4s might have been anticipated the simplifica~
tlons were too stringent and the resulting answers were non-
sensical, The flow rate was not considered in the optimiza-
tion because an examination of the physical data indicates
that the nitroparaffin distribution is not a first power func-
tion of flow rate and that the ylelds and conversions are
lowered by long residence times, Therefore the flow rate weas
fixed at the center point of the design,

A program was written for the I.B.M. 360 digital computer
to perform the exhaustive search, The compubter incremental
temperature and mole ratio over the experimental range with a
19 x 19 matrix and printed out complete results on a card deck
and partial results on pvaper. The results printed out in-
cluded product distribubion, yilelds, conversions, selling
price, materials and recycle costs and per cent return on in-
vestment, Table 23 end Figure 19 in Z4ppendix B show and ex-~
plain the computer program, The complete search routine and
subsequent printout took 22.6 seconds of computer time,

Pictorial representations of how the profit response sur-
face changes with temperature and mole ratio are given in Fig-
ures 17 and 18. These figures represent the same response
surface looked at from two different angles, The first shows
best the existence of the optimum, while the second demon-
strates more clearly the degree of curvature of the surface,

From an examination of the computer printout, the optimum

profit was found to be 7,65 per cent which occurred at a



Figure 17, Response surface of per cent return on Investment,

ra, as a functlon of Lemperature, X1 and mole
ratio, X5

Temperature and mole ratio in coded unlts over
range from -1,8 to 1.8
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Fipure 18, Response surface of per cont return on investment,
ra, as a functlon of temperature xy, and mole
ratlo, x,

Temperature and mole ratio in coded unlts over
range from ~1,8 to 1,8
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temperature of LL5,7°C and a mole ratio of L,51., The optimum
results are shown in Teble 17. From a study of Teble 17 it
was concluded that the product selling price is one of the
controlling factors in the optimum conditions, The temnera-
"ture was pushed upward to the polint of a very low hydrocarbon
vield which would indicate a high formation of oxidation pro-
ducts, This was, however, conpensated for by a low hydro-
carbon conversion so the total quantity of reactant lost to
byproduct was kept low, In exchange for the low yleld the
product distribution was quite favorable in terms of the
higher priced niltroperaffins, In genersl, 1t was observed
that for the economic data used, 1t is better to accept low
conversions and yilelds, recycle large quantities of materisl,
and produce a more favorable distribution, The sbsolute accu=-
racy of thls pleture depends to a great extent on the estima-
tion of recycle cost, Pilot plant data or actual plant deta
on such a recovery system Would be required to greatly improve
the value used,

No true optimum minimum or maximum for the selling price
or meterlal and recycle costs existed in the range studled,
In each case the most favorable value observed, lowest for
cost or highest for selling price, existed at one of the ex-
perimental boundaries, These favorable values and conditions
are shown in Table 18,

Three of the cost figures were the lowest at 385°C, how~

ever, the mixture does not react significantly below this
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Table 17, Optimum economic values for bubtsne nitration

Conditions: LL5,7°C and L.51 moles hydrocarbon/mole acid

Per cont return on investment: 7.65 per cent

Economic values, cents/lb, producth

Selling price: 26,1
Acid cost: L.,8
Butane cost: 3.5
Recycle cost: 2.4

Nitroparaffin distribution, mole per cent

NM: 1.9
NE: 23.6
1-NP: 12,0
2-NB: 16,6
1-NB: 32.9

100.0

Yields and conversions, per cent
Hydrocarbon yleld: Lho.h1
Acid yield: 21.28

Hydrocarbon conversion: 1,93
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Table 18. Most favorable values of economic cost factors
found 1in the experimental range

Per 1b, of Nitroparaffin Product

Selling price 26.9 cents/1b, at L55°C and 3 M. R,
Acid cost 3.2 cents/lb, at 385°C and 7 M. R.
Butane cost | 2.3 cents/1b, at 385°C and 5 M. R.
Recycle cost 1.5 cents/1b. at 385°C and 3 M. R,

temporature. The best selling price and lowest recycle cost
were found to occur at a mole ratlo of 3, however, below this
value the reaction is dangerous and quite difficult %o con~-
trol.

