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ABSTRACT 

A molten salt: reactor for continuously nitrating butane 

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 liquid nitric acid 

thereby providing excellent temperature control in the reac

tion zone and reducing the possibility of explosions. Molten 

salt temperature was varied from 38^°C to 455"mole ratio of 

hydrocarbon to nitric acid from 3 to 7> and reactant flow rate 

from O.ij.33 gram moles/min, to 1,235 gram moles/min, A central 

composite statistical design in three orthogonal blocks was 

used to reduce the number of experimental points required to 

adequately cover the range of variables, to supply an estimate 

of experimental error, and 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, 

Mtroparaffin yields based on hydrocarbon consumed ranged 

from 33.5 per cent to 67.3 per cent while conversions based on 

hydrocarbon fed ranged from I.I46 per cent to ij..71 per cent. 

Y i e l d s  b a s e d  o n  n i t r i c  a c i d  r a n g e d  f r o m  2 0 . 8  p e r  c e n t  t o  3 4 * 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 - Sy.IjSj 1-nltropropane, 7.14 - 12.90; 

2-nitrobuuane, 12,54 - 46.97; l-nitrobutane, 14.47 - 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 1^,000,000 

lb./year nitroparaffin plant and then optimized to determine 

the most favorable set of operating conditions. The optimum 

per cent return on investment after taxes was 7.65 per cent 

which occurred at the following operating conditions: 

445.7°0, 4.^1 moles butane/mole acid, and 0.833 gram moles of 

react ant/min. The nitroparaffin distribution under these con

ditions was: 14.9 mole per cent KM", 23.6 mole per cent KS, 

12,0 mole per cent 1-ÎTP, 16.6 mole per cent 2-2ÏB, and 32.9 mole 

per cent 1-NB. 
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lîîTRODïïCTÏOlT 

At this time there are both numerous commercial uses for 

and high promise of many future applications of the lower 

nitroparaffins, Because these chemicals are miscible with 

most organic substances, they have value as industrial sol

vents. In addition to this direct application, a large number 

of commercially desirable compounds are derived from the 

nitroparaffins. Of importance are hydrozylommonium salts, 

aminos, nitroolefins, and nitroalcohols. They are also poten

tially useful as components in rocket fuels. The long-range 

promise 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 

Commercial Solvents Corporation alone (2^). This versatility 

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 contacting of propane with 6? per cent nitric acid 

in spray nitration 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 plant 

using butane and nitric acid as the feed materials was recently 

reported by Pear (31). He showed that the raw material cost 
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was approximately 28 per cent of the value of the nitrated 

product and that an estimated investment return for a 

1^,000,000 Ib./yr, plant would be approximately 9 per cent. 

General 

The vapor phase nitration of the lower molecu.lsr weight 

paraffinic hydrocarbons may be conducted by numerous permuta

tions of the possible reactants, nitrating agents, and reactor 

designs, The choice of the particular systems investigated in 

this research was influenced by two considerations: (1) the 

work is a continuation of that initiated by Adams (1) and Pear 

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 used 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, i|0), Some difficulty has been reported with corrosion of 

equipment used to vaporize nitric acid (2^, ^0, ^3), and sev

eral problems have been encountered in the controlled metering 

of the liquid acid (1, 3I, 39). Moreover, the addition of 

water with the nitric acid increases, in no small measure, the 

difficulties encountered in product analysis. However, the 

following reasons were sufficient impetus to overcome these 

problems and use nitric acid as the nitrating agent in this 

research: (1) both conversion (based on nitrating agent) and 
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yields (based on alkano) are generally higher when nitric acid 

rather than nitrogen dioxide is employed, (2) liquid nitric 

acid is used in the commercial process, and (3) the ii'i-reactor 

vaporisation of the nitric acid could be used to control the 

highly exothermic reaction» 

Analytical 

Through the combined efforts of Ives (1+6), Johnnie (47)j 

and this author (l+S), the analytical problems have been con

siderably reduced by the development of a chromatographic 

column which will handle the quantities of water that occur in 

the reactor effluent because of the use of nitric acid feed. 

The operating conditions for a gas-liquid chromatographic unit 

using this coluzn have boon determined, which allow the quan

titative separation of the bulk of the reaction products by a 

2^ minute isothermal analysis» The nechanical hook-up for 

this multiple-column, on-line analysis was reported by Johnnie 

(47,  48) .  

Metering; and control 

The acid metering and control problesis were solved by the 

use of an acid egg as the prime mover for the liquid nitric 

acid. To minimise the difficulties previously encountered 

with acid vaporization in the feed lines the acid was kept in 

liquid form until it reached the reaction aone where its heat 

of vaporization was then used to help control the temperature 

of the highly ezothemiic reaction. In this way the reaction 
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was conducted at low mole ratios of hydrocarbon to acid with

out the explosions or extremely high temperatures previously 

reported (1). 

Hydrocarbon 

Butane, which frequently has a price advantage over pro

pane but which has not been as fully investigated, was se

lected for the hydrocarbon. The same nitroparaffins which are 

obtained from propane plus four additional ones,. 1-nitrobutane, 

2-nitrobutane, 2-nitro-2-methylpropane, and l-nitro-2-methyl- • 

propane, are obtained from the nitration of butane. Previous 

studies of butane were made in tubular reactors by Hass, 

Hodge, and Vanderbilt (39) in 1936, by McCleary and Degering 

(^4) in 1938, and by Bachman, Hass, and Addison (9) in 195'2, 

In these studies the quantitative analysis was based on aver

age molecular weights. Recently Adams (1) and Pear and Burnet 

(32) applied gas-liquid chromatographic techniques to aliquot 

samples from the effluent of a vapor phase nitrator and deter

mined, with relatively good success, the distribution of the 

nitroparaffinie products. These previous results are shown in 

Table 1, However, because of differences in feed stream com

positions, analytical techniques, and in some cases doubtful 

product collection systems, the data are hardly comparable. 