The optimum profit obtained, 7.65 per cent, is low and
would not generally make the butene nitration attractive for
& new venture, However the following points are made:
(1) the total profit estimate was made from conservetive esti-
mates of ranges taken from bext books, (2) the butane was
oriced at the current market price 1.5 cents/gal., (57) and
could vary widely depending on plant location and quantity
purchesed, (3) the selling prices of the nitrobutane were
estimated for lack of true values, (L) the plant volume was
fixed, and (5) nitration of hydrocerbon is not a new venture
and en existing propane facility would have to make but a few
modifications to use bubans., The selling price and volums

estimates are marketing problems which could substantlelly
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increase the estimated profit, More exact values on points
(1) to (L) would be available In a corporation considering

but ane nitration ss a venture, and the possibllity or de-
sirability of changing feed stream in an existing plant would
depend on the propane to butane price ratio, In general ths
success of a commerclal bubane nitration process wlll depend
both on the ablility of a corporatlion to produce desirable pro-
ducts from the nitrobutanes and in its marketlng abllity to

ereate an over-all demand for the nitroparaffin,
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CONCLUSIONS

Invastigation of the vapor phase nitration of butsne with
67% nitric acid in a molten salt bath reactor st temperstures
from 385°C to L55°C, mole ratios of butane to nitric scid from
3 to 7, and reactant flow rates from O;h33 g. moles/min, to
1.235 . moles/min, resulted in the following conclusions:

1., An on-line gas chromatographic method has been devel=-
oped which provides a reproducible quantitative analysis of
the major products resulting from the vapor phase nitration of
butane, Based on a replicate of six experiments, the standard
deviations of the mean per cent nitroparaffin in the totzal
nitroparaffin distribution varies from a minimum of 0.380 on a
mean of 23.612 mole poer cent nitroethane to a maximum of 1,828
on a mean of 23.839 mole per cent l-nitrobutane,

2, Nitroparaffin distributions are not significently de-
pendent on the first power of reactsnt flow rate, but sre sig-
nificent functions of both temperature and mole rstio., The
greatest dependence ls on temperature, and the asmount of lower
nitroparaffing formed increases with increasing temperature,
The ratio of the gquantities of l-nitrobutane to 2-nit#obutane
produced varies greatly with changes in the controlled vari-
ables, .

3., Yields znd conversions sre functlons of all three
controlled variables, The greatest dependence is on tempera-

ture, and increasing temperature adversely affects the ylelds
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and conversions., The quentitles of decomposition and oxide-
tion products formed increases with an increase in tempera-
ture,

L, There was no significant change in the performance
of either the reactor or analytical equipment with time., The
time dependent catalytic effect of metal surfaces on vapor
phase nitration is effectively eliminated by the resctor de-
gign used,

5. The optimum per cent return on investment after tex
for a hypothetical plant designed to produce 15,000,000 lbs.
of nitroparaffins per year by the vavor phese nitration of
butane is 7.65 per cent., This optimum value was obtasined at
the followlng values of the controlled varisbles: Lhs.7°C,

I} .51 moles butane per mole nitric acid, 0.833 moles of re~
actent per min, The nitroparaffin product has a selling price

of 26,1 cents per 1b, while the raw mabterials cost 10.7 cents

per 1lb, of product,
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RECOMMENDATIONS

1. Developuent of an improved on~line sample valve

should ba investigated, The ideal valve would collect a five

cc sample, thereby improving the sensltlvity of the analysis
and would allow the sample to be swgpt to the chromatogravhs
in true plug flow to reduce tailing,