Reactor designs 

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 

Adams -"-"-McCleary -iHî-Addison®' -"-"•Has s •::-?0ar 
et al. et al, 

(1) —cm" (2) —[3̂ - (31) 

m 8-14 2-9 19 6-10 2.7-14.3 

EE 20-26 11-22 32 12-13 14.4-38,7 

2-NP 0.Oil-0,29 —  -- —  —  —  0^0.12 

2-M-2-ÎÏP 0-0,34 " " — — —  —  —  —  0-3.0 

1-lf? 5-9 2-7 11 2—8 2.4-13.4 

2-ÏÏ3 36-21 23-49 21 42-20 2.9-64.7 

2-M-l-NP 0-0 B 0I4. —  —  —  - —  —  —  —  0-1,1 

1-KB 14-20 27-32 17 24-27 10,4-40.9 

Yield^ 60-82 _c 17.4 _C 26,7-84.3® 

Conversion 20-40 18-20 33 26d 8,8-30,7 

^With oxygen added: 2 moles per mole 

^Based on hydrocarbon consumed« 

^Insufficient data available, 

^Based on consumed. 

®Based on assumption propane, isobutane, and n-butane are 
recoverable hydrocarbon, 

-"-Adaras and Pear both used the same range of temperatures 
("370" to IlSO^G) and mole ratios (3 to 8). Sowever, 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 the reactor, 

iH^All Work performed at mole ratios of butane to nitric 
acid of 1I|. or higher. 



and (2) molt en salt bath reaotors. The CozTzaerolal Solvents 

industrial reactor is of the continuous, multi-stage spray 

typo. 

Tubular reactors The majority of all vapor phase ni» 

tration studies have been conducted in tubular reactors of one 

type or another* Estrsme wall effects and catalytic activity 

"Which prevent the formation of nitroparaffins were reported by 

Albright (p) and again observed by Johnnie (k?)» Dr, R, L, 

Abbott reports that, although fairly reproducible composite 

products have been obtained for propane nitration in tubular 

reactors, the instantaneous effluent concentrations vary in a 

random fashion for a test under a given set of conditions„ To 

avoid these undesirable effects, gold-lined, and platinura-clad 

apparatus have been used; burt these would be expensive for 

large scale use. At low mole ratios (hydrocarbon to acid), 

explosions have been reported which were thought to be caused 

by poor tesiperature control in the tubular roaotor. During 

s one preliminary tests with stainless steel tubular reactors 

at low mole ratios, the author and Johnnie noted a violent 

initiation period for the reaction even when the temperatures 

ware under control. This violent action precludes the use of 

pyrez reactors under these conditions. 

Salt bath reactors To effect better mixing and tem

perature control and at the saiue time avoid the catalytic 

offect of metal surfaces, some work has been done with molten 

salt reactors (1, 5, 22;, 31, 32, 38). These investigators 



have successfully conducted the continuous vapor phase nitra

tion of butane and propane with nitric acid and have demon

strated the flexibility and potential of this type reactor as 

an experimental tool» However, because of the ozploratory 

nature of the initial designs, precise control and measurer,lent 

of the salient variables (teraperat-ore^ residence time, mole 

ratio) were not obtainedo 

In addition to design and operational pr obi cas, these 

early studies ware hindered by the lack of suitable analytical 

methodso Propane was the hydrocarbon feedstock for the early 

studies, and once again average molecular weight techniques 

were used for analysis, X'Jhlle more recent investigators using 

butane reported product distributions, they encountered cer

tain problems in collecting the product for subsequent analy

sis, Specifically, the products were collected, refrigerated, 

and stored for up to ll|. days prior to analysis. Since this 

time it has been noted that even at low temperatures the 

nitrous acid formed in the condensate can destroy the primary 

and secondary nitroparaffins (18), The occurrence of the 

'Vild" nitration product s through the destructive action of 

nitrous acid was further confirmed by Dr, R, L« Abbott, Be

cause of these problems, optimum nitration conditions and the 

resulting product distributions for the reaction conducted com

pletely in a molten salt reactor were yet to be determined. 

Choice of design Based on the exploratory work of 

these previous researchers, particularly that of Pear and 
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Buimet ( 3 2 ) ,  a nitration pilot unit utilising a back-mix salt 

bath reactor *<ras designed and constructed for use in this in

vestigation, The itei-iîs of primary concern in this design 

were: (1) increased accuracy in the control of acid and bu

tane flow rates, thereby allowing the inveatigator to better 

set the mole ratios to be studied^ (2) improved control of the 

reactor temperature and elimination to the extent possible of 

the 1,800°P hot spots'reported by Adaras (1), (3) miniraum expo

sure of the react ant mixture to any surface other than the 

salt, thereby reducing possible catalytic and tubular reactor 

effects, (I|) utilization of the latent heat of vaporisation of 

the acid to control the reaction thus minimising the chance of 

explosions at low mole ratios, and ($) elimination of condi

tions which would cause destruction of the product during the 

collection» 

Objectives of the Research 

The specific objectives of this research were: (1) to 

determine the optimum nitration conditions for the vapor phase 

nitration of butane by nitric acid in a molten salt reactor, 

(2) to aid in the development of an on-line gas chromato

graphic analysis for the effluent nitration product stream, 

and (3) obtain any information which will lead to a better in

sight as to the reaction mechanism» 



9 

REVIEW OP LITERATURE 

Very completo s'osEiarles of both the historical and con

temporary nitration liter at uro hava been recently corapilod and 

reported by Adaras (1), Poar (31), and Albright (3). Therefore, 

this review presents only that work relevant to the current 

research project. 

Reaction Mechanisms 

general 

At present J comparatively little is known of the mecha-

niSiii by which the vapor phase nitration of aliphatic hydrocar

bons takes place0 In general, it is thought that the reaction 

proceeds by a free radical meehanisra since: (1) most gas 

phase reactions do proceed by this type of mechanism (33), 

(2) experimental evidence has shot'Jn that materials, such as 

metallic oxides, which normally catalyze ionic reactions 

usually decrease the yield fron a nitration reaction (10, 39), 

and (3) the nitration of higher paraffins produces not only 

nitroparaffins of the same carbon chain nuaber, but also pro

duces significant quantities of both lower nitroparaffins and 

oxygenated products such as aldehydes* This product mix 

agrees with that predicted by free radical mechanisms « 

Bachman, et al«, (7) have proposed the following free 

radical mechanism: 

ENO, EO' -r "EOg . . (1) 
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RE «OH -* R» 4- EgO (2) 

R. 4- "ïrog ^ RifOg (3) 

It sîncQ îiaSj, however, beon questioned as to whether the de

composition of nitric acid, Roaetion 1, is rapid enough to 

supply the ÎJOg radicals consta-aed in Reaction 3« Sxporiraen-

tally it has "been shotni that the norraal rate of thermal decom

position of nitric acid is much slower than the rate of nitra

tion, 

An alternate EiGChanissi has been suggested by Albright, 

st ala, (5) which involves tho entrance of molecular nitric 

acid into a short chain mechanism» 