2. DButane nitration should be further stuvdied in »
reactor with very short retention times in order to isolste

the nitration portion of the mechanism from the oxidation and

decomposition portions, It 1s suggested that a venturi or

monotube mixer reactor similar to an acetylene convertsr may

be appropriate,

3. The effect of pressurse on the vapor phase nitration

of butane should be studiled,
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Table 19, Complete analysis of reactor products for rums
20 to 39, mole per cent

20 21 22 23 2L
Coz 1,827  1.402 2,357  1.900  1.665
Cco 0.598 0,966 2,286 1.349 2.229
CoHg 0.897 0.880 1.532 0.874 0.688
CqHg 0.629 0.832 1.163 0.57L 0.9 |
ChHlo 79.105 78.346  77.855  79.694  T76.1l2L
N, 0.088 . 0,165  0.399  0.261  0.238
NO-NOp 7.822  7.7L3  8.375  6.89L 12.322
HCHO 0.118 0,127  0.02L  0.25  0.076
CH4 CHO - - - - -
H,0 2,755 2,001 2,253 3,209  1.351
CH4 OH 0.129 0417 - ~- 0,135
C2HgCHO 1.537 0.923 0.761 0.752 0.490
CoHZOH 0,646  0.633  0.349  0.573  0.317
(CHg ) ,CHCHO - - - - -
(CH3 ) pCHOH - - - - -
C3H7CHO 0.15¢  0.196 0,153 0,188 0,150
C3H70H 0.027 0.151 0.025 - 0.006 -
1 0.398 0.521 0.325 0.399 0.527
NE 0.635 1.075 0.632 0.815 0.921
2-NP 0.027 Trace Trace Trace . Trace
1-NP 0.302 0.477 0.318 0.425 0.386
2-NB 1,22 1.599 0.494 0.813 1.2L6
1-NB 0.882 0.982 0.699 1,032 0.682
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Table 19, Continued

25 26 27 28 29
o, 2,022 1,931 1,310 1,597 2,308
Co 1.757 1.889 1.35L 1,876 3.543
C g 0.379¢  0.879  o0.048  1.,56L  2.316
C3Hg 0.638 0.9L7 - 1ok 2,099
C,H1 76,941 76,090 81.16L 82,036 69,728
N, 0.209  0.168 0,138  0.234  0.595
¥0-N0, 10.080 8,928  6.772 6,078  9.L19
HCHO 0,155 0.1h7 0.216 0.278 0.136
CH 4 CHO - - - - -
H,0 2,907  1.93h 2,503  1.843 3,265
CH., OF 1.058 0.547 0.139 - 0.816
C2H5CHO 0.772 0,729  0.946 0,686 1,266
C pH 5 0F - 0.548 0.LL8 0.373 0.599
(CH ) o CHCEHO - - - - -
(CHy ) pCHOH - - - - -
C4H., CHO 0,204 0,170 0.139 0,183 0,211
C4H~OH 0.007 0.1L8 0.0L0 - 0.019
I 0.277 0.L57 0.566 0.305 0.620
NE 0,63l 1,184 1.005 0,369 0,982
2=NP Trace Trace Trace Trace Trace
1-NP 0,317 0.479 0.389 0.200 0.38¢
2-NB 0.879 1.799 1.888 0.272 0.681
1-)B 0.761 1.024 0.935 0,592 1,015
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Table 19, Continued