H2ÏO3 ^ .SO .nog (1} 

RE '02 -» R« <• E20 (2) 

Ho -Î- HÎ?03 -» RIfOg V "OH (k) 

Baach^ feels that booh Reactions 3 and i|. are probably involved 

in the actual nitration* 

Production of lcv°er nitroparaffins 

The formation of the loiïer nitroparaffins cannot be ex

plained by pyrolysis at the teraperatures and retention times 

normally used in nitration ($) , In addition, it is highly 

-Beach, A» B«,, Instructor of Chemical Siginooring, Iowa 
State University of Science and Technology, Araes, Iowa» Pri
vate coiEiiunication, March, I966» 
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unlikely that there is a direct cleavage of the C-C bond by 

I\f02 attack (19) o Thcrofore, tho most satisfactory explanation 

of the fox?mation of the lower nitroparaffins is that alkyl 

nitrites are fomed^ then decomposed to yield lower allqyl 

radicals» The lower alkyl radicals are then nitrated to pro

duce nitroparaffins « 

The structural relation of the all-:yl nitrites to the 

nitroparaffins can be seen from the following f ori-aulas <, Par

ticular attention is called to the fact that the nitrogen atom 

of a n'_tro conpound is joined directly to the carbon. 

Pauling (55) represents nitrogen diozlde as a resonance hybrid 

where an electron is distributed between the ozygen atoras and 

the nitrogen atomso If an allcyl radical reacts with nitrogen 

dicside when the electron density about the nitrogen atom is 

low, a nitroparaffin is formed. On the other hand^ if the re

action occurs when the electron density about the nitrogen is 

high, an alkyl nitrite results. 

The alli;/l nitrites are unstable at nitration temperatures 

and their decomposition mechanism as suggested by Grey (3^) 

adequately accounts for the vapor phase production of the 

lower nitroparaffins, This decomposition is a two-step mech

anism: (1) the alkyl nitrite breaks into a ÎTO molecule and 

H ÏÏ 
EG-G-0-K=0 

H H 

H H ^0 
EG-G-3. 

E H 0 

ethyl nitrite nitre ethane 
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an alkoxîde radical and (2) tiio alkozido radical breaks into 

a lower alkyl radical and an aldehyde^ The second step is 

thou^t to be the faster so that the overall reaction would 

give a satisfactory representation of the decomposition pro

cess. This mechanism is illustrated by the decomposition of 

ethyl nitrite. 

GSoCBgONO NO + CEjOHgO" (2) 

CE^GHgO» -» ECHO 4- CE^' (6) 

»GBg -î- OE^GEgONO" -» OEk i- CH3CEOHO (?) 

GEoGEONO BOGE^GEO (8) 

Any available alkyl radical could react with an alkyl nitrite 

in a reaction similar to Reaction 7« This mechaniom also 

helps accomit for the oxidation products found in such reac» 

tion products. 

Decomposition of nitrpparaffing 

ŒTae .thermal decomposition of nîtroethane and l-nitropro-

pane was investigated by Gvej, pt..alj.g (35) 0 -^t i|.30®G nitro-

ethane if as 13 per cant decomposed in 2«,1 seconds, while 1-

nitropropano was 20 per cent docoraposed in â«,2 socondso As 

compared with the retention times used in nitration, Oo5 to 

lo5 seconds, these rates are large enough to account for the 

loss in nitroparaffins when the temperature exceeds some opti-

laura value. 
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Basis for Computation 

The posults of nitration exper-iments have been reported 

in terms of conversion and yield; hoi'Zever, several different 

definitions of these quantities have been used. Both terras 

can be based on either input quantities or reacted quantities 

of either hydrocarbon or nitrating agent » To add to the con

fusion, soi'iie reports do not clearly state which definitions 

were used* In the usual case c ony eg s i on meant the molar ratio 

of nitrogen in the nitroparaffin product to nitrogon charged^ 

while yield implied carbon in the nitroparaffin product to 

carbon in the hydrocarbon consumed, These general usage con

ventions will be followed in this work so the results will be, 

in the main, comparative with seme of the previous worko 

Effect of Variables 

T sm'p er at ur e effects 

Work on isobutane by Eass, Eodge, and Vanderbilt (39 )  

showed that the yield of primary nitroparaff ins was greatly 

increased by raising the reaction temperature from 150°C to 

^20*0» It was later shown by Bacbman, et al «, (8) that, as 

the nitration temperature for propane is raised, the percent™ 

age of nitroethane produced increases, that of S-nitropropane 

decreases, and those of nitromethane and l-nitropropane remain 

the same. This observation is interesting in that the half-

life of nitromethane under thermal decomposition at kSO^C is 

minutes, while Grey, et al„, (3$) found that 20 per cent 
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of tho 1-nitropropane was docomposecl in ii.2 seconds» This 

would lead one to beliov© that the 1-nitropropana poroontaga 

should doorease significantly faster than that of nit remet hano 

under» increasing t eiiipe rature « Eouovor, Foar (31) reporting on 

tho nitration of butane further substantiated the increase of 

nitroethan© with temperature and the relative insensibility of 

l~nitropropan© and nitromethane percentages to temperature* 

As his 2-nitropropane figures scattered badly (0.063 0.033 

mole par cent on the average), he x-Jas unable to note a trend 

in this c expound « 

Hass and Shechter (1^.2) used the previously published data 

to draw some general conclusions about the effect of tempera

ture : (1) conversion increases with temperature until some 

optimum temperature is reached for each hydrocarbon, then de

creases with further increase in temperature, (2) if contact 

time is matched with temperature, total yield of nitroparaf-

fins will be appro%imately the saiiae, and (3) the rate of 

substitution of priiaary, secondary, and tertiary position 

approaches equality as the temperature increases* Fear (31)s 

on the other hand, found that, as temperature increased, the 

amount of 1-nitrobutane increased from an average of 12 mole 

per cent at 371*C to an average of 32 mole per cent at k82°0, 

while over the sa^me temperature range the amount of 2=nitro-

butane correspondingly decreased from ^6 mole par-cant to 9 

mole per cent. In addition, over the range studied (0,^ to 

0.7 seconds) he found no significant effect of residence time 



on nitr-oparaffîn production In his--moltan salt bath reactor 

study of butane nitration» 

Pressure effects 

At this writing there is very little data available on 

this subject. It was shown by Eass, et al.. (39) that during 

the nitration of methane a inoderate pressure (100 psig) in

creased conversion based on nitric acid. At both 100 psig and 

1,000 psig optiïiiuni temperature and contact tiraes decreased 

althou^i the conversion had decreased from the 100 psig level 

to the 1,000 psig level. 