30 31 32 33 3L
€O 1.383 1.Lo2 1.266 1.199 1.699
Cco 1,074 2,799 1.472 0.657 2,161
CoHg 0,999 1.139 0.710 0,695  1.225
GqHg 0.959 1.202 o‘uﬁ1 0.1 1.55
CLH10 82,094  77.667 81,931 83.627 7L.886
Vo 0.369 0.309 0,128 0.098 0,232
NO-NO, 7.435 T.232 L, 826 6.532 9.20L
HCHO 0.1l 0,123 0.146 0.116 0.208
CH, CHO - - - - -
H,0 2,117 3.657  2.258  2.549  2.475
CH5 OH - - 0.109 - -
C H 5CHO 0,521 0.82h 1.737 0.338 0.667
C HgOR 0.389 0.477 0.579 0.242 0.479
(CEs ) ,CHCHO - 0.153 0.439 - -
(CH,) ,CHOH 0.128 - - - -
C3Hr CHO 0.059 0.222 0.187 0.078 0.159
C4H70H 0.026 0.019 0.099 0.029 -
WM 0.334 0.3L7 0.283 0.287 0.637
NE 0,567 0.633 1.188 0.575 1.3L8
2-NP Trace Trace Trace Trace Trace
1-NP 0.233 0.294 0.734 0.327 0.476
2-NB 0.602 0.665 3.207 1.095 1,563
1-NB 0.563 0. 7Ll 2.970 0.815 1.132
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Table 19, Continued

- 35 36 37 38 - 39
CO» 1.840 2,362 1.928 1.348 1.867
co 3.k22 2,157 1.879 2.5h2 2,164
CoHy 1,815 2,126 0.088 0.479 0.832
C4Hg 3.095 0,940 ~ 0.599  0.874
C 10 64,093  76.806  79.779  75.039  75.197
Né 0.163 0.229 0,589 0.2L8  0.262
NO~NO,, 15.943 8,195  7.178 1l.hk8  10.389
HCHO 0.191 1.782 0.332 0.163 0.023
CHCHO - 0.75L 0.877 - -
H,0 2,757  0.839  L1.146  3.h72  3.113
CH4OH : - - - 0,165 0.567
CoHZCHO 0.701 0.858 0.701 0.613 0.702
C HOH 0.393 0.217 0.347 0.389 0.L79
(CEg ) o CHOHO - - - - o
(CHy ) ,CHOR 0.0786 - - - -
C4H~CHO 0.121 0.201 0.177 0.222 0.181
C4HOH 0.053 - - 0.03L 0,011
NM 0,62l 0.110 0.582 0,36l 0.342
NE 1,053 0.697 0.982 0.665 0.723
2-NP Trace Trace Trace Trace Trace
1-NP 0.545 0.309 0.356 0.2 0.372
2-1B 1.328 0.318 2.339 0.788 0.937

1-NB | 1.450 0,801 0.720 0.898 0.970
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Table 20, Ixperimental conditions and yield and coaversion
results for runs 20 to 39

20 21 22 23 2l

Temperature °C 398.5 398,5 Li1.5 Lhi.5 ,20.0

¥ole ratio 6,23 3.77 3.77 6.23 5.0
bubane o acid

Tnput £iow rate  0.590 1,079 0.590 1.079 0.83L
2 moles/min,

Coded temp. ~1.0 ~1.0 1.0 1.0 0.0
x1
Coded mole ratio 1,0 -1,0 -1.0 1.0 0.0
x2
Coded flow rate =~1,0 1.0 ~-1,0 1.0 0.0
X3

% hydrocarbon® 3.277 3.916 2.192 1.996 3.L53
convsersion

% hydrooarbonb 50.5L 57.896  39.,1h2 53,867 58.0L3
yield

% acid yields® 31.4,27 24.001 21.191 31.953 22,712

8Molar ratio of carbon in NP!s to carbon fed

PMolar ratio of carbon in NP!s to carbon consuned, The
carbon consumed 1s bssed on the assumphbion that propane snd
butane in the exit stresm csn be recovered,

®Molar ratio of nitrogen in the NPfs to nitrogen red



Table 20, Continued
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25 26 27 28 29
Temperature °C 420.0 398.5 398.5 Lh1.5 hhi.5
Mole ratio 5.0 3.77 6,23 6.23 3.77
butane to acid
Input flow rate 0.83L 0.590 1.079 0.590 1,079
2 moles/min,
Coded temp, 0.0 -1,0 ~1,0 1.0 1.0
x1
Coded mole ratio 0.0 -1,0 1.0 1.0 ~1,0
x2
Coded flow rate 0.0 -1,0 1,0 -1.0 1.0
X3
% hydrocarbon 2,749 1,659 L.,321 1.1461 3,352
conversion
% hydrocarbon 17.289 59,628 67,285 33.L66  37.925
yield
% acid yields 21,455 25.628 28,796 20,885 25,7h2
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Contilnued
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30 31 32 33 3L
Temperature °C L20.0 h20.0 L20.0 L20.0 1120.0
Mole ratio 5.0 5.0 5,0 7.0 5.0
butane to acid
Input flow rate 0,834 0.834 0.433 0.834 1.235
2 moles/min.
Coded temp, 2.0 0.0 0.0 0.0 0.0
x1l
Coded mole ratio 0.0 0.0 0.0 1.633 0.0
x2
Coded flow rate 0.0 0.0 ~1,633 0.0 1.633
x3
% hydrocarbon 1,971 2.1301 2.3L5 2.858 1y, 706
conversion
% hydrocarbon 56,26y 41,297 53,012  6L,.89 61.073
vield
% acid yields 21,954 26,754 34,406 31,53  3L.783



Table 20. Continued

10

35 36 37 38 39
Temperature °C  120,0 L55.0 385.0 1120.0 1120,0
Mole ratio 3.0 5.0 5.0 5.0 5.0
butane to acid
Input flow rate 0,83l 0.834 0.83L 0.83L 0.83L
2 moles/min,
Coded temp, 0.0 -1,633 -1.,633 0.0 0.0
x1
Coded mole ratio ~1,633 0.0- 6.0~ 0.0 0.0
x2
Coded flow rate 0.0 0.0 0.0 0.0 0.0
%3
% nydrocarbon 5,25 2.128 L.571 2.657 2.512
convergion -
% hydrocarbon 54,889 33,840 60.L4L05 s5L.712 50,722
yvield
% acid yields 22,888 22.65y 2,215 21,919  2L,154
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Tgble 21, Regression coefficlents for ylelds, conversions,
and nitroparaffin distributions from runs 20 to 39

Hydrocarbon  Hydrocarbon Nitromoetheane
Conversion Yield Acid Yield Distribution

b 2.6670%% 51,7029 23,3337 12,8647

by 0.8371 -8.57u7""  -0.5L6k L7759

by 0.5232" 2,0174 2.2967"F -0.,2592

by 0.1388%% 3.5520% 0.8991 0.1796

by 0.126 ~2,7623 ~0.5575 0.5358

boo 0.3913 2.0046 0.8577 ~0.6117

by3 0.192] 0.9371L 3.6269%% -0.3228

by2 0.1388 1,2L56 -0,5875 ~0 11661

b3 0.17L2 0.521l 2,11832%* ~0,602i

23 0.1452 5,0119%¥ 0.6878 -1,28L

*¥%90 per cent significance level

%95 per cent significance level
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Table 21, Continued

Nitroethane 1l-Nitropropene 2-ilitrobutane 1-Uitrobutane

Distribulion Distribution Distrivution Digtribution
by 23,622 10.6330%% 29,1087 23,7740
by 2.0869% 1.5132% -9.9602% L.6221%
o -1,2521% ~0.1793 1.2975 0.3413
by 0.5716 ~0,2316 0.4313 -0.9129
by,  -0.0L241 -0,2722"% ~0.17L1 -0.05776
bpp  =L.L8LT¥ 0.1272 0.257L 1,6730%
b33 0.30LL ~0.3918% 0.h8L1 -0.08119
b1z =0.3240 0.353L% -0.2586 0.8208
b13 0.5175 -0.1279 0.3L61 ~0.1929
b3 1.1700% 0.4911% 0,880l -1.1351
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Table 22, Nitroparafin digitributlion for runz 20 to 39
obtained by on~line analysis, mole per cent