Catalysis 

Both homogeneous and heterogeneous catalysis have been 

studied in some detail* The general result of these studies 

was to find materials that either inhibited the reaction or 

that increased conversions based on nitrating agent at the 

expense of yields based on hydrocarbon. 

Heterogeneous Although a considerable ariiount of work 

has been done in this area and several materials (particularly 

borosilicate glass) seeined, for a short time, to have positive 

catalytic effect on nitration, all of the concrete results 

obtained indicate either a negative or neutral effect. The 

highly detrimental effects of copper, mild steol, and to a 

lesser degree stainless steel are discussed in the section on 

Tubular Reactors, Of ir,rportance, however, is the evidence of 

the noncatalytic character of sodium and potassium nitrate 
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salts (i|, In general, at this time there is no 

published evidence of the existence of a heterogeneous 

catalyst that accelorates nitration or irriproves the yields or 

product distribution. The catalysts that shcv? any activity 

have increased the competing oxidation reactions at the ex

pense of the nitration reaction, 

Horao,i?0neous Nitric ozide has been shown to decrease 

conversion (12, 37), presumably by action as a chain stopper. 

In a tubular reactor, the addition of bromine or chlorine to 

the vapor phase nitration mixture can increase both yield and 

conversion (12, 13, llj.), while the addition of oxygen can in

crease the conversion (9) » These eoaipounds, however, increase 

the conversion based on nitrating agent at the expense of 

yields based on hydrocarbon», This occurs because there is a 

correspondingly greater increase in the corapeting oxidation 

reactions. 

Hole ratio effects 

Coldiron (23, 21}.) reported that the maziaui'a conversions 

based on nitric acid were essentially independent of mole 

ratio during the nitration of propane; however, the apparent 

best operating temperature decreased with decreasing mole 

r^tlo. Pear (31) also found that conversions were not appre

ciably affected by changes in mole ratio during the nitration 

of butane. 
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Reactors and Auxîliarios 

Tubular reactors 

Tubular reactors have bo©n used to conduct the majority 

of thG vapor phase nitration studies « Glass has bean nsod 

most often as the material of construotion^ and stainless 

steol has been used occasionally (k, ^3)« Albright, et al. 

(5) Investigated the surface effects of glass, stainless steel 

copper, and carbon steel. He encountered considerable diffi-

culty in reproducing results frora the metal reactors. However 

when the relative conversions were calculated by dividing 

nitroparaffin conversion in the :mstal reactor by conversion in 

the glass reactor at the sane temperature, a trend was evident 

The relative conversion in the carbon steel reactor increased 

from ^8 per cent to 100 per cent in siz hours of operation, 

that in the stainless steel reactor decreased from 100 per 

cent to 82 per cent in the same time span, while after less 

than three hours of operation almost no product was being 

formed in the copper reactor* The glass surface itself did 

not seem to change as a function of tiiae^ His additional 

studies with surfaces involving molten salt showed that sur

faces favoring nitration reactions minimise oxidation reac

tions and vice versa. 

Molten salt reactors 

Reactors using a molt or. mixture of sodiuca and potassium 

nitrates as the heat transfer medium have been developed 
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recently in an effort to both provide better teraperature 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 

(1|.5) who noted that these salts prevented the increase of oxi

dation that occurs at the expense of nitration in stainless 

steel reactors. 

In 1952, Hill ([[II) first applied the technique of allow

ing the reaction mixture to bubble through these salts, Pol-

lowing this general technique, Coldiron, et al,, (Slj.) were 

able to nitrate propane at hydrocarbon to acid ratios of one 

to one without experiencing the explosions previously reported 

(1|0) at mole ratios lower than two to one in tubular reactors. 

They attribute this to better temperature control. Albright, 

et al., (5) showed qualitatively that, when no heated void 

space existed above the salt level in a glass salt bath re

actor, only 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 a possible surface effect. Adams (1) and later 

Fear (31), working with a metal reactor pot filled with molten 

salt, demonstrated the flexibility of the reactor as an exper

imental tool and reported the first sets of product distribu

tion data available for the nitration of butane. 

The method of mixing the reactants varied widely between^ 

these studies,- The earlier investigators vaporized the acid 



in a flask and contacted the butano and acid in the vapor 

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

vertical tube to the bottom of the molten salt bath where it 

was allowed to bubble through the salt (5^ 2ii) . Adaras (1) 

sprayed liquid acid through a 0.008 in* hole into a concen

trically flowing stream of butane about three to four In. 

above the reactor head, then allowed the mixture to flow 

through 13 in. of tuba to the bottom of the salt bath and 

bubble up through the molten mixture « Pear^ attempted to con

tact liquid acid with preheated butane below the salt level 

but reported, "when the tip of the acid spray was below the 

salt level, excessive pressures were required to puriip'the 

nitric acid and the flow rate was erratic. I em still not 

quite sure why this happened but perhaps acid was vaporizing 

in the spray tube causing high pressure drop at the spray 

holes,Consequently, he contacted the acid and butane in a 

manner similar to that reported by Adams. 