20 21 22 23 2l
A 10,806 10,71l 13.10h1 11,4kl 1,145
NE 17.316 L10,L15 25.607 23.393 2l bl
2-NP 0.7L2 Trace Trace Trace Trace
1-NP 8.22L 8.963 12,9563 12,209 10.239
2-NB 38,822 39,281 20,004 23.333 33.081
1-NB 2,051 21.627 28,335 29.627 18.091

Table 22, Continued

25 26 27 28 29
WM 9.672 9.263 11.8L0 17.539 16.862
NE 22,092 21,00k 21,016 21,232 26,697
2-NP Trace Trace Trace Tracs Trace
1-1P 11,08k Q129 §.132 11.522 10,336
2-NB 30,647 36.490 39.0L.6¢ 15.636 18.51L

1-NB 26,52l 20.759 19.54L0 34,071 27.593
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Table 22, Continued
30 31 32 33 3L
M 1 .543 12,953 10,232 9,257 12,355
NE 2,672 23,590 22,921 18.557 26,142
~NP Traée Trace Trace Treace Trace
1~NF 10,137 10,9456 9,Llo 10,566 9,234
2-NB 26,162 2L .776 32,705 35.322 30.320
1-XB 2l 189 27.730 23,994 26,297 21,8L7
Table 22, Continued
35 36 37 38 39
MM 12,089 16,182 11.685 12,926 13,189
NE 20.963 27.479 19.734L 23,711 23,157
2=-NP Trace Trace Trace Trace Trace
1-NP 10,901 12,195 7.1 10,617 10,950
2-NB 26,507 12,541 116,973 20,626 29,617
1~NB 29,006 31,600 1L,0166 23.121 23,083
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Table 23,

6

xplenation of program to compute sconomic valucs
including profit as o function ol temperature, mole

o~

retio and reactant flow rate

CLLCOST

RCCOST

MOLPNP

HCYIELL
HCCOLV

ACYTLL

AVYNT ¢

=]
5]

J

Nits

WTFX

Per cent return on investment after taxes
Produet selling price, cents/lb,

Cost of nitric acid per 1b, product vroduced,
cents/1b, -

Cost of butane per 1lb, product produced,
cents/1b,

Cost of recycle stream per lb, product pro-
duced, cents/1b,

Yole per cont of the 1% nitropareffin in the

nitroparaffin distribution

Hydrocarbon yleld

Hydrocarbon conversion

Acid yield

Lversge molecular weigh® of the nitroparaffin
oroduct

Welght fraction nitromethane in the nitro-
paraffin distribution

Weight fraction nitroethane in the nitro-

Welght fraction l-nitropropane in the nitro-
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Table 23, Countinuad

NOMENCLATURE

on 2-nitrovoutane in the nitro-~

(=0

WIF2NB: Welght fract
paraffin distribution
WIF1NB: Weight fraction l-nitrobutane in the nitro-
paraffin distribution
ther terms are used in the program in a bullt in regres-

sion analysis and analysis of variance,

TiPUT

0

Coded flow rate in Format (F5,2

QUTPUT (19 x 19 matrix over temperabture and mole ratio rangs)

tpeptrcpeamr——

REGRESSION COLFFICIENTS

AWALYSIS OF VARIANCE
SELLPR (I,J)
ACCOST (I,T)
CLCOST (I,J)
RCCOST (I,J)
PROFIT (I,J)