Product collection 

In the bulk of the vapor phase nitration studies, the ef

fluent product has been cooled to the extent of foming a two-

phase liquid layer and an off gas product. The liquid layers 

have then been separated and either further fractionated by 

distillation prior to molecular weight determinations or 

^Fear, Engineer, Dow Corning Chemical Company, 
Midland, Michigan, Private communication, July, 196^. 
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analyzed directly by gas chromâtographyo In at least one case 

the liquid layers were stored at refrigerator temperatures for 

several days prior tc analysis (31)• Both Coldiron (23) and 

Albright, et al», (I}., 5) eolloeted their liquid condensate in 

saturated solutions of sodium bisulfite for the purpose of 

removing the aldehydes, Coldiron noted that a higher amount 

of nitration product could be obtained if sodium bisulfite 

solutions were used instead of sodium bicarbonate. Pear (31), 

who collected his product by direct condensation, observed the 

following occurrence in his collection flask: "T-ha reaction 

of nitric acid with other compounds caused boiling and evolu

tion of CO2 and nOg. Hitrogon loss from these reactions pos

sibly explains the low account abilityo" 

In work to suppress the oxides of nitrogen. Kerns (1^9) 

showed that the activa effect of the oxides of nitrogen in an 

aqueous medium occurred through the inter-raediate, nitrous acid, 

which is forraed in the following manner: 

EOg + KO -Î- EgO 2 HOITO (9) 

- This nitrous acid is stable in aqueous solutions below 20°0, 

When heated, the reverse of the above reaction occurs. As 

shown by Brewster (18), nitrous acid in solution is quite 

reactive towards organic compounds containing active hydrogens, 

such as the nitroparaffins. For example, by reaction with 

nitrous acid, primary nitroparaffins are converted into 

nitrose compounds known as nitrolic acids. The following 
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equation is an axamplo of this reaction, 

RCH^WOp R-CE-liO^ (10) 
^ NO 

By a similar reaction, secondary nitroparaffins give nitroso 

derivatives called pseudo-'nitroles o 

In an effort to eliminate nitric oxide and nitrogen di= 

oxide from the off gas during a metal processing operation. 

Kerns (1|9) found that urea was an excellent suppressor of the 

nitrogen oxides. Also, one of the standard techniques to 

quantitatively determine urea is to measure tho nitrogen 

evolved when it is treated with nitrous acid (18)« 

Chromatographic Analysis 

The study of tho vapor phase nitration has been contin

ually hampered by the lack of a rapid, reproducible quantita

tive analysis for the reactor effluent » The first satisfac

tory method of determining quantitatively the nitroparaffin 

distribution resulting from a vapor phase nitration was re

ported by Bethea and Adams (1, 1^, 16, 17), In their method, 

the reactor product stream was cooled and separated into three 

phases: an oil layer containing mostly nitroparaffins and 

oxygenated organics, an aqueous phase containing mostly water, 

and an off gas containing butane, propane, water vapor, and 

the oxides of carbon and nitrogen. These phases were then 

analyzed using gas chromatography with three different columns, 

one of Arme en SD and Apiezon ÎSf on C-22 firebrick, one of 
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sq-aalano on activated charcoal, and one of squalane on Pluoro-

pako Aliquot ssiir.plGS of the oil layer were analysed on each 

of those colvsnna, while ssmplos of both the liquid layer and 

the gas phase were analysed once on the activated charcoal 

coluTirn and twice on the Fluoropak coliZTin at different condi

tions <, By the use of the substances appearing on each column, 

they Tiere able to quantitatively identify the major oxygenated 

compounds, some of the gases, and all of the nitroparaffins<, 

Initially they reported that the squalane, activated charcoal 

colur,in "ould separate the oxides of nitrogen (1, 17)' however, 

later this technique could not be replicated. 

This general analytical technique was much refined by 

Fear (31), who found that bis (2-ethyl he"yl) adipate on 

Ohroitnsorb W resulted in a more satisfactory analysis. Ho also 

separated the ozides of nitrogen by cooling the off gas below 

•the freezing point of nitrogen dioxide and assuming only 

nitric ozide remained behind in the gas phase. Some diffi

culty was encountered with water tailing on the Ghronsorb W 

column. 

One interesting result of these chromatographic analyses 

was to show that the organic or oil layer contained signifi-

oezit quazitities of the oxygenated materials. The earlier in

vestigators of salt bath nitrations all made the same assump

tion, '^^olecular weight of the organic layer, assumed to be 

only nitroparaffins, was determined by the Victor Meyer method" 

( 2 4 ) .  



To date no satisfactory quantitative analysis by gas 

chromâtograph-ic toclmiques has been found for tho ozidec of 

nitrogen. In 196^, Bethaa (15) reported^ "In a recent attenpt 

to obtain a satisfactory quantitative analysis of the ozides 

of nitrogen, .over. 30 chroriiatographic systeras reported in the 

literature .as effective for this sepai'^ation problem were in

vestigated. The results were uniforinly pocrj no acceptable 

quantitative analysis was obtained even though soma qualita

tive results were raarginally acceptable»" More recently, 

Trowell (62) performed a quant it at ive analysis of the oxides 

of nitrogen in the presence of nitrogen and water vapor by 

first freezing out the nitrogen dioxide and water vapor on 

glass beads, Prossard, Rinker, and Corcoran (26) were able to 

quantitatively separate tho oxides of nitrogen in the presence 

of nitrogen on a special silica gel ooluznn. However, while 

the nitrogen dioxide and nitrogen peaks appeared iinaediately, 

the nitrogen dioxide pealc tailed for twenty minutes, 
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EXPSRÏî'ISlÂITAL 

This section consists of : (1) a description of the pilot 

plant, (2) a ^scussion of the operating procedure, (3) a 

study of the chromâtographie analysis used and (1|) a develop-

nent of the ezperiraental plan* 

Description of the Pilot Plant 

The equipment was designed to allow the masiriiusi control 

of input flow rates and reactor temperature. All design cal

culations were based upon the assiHiption of ideal gas behavior 

for the vapor phase and reactant properties shown in Table 

Tlie pilot plant which was constructed for this investiga

tion consists of five major sectionsï (1) the nitric acid 

system, (2) the butane system, (3) the furnace group, (k) the 

reactor assembly, and ($) the product sampling system. Figure 

1 shows a schematic flow diagram for the entire pilot plant. 

General 

The pilot unit was designed for continuous operation up 

tea maximum of three hours « The length of the period of 

continuous operation was limited by the capacity of the acid 

egg which held sufficient acid for' a three hour run at the 

mazimum possible butane flow rate and a one to one mole ratio 

of butane to acid. 

The. entire pilot unit was installed behind a 3/k  ply

wood enclosure which served both as panel board and secondary 



Figura 1, PloH dloi/ram of pilot plant 
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Table 2, Butane and nitric acid physical properties used in 
equipment design (5'6) 

Butane Vapor 

Heat capacity 

Computed from empirical equation for hydrocarbon vapor 

Thermal conductivity 

Plot of log k versus t used to extrapolate outside the 

given range of data 

at 100°F 

at Glj-Z'T 

211.12 Btu/lb. mole 

k3«9 Btu/lb, mole °P 

at 212°P 

at 32°F 0.0078 Btu/hr. ft. 

0 . 0 1 3 ^  B t u / h r .  f t .  

Critical values 

Temperature 

Pressure 

(4 (viscosity) 

lL2^.2°K 

37.5 atm. 

239 % 10"^ gram cm^^sec"^ 

Viscosity (1 atm.) 

Computed from reduced correlation 

at 100°P 0.0081 Op 

0.0179 Cp at 81i2°F 

Ent halpy 

at 100® F 
sat. vapor: ^2 psia 306 Btu/lb. 

sat. liquid: ^2 psia l55 Btu/lb. 

sat. vapor: I).0 psia 302 Btu/lb. 

sat, liquid: lj.0 psia 1L|.6 Btu/lb. 
at SO^'F 
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Table 2. (Continued) 

î^itric Acid (70# Liquid) 

Density 

at 20°0 

at 2^''C 

at 30°C 

l.kI34 C 

1.4067 Op 

1.3983 Cp 

Specific heat 

at 20*0 0.61^ cal./g. °C 

and secondary blast shield. The plyifood was bolted securely 

to three tubular steel uprights which were anchored to both 

the floor and ceiling of the laboratory^ Because of previous 

reports of occasional explosions occurring during vapor phase 

nitration, an additional three-sided enclosure of l/k in. 

aluminum, plate was bolted to the floor between the boiler 

plate frame of the reactor furnace and the plywood enclosure. 

One conaion side of both the plyifood and aluriinum enclosures 

opened toward a window which provided pressure relief in case 

of an emergency. 

All instrumentation and controls required 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, re act ants, and 



Plguj?9 2, Photograph of control panol 
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materials of construction required to perform the design com

putations were, where possible, obtained frora the literature 

or, where necessary, estimated by standard empirical methods « 

The values of the properties used and their sources are shown 

in Table 2. 

Nitric acid system 

The nitric acid system used an acid egg connected to the 

regulator of a helium cylinder to pump the acid. The acid 

egg, which had a capacity of 79cu. in., was constructed of 

1,5 ft. of 2,5 in. outside diameter, 0.065 in. wall, type 306 

stainless steel tubing with l/lj. in, stainless steel plates 

welded to close each end* Swagelok l/ii in, tube fittings were 

welded on the end plates to provide the helium in, acid out, 

and drain ports, A check valve was installed to prevent acid 

vapors from backing up to the cylinder regulator when the 

pressure was released. Although both the cylinder and acid 

egg were behind the pl^i'Jood enclosure, the pressure in the 

acid egg could be observed and controlled by a pressure gage 

and valve mounted on the panel board. 

The nitric acid flow system is included in Figure 1, The 

acid Was forced from the acid egg throu^i l/I| in, tubing to a 

blunt needle valve and a calibrated Brooks rotameter. Prom 

the rotameter, the acid passed through a I'Jhitaly micro-regula

tor control valve, and then either to the acid vent port while 

the flow rate was being adjusted or to the reactor. The acid. 
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while flowing fron the rotsrristei" to the reactor, passed 

through a six foot count or-current double-pipe heat exchanger 

in which the annular space was filled with flowing Prestone 

antifreeze at -13'°C. Cooling the acid was one of the things 

done to aid in the prevention of premature acid vaporisation 

which could have led to vapor locking in the acid spray de

vice, reduced nitroparaffin yields or explosions at low mole 

ratios» The acid line was reduced froa l/Ij. in, to 1/8 in. 

immediately prior to entering the reactor* 

Controllable flow rates from 3 ^ 10"^ to 100 x 10"^ gram 

moles of 70 per cent nitric acid per second were obtained by 

use of this system. Coiamorcial grade (Mallinekrodt Chemical 

Works) 70 per cent acid was used exclusively for this research. 

Butane system 

The butane system is also included in Figure 1, The bu

tane cylinder was heated by a hot water bath and insulated to 

maintain a supply pressure of 60 psigo The downstream pres

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

and then by a low pressure pancake regulator set at 20 psig, 

After flowing through 20 feet of l/k in, copper tubing and a 

•Moore constant differential pressure flow controller, the gas 

was metered in a calibrated Brooks 600 ririi» rotameter. The bu

tane temperature at the rotameter entrance was controlled by 

means of a Fenwall thermoswitch connected to 20 feet of elec

trical heating tape which was placed outside the insulated 



33 

line from tho source oylindor* By use of a fine Hoke needle 

valve sized according to specifications for use vjith the Moore 

controller, constant and highly reproducible flow rates were 

obtained, and because of the controller, wore independent of 

dovrnstresm pressure fluctuations, The butane pressure was 

measured at the rotaraeter with a mercury aanomet er« 

The rotameter was calibrated with a precision wet test 

meter. The system delivered butane at rates from 0,0^ to 0.3^ 

.gram moles per minute. The butane used in this calibration 

Was Phillips Petroleum Company technical grade butane with a 

minimum purity of 95 mole per cent ' n-butane. 

Reactor furnace ^roup 

The reactor furnace group was both a suppor-b for the 

reactor pot and a heat source for the molten salt* The fur

nace frame was a 19 % 19 % 30 in, shell formed from angle iron 

with l/ij. in, boiler plate on the top, bottom, and three sides. 

The angle iron Junctions were first securely bolted together, 

then the edges were sealed with a bead of weld. The boiler 

plate sides were bolted to the inner face of the angles, 

thereby creating a firm structure. The outer faces of the 

reactor frame were covered with l/ij. in, transite. The inner 

Walls of the cavity were lined with a double layer of fire

brick while the remainder of the cavity, with the exception of 

sufficient space in the center to accor&nodate the reactor pot, 

was filled with asbestos blocks. The side of the frame not 
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covered with boiler plate was covered with a sheet of transite 

and faced toward the window. 

The reactor pot was wrapped in a spiral with three ce-

ramic-covered heaters. Then the pot ar.d heaters ware encased 

in thermal setting ceramic. Two of the heaters are rated at 

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

the heaters was controlled by powerstat variable transformers 

mounted on the panel board. To control the temperature of the 

molten salt at the desired set point, a Brown Electric Pyrom

eter was connected in series with one of the 1,500 watt heat

ers . 

Reactor assembly 

The reactor assembly consisted of two separate groups, 

the reactor head and the reactor pot/ These sections were 

bolted together using five 3/4 in, bolts and were supported 

in the furnace by the upper boiler plate of the fur^nace frame. 