411 outpubts are on output paper, PROFIT (I,J) is also output on
card deck, The output rows are at various mole Ifractlions, the

columns at various temperatures,




']

am to compute economlic values
function of temperature,

as a
eactant Tlow ratoae
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/308 U006 HANK 1
c RETURN ON INVESTMENT FOR A 15M L8 PER YEAR NITROPARAFFIN PLANT

g USING COST DATA AT CENTER FLOW RATE
1 FORNAT (F5.2)
REAL KOLPNP(S)
DIMENSION PROFITI19y19),SELLPRI19,19},ACCOST19,19},C4C0STIL9,19),
LRCCOSTI19,19),FIXINVIE9,419)
READ (1,19X3
X1=({0.2 ~ 2.0}
X22(0.2 ~ 2.0)
1 el
4 =1
l - l
- 19
C ﬁDNPUl’E NP OISYM AND YEELDS ANO CONVERS1ONS OF THE
4 ACIO AND THE BUTANE
3 00 100 I=1,19
2 MOLPNPLL) = 12.865 ¢ {1.775 & X1) = (1,204 & X2 « X3}
MOLPNP(2) = 23.622 ¢ {2.087 » X1) - ll 252 ¢ X2) -
111,485 o X2 » X2) + {1.170 oX2 » X3
MOLPNP{3) » 10,633 513 s X1) = (0 272 * Xt & X1) -
110.3950X38X3)4(0.4919X2eX3)
MOLPNP{A) » [=9,96 » X1} ¢ {1.298 & X2} 29,108
MOLPHP(S? = 100.0 ~{MOLPNP(Ll)e WOLPNPI2) ¢ MOLPNP(3) + NDLPNFHH
HCCORY » 2 6&7 - (0 B37 & X2} = (0.823 o X2} ¢ {0.439 & X3) o
110.391 « X
HEYIEL = 51-102 = 18,575 @ X1} ¢ (3.552 ¢ X3) - (2.782eX2eX2) ¢
115,012 * X2 o X3}
ll(”tl - 23. 333;- (0.946  X1) ¢ (2,297 © X2) ¢ (3,626 « X3 » X3}¢
(2,483 o X1 o
c COMPUTE WEIGHT FRACHBN ARD AVE MOL T AND CARBON PER MOL
FNM = {0,861 » MOLPNP{L
FRE = 5 IOLPNNZI)
FNP » & MOLPNP(3))

F24B= tl:ﬂ! MOLPNP(4A))
FiNs= (1.03 MOLPNP(5))
AVMRT = FNK 4 FNE ¢ FNP ¢ F2NG + FINS

WIENM = (FNM/AVMKT)
MIFNE = (FNE/AYNRT)
WIFRP » [FNP/AVMUY)
WIFZNB = (F2ND/AVMNT)
WTFINB » (FINB/AVKWT}

CPNOL » (MOLPNP(2)/100.0) +((NOLPNP(2)/100.0} » 2.01¢
1({MOLPNP(3}/100.0)3,.0} ‘((ﬁULPN?(QIOIULPNP(SI)IIBD 0)e 4,0

81
4 COMPUTE ACID COST, BUYANE COST AND RECYCLE COST
ACCOST(14d) » (8B20,07[ACYIELOAVHRT})
CACOSTI14J) » (2430.0 o CPKDLII(NCVIEL' AVHNT)
THEMOR = (1,224 » X2) ¢ 5.
NCCDS'Il.JI'O-12‘5'((TNENORDID0.0!IJCVIEL)“".O (HCCONV/HCY IEL))
58 FORMAT {1H s7F10.4
WRITE(3,5B) CPNUL.NCIIEL:AVNNY"‘ULPNP(lly“ULPNPIZ)'NOLPNPI!I
4 COMPUTE FIXED INVESTMENT IN MILLIONS OF DOLLARS
FIXINVII2J)® 5.704 ¢ (O 1¢ITHEMOR = 2.0)910.04))

[4 COMPUTE RETURN
COSTTO = ACCOST(IsJ)¢ CACOSTLI,J) ¢ RCCOST([+9)
CONL = 6.740/FLXINVIL, J)
CON2= 1.26%5 o FIXINVII,
PROFITIE4J) = CONL » (SELLPHH'J)- €COSTTO =2.28 ~ CON2)
X2 = X2 ¢ 0.2
100 CONTINUE