The reactor pot, shown in Figure 3^ tfas 2ij. inches deep 

and six inches in internal diameter. It was constructed of 

Schedule ij.0, sis inch iron pipe with a 1/2 in. mild steel , 

plate for the bottom. Three baffles of l/2 x I/8 in. stain

less steel plate were installed at 120° separations, The pot 

was filled with 21 pounds of a eutectic mixture which melts at 

222®C and consists of ^ weight per cent ïŒO^ and 1|.6 weight 

per cent ITaNO^, The reactor contents were agitated by means 

of a two-inch stainless steel impeller of the turbine type 



Figure 3» Reactor pot and head assembly 

S; 1/2 in, mild steel plate 

P: schedule kO, 6 in. iron pipe 

?; packing gland 

R: compression ring 

T: thermocouple-
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mounted on a shaft driven by a l/20 hp., 11^ volt, 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 l/2 in. mild steel 

plate with stainless steel fittings. Figure 3 is a cross-

sectional drawing of the assembly reactor head, modified by 

rotation of several items to permit all components to be shown 

in one plane. Photographs of the reactor head are shown in 

Figures 1|. and 5. 

The acid entered the reactor assembly through the inner 

tube of a concentric assembly which consisted of l/8 in., 

l/I| in., and l/2 in. tubes. Air flowed down the inner annu

lar space to the point where the acid lino entered the mixing 

tee, then up through the outer annular space to be vented. 

The purpose of this concentric tube arrangement was to pre

vent premature vaporization of the nitric acid. 

The butane entrance line and preheater consisted of a 

13 ft. long, i| in, diameter coil of l/I|. in. stainless tubing. 

The coil Was sized to bring the butane approach temperature 

to approximately 2$°G at a butane flow rate of 0.13 gram moles 

per minute. The react ant s entered the miring tee where the 

acid sprayed radially into the concentric stream of butane and 

one© the reaction started, the acid was vaporized by the heat 

of reaction. The mixture then flowed from the tee, through a 

two-inch section of 1/4 in. tubing, and sprayed throu^ four 

0.032 in, holes into the highly turbulent salt bath, Figure 6 



Plgupo 1|, Phot ogr a%)h of react op hoad plate 
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Figure Photograph of the assembled reactor 



kl 



Figure 6. Gross-sectIon of mixing 
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shows a diagram of tha mixing toe assembly. 

The agitator shaft passed through a comprossioii ring 

packing gland in the reactor head plat© stuffed with asbestos 

packing rings. The thermocouple wells contained 28 gauge 

chrome 1 alumel thermocouples welded into the tips of l/ij. in. 

stainless steel tubes which made up the wolls themselves and 

passed through drilled-out Swage1ok fittings mounted in the 

head plate. Two of the four thermocouples measured the salt 

bath temperature, one the freeboard gas temperature, and one 

the temperature in the mixing tee. An additional thermocouple 

was installed in the product exit line just above the reactor 

head. The salt bath thermocouple in the neighborhood of the 

mixing tee sent its signal to the Bro"v7n Electric Controlling 

Pyrometer, while the signals from the others want to a Brown 

Electronik multiport recorder, A mercury manometer was con

nected by a tap to the product exit line, 

A movable electric probe, which closed a 10 volt circuit 

in series with a panel light on touching the salt level, ex

tended through a packing gland constructed from a Swagolok 

fitting. The probe was fabricated from a l/i;. in, stainless 

steel tube containing 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. 



Product sampling; system 

The product sampling system consisted of two major parts; 

an on-line and a total product system. The first was used in 

the collection of an aliquot sample of the product gases in a 

heated sampling valve and subsequent analysis by gas chroma

tography, The second in the cooling and collection of the 

total product followed by its subsequent separation and anal

ysis by gas chromatography. 

For the on-line collection and analysis the product was 

sampled for analysis by a Beckman sampling valve (Model 

102396, Beckman Instruments, Incorporated) with a 3 00 sample 

loop. The valve was operated pneumatically from the panel 

board by a solenoid with ^0 psig air used to actuate the 

valve. Because salt carry over built up in the sample loop 

and prevented the obtaining of a full size sample, reactor 

effluent could not be allowed to pass thru the sample loop on 

a continuous basis. Consequently a water operated aspirator 

was used to draw a portion of the effluent thru the device for 

a few minutes prior to sampling. The bulk of the effluent 

went to the product collection system directly. 

To prevent sample condensation in the sampling device, 

the valve was installed in an insulated aluminum box which 

was kept at 2^0°C, The temperature was maintained by a hot 

plate (700 watt. Model HP-A191^B, Type 1900, Thermolyne Cor

poration) controlled by a Model 11?, Superior Electric Company 

powerstat. The temperature in the sample box was measured by 
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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 chromâtograph 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 outer shell 

was of 1/2 in, pipe, Preston© antifreeze at about -1^°G en

tered the annular space and flowed countercurrent to the pro

duct stream. The condensed portion of the nitration effluent 

passed through a dry-ice liquid trap into a flask. The uneon-

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 bubblemster  as  descr ibed in  detai l  by Ives  (I4.6) ,  

The coolant was supplied by a small gear pump from a 50 

gallon reservoir which contained a 1:1 mixture by volume of 

water and Prestone antifreeze. The refrigeration mixture was 

cooled to a minimum of -1^°C by a double pipe heat exchanger 

device using expanding Preon 12 supplied from a Mills two-

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

General 

Butane nitration products may, in general, be considered 

to consist of three distinct groups of substances, each 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 nitroparaffins and higher 

alcohols, (2) the oxygenated aliphatics and water, and (3) the 

fixed gases and paraffins. In 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-line. It was believed that, if a 

suitable chromatographic analysis could be developed for each 

of the three major groups occurring in the nitration effluent 

stream, an effective on-line analysis could be developed by 

using a valving arrangement to hook the three chromatographic 

columns in series. The concept was that, if the first column 

were operated at a relatively high temperature and flow rate, 

the low and middle boilers would pass through rapidly and un

resolved and could then be sent to the second column. The 

high boilers would be quantitatively separated on column one, 

then through the use of a multiport valve, sent to vent to 

prevent their contaminating the second column 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 mder the name Halleport P and a partitioning 

agent of Celanose No, 9 ester. This combination of packing 

and partitioning agent was used because Ives (ij.6) had earlier 

shown that the non-porous surface of the teflon reduced the 

possibility of serious 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 taken was to develop an analysis 

for this group which could be performed in a reasonable time, 

then to 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 constraints which 

insured acceptable resolution between all important peaks, it 

was necessary to first mathematically define the term accept

able resolution, 

R = ^ (11) 
^avg 

R =s resolution between two adjacent peaks 

t']^ = retention time in minutes for first peak 

tg — retention time In minutes for second peak 

a average base width 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 quanti

tative separation, then to make an initial estimate of the 

best set of operating conditions. 