X2w{0.2 = 2,01
IFIJ0B) 49443
4 CONTINUE
CDHPU’E LEAST SQUARES EQUATION

YL = PROFIT(S,5)

Y2 » PROFIT{5¢15)
YY « PROFIT(15,5)
Y4 = PROFITI1S,15)
Y5 = PASTITI1042)
Y6 = PROFIT(10,17}
Y7 = PROF1T(3,4101
Y6 » PROFIT(3417)
Y9 = PROFITI10410)

Sx1 ¥2-YR=Y3eYA-{1,ALl4eY5)4{1.4124 oY}
SX2 « YIOYA-Y1=Y24(},4140Y8)-(1.4140Y7}
SX11 = Y10Y24Y¥34Y4e{YSeY6)e2,0
SX22 = YL4Y24Y34YAe(YTeYB)02,0
SX12 = Yl-Y2-Y34v4
GSUM = Y14YZOYI4YAGYS4YA4YTHYACYS
B0 = GSUM - 0.50(SX11e5X22)
Bl = 0.1250(5x1)
B2 » 0.1250{5x2}
Blls 0,21870(5X22) » 0.3437¢(SX1l)= 0.5¢(GSUM)
B22= 0.21870(SX11) ¢ 0.3437e(5X22}~ 0.5(GSUN)
812 0.25 & {SX12)
4 COMPUTE SUM OF SQUARES
TOTAL ={YloYL)e(Y2e¥21¢{YIaYI}a(YAOYL)+IYSOYS)e(VenYa)s
LUYToY7)41YBeYBI¢(YI0YO) =({GSUMGSUM)/9.0)
BleSX1) ¢ (B2e5X2)
BOsGSUM) + (B11eSX11)e{822eSX22}4(BL205X12)~
IHGSUNIGSUN)I +0)
CX » TOTAL-FIRST-SECOND
c \iR”E RESULTS
50 FORMAT (24H REGRESSION COEFFICIENTS)
51 FORMAT {1HO.F18,3}
WRITE (3,50
WRITE (3+51) 80,61,82,811,622,812
52 FQRMAT (15H ANODV)
83 FORMAT (16H FIRST ORDER)
WRITE (34521
MRITE(3,53}
54 FORMAY (1HO,F25.5¢
WRITE llnﬁﬁ) IRSY
35 FORMAT
WRITE (3-55
WAITE (3,54)SECCND
56 FORMAT [16H LACK OF FIT}
MRITE (3,56}

SECOND ORDER}

w
b

127

130
128

129

132
131

133
135

WAITE 13036)ALACK
FORM, TOTAL}
unlve 43
WRITE 43.5A)rolAL
l=1
Jel
JoBe?

Null’E(!Ja)(SELLPn( 1001,J=1,19,3)
CONTINUVE

I=143

JOB=J08-

lF(Jnullz1.|z1.126

Jo .7

IR"EU,5G!(ACCGST(I-J'.J'\:I?. 3}
CONT INUE
Islel
JOBwJ08-1
1F43081129,129,130
JDB-'I
1=
uRlTElJ:iG)lC‘CDSTH'J)pJ')'I9'!)
CONT INUE
l-l'!
JOB=JOB-1
lF(JDD)l)!vl]!vl!Z
JUD

NRH‘E(J.WIll:COSYll.Jl.J-l.lV'D

134 CON

136

59
141

139

l-lo)

JOB=JOR=
lF(JDBll36.136-135
Joe=19

fel

FORMAT (1K s 7F10.4)

DO 139 J#1,19
MRITE(2,59)PROFIT(14J}
CONT [NUE
NRH‘E(J-S?)(PﬂuFlT(l'JhJ'lpl‘h’l
Inle

JOB-JUB-I
IF{JOBI140,140,141

END