The first part of the work was carried out using a 12 ft., 

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

column and a second column six ft. in length, 1/4 in. in diam

eter, and containing 1$ per cent agent, 

(a) (Two 2,0 |il samples of each expected reaction product 

(except UO, N02, 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 retention time and peak width were 

determined for each individual component. The components 

were then ordered for each column according to retention 

time and a resolution factor (R) calculated for all adja

cent pairs of peaks. The following actual data are given 

as an example of the type of results observed. 

Table 3» Resolution factors 

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

n-but anol 

Nit r omet hane 

2.0 

1.9 0 , k  

Oc5 
2.0 -1.9 = 0.20 

0 .5 
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Table 3» Continued 

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

= 1.65 
Isobutanol 3«0 0.6 * 

3.3 - 3.0 _ J o 
Nitroethane 3.3 0.7 0.7 " 

(c) To confirm that the expected separations could be made, 

two-ocmponent 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) Prom 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 identified for each column. As anticipated, this 

value was the same for each colmm, 0.8. This minimum 

resolution value was used later as one optimization crite

rion. 

The next portion of the work was necessary to obtain an 

initial estimate of the optimum operating conditions to give 

the desired quantitative resolution in minimum time. The 

values thus obtained were used as a starting point for the 

final experimental design. 



The overall experiment involved the following values; 

Column length (2 levels), ft. 6 12 

Column diameter (2 levels), in. 3/16 1/4 

Per cent agent (2 levels) $ 15 

Temperature (2 levels), ®C 50 100 

Helium rate (2 levels), ml./rain. 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 column less than 3/16 in. in diam

eter, partitioning agent concentrations greater than l5 

per cent lead to stickiness, and at 120° a slow bleed of 

the agent can be detected. To decrease 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: 

Treatment 
Code 

Letter 
First 
Level 

Second 
Level 

Column length, ft. E 12 6 

Column diameter, in. D 3/16 1/ 4  

Per cent agent C 15 5 

Temperature B 100 50 

Helium rate, ml./min. A 90 30 
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When the noraenclatwe was used to designate combinations, 

the absence of a letter meant first level of treatment» 

Conversely, the presence of a letter meant second level. 

The symbol, (1), Indicated the first level for all treat

ments. For example: 

BE meant 90 ml./min,, 50°C, 15/^, 3/l6 in., 6 ft. 

ACDE meant 30 ml./min., 100°C, 5^, l/ij. in., 6 ft 

The experiments were performed in four blocks to elim

inate random variation according to the sequence shown in 

Table 1|. Run 5 in each block was included to supply a 

replicate point to allow the determination of error vari

ance. 

Table Ij., Experimental design for Initial chromatographic 
experiment 

Run Block 1 Block 2 Block 3 Block ij. 

1 (1) AC AE AD 

2 AB BC BE BD 

3 ACDE DE CD CE 

h BCDE ABDE ADCD ABCE 

5 AB BC BE BD 

The experiment performed under each treatment combination 

consisted of the following: 
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1. Run individually a 2 ^1 sample of each of the five 

components listed below at each combination of con

ditions (total of 20) listed immediately above, 

ii. Record the retention time and peak width for each 

component, 

Hi. Calculate the following: 

Component Calculate 

n-but anol 
Resolution Factor 

2-nitropropane 

TTitromethane 
Resolution Factor 

2-but anol 

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-ITP 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 thus far described, the following conclu

sions were reached. 

(1) In each case a minimum value of the resolution factor, R, 

of 0.8 resulted in a quantitative separation. 

(2) The resolution factor, R, measured not only the retention 

time differences but also the peak spread and tailing. 



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 

column. 

(3) A 1$ per cent column increased both the peak widths and 

tailing and decreased column efficiency, 

(I}.) The only effect of the 3/16 in» column was to increase 

the effective flow rate. 

(^) That a column of length greater than 12 ft, would be re

quired to perform the separations, An extrapolation of 

R values indicated that an 18 to 20 ft, colurûn would do 

and that the low boiler separation would require a tem

perature in excess of 70®C, 

Second experiment 

A 20 ft., lA in, diameter, ^ per cent Celanese lîo, 9 on 

Halleport P column was constructed and a ten-component mixture 

containing possible products in the low boiler range was pre

pared, The components were t-butanol, isobutyraldehyde, 

n-butyraldehyde, 2-butanone, 1-propanol, nitromethane, 2-buta-

nol, nitroethane, isobutanol, n-butanol, and 2-nitropropane. 

This mixture included all reactor products previously reported 

in this range except 2-methyl-2-nitropropane, l-nitropropane, 

2-nitrobutane, 1-nitrobutane, These four components have the 

longest retention times, and previous experiments indicated 

that they are very easy to separate quantitatively. Therefore, 



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 |il samples of the test mixture analyzed. Figura 7 

shows the pictorial representation of the design and the test 

levels. The results of this experiment were expressed in 

quadratic polynomials by multiple regression analysis, 

= bg + b^x;j_ + bgXz ^11^1^ ^22^2^ + "^>12^1^2 (12) 

i = 1, 2, 3, 10 

Rlj = ao + aixi + a2X2 + a^ix^^ + aggze^ + aiZ^l^Z (U) 

= 1, 2, 3, 10 

where; (Kr)i = retention time of the ith component, min, 

= resolution between adjacent peaks 

= flow rate helium, ml,/min, 

xg = column temperature, °G 

All of the correlation coefficients were greater than 0.9, 

thus indicating an acceptable fit of the data by the quadratic 

expressions, 

Prom the least squares equation the following plots were 

produced: 

(1) for each pair of adjacent components a plot of resolution, 

R, versus flow rate at parameters of constant temperature 

(2) for the component of each pair with the greatest reten

tion 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 pair of components there 

was a true optimum or best set of operating conditions. The 

best set was not the same, however, for all adjacent pairs. 

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 10^°0 

and Ij.!). ml./min. for the 1-butanol, 2-nitropropane pair, while 

Figure 9 shows that the minimum retention time for 2-nitropro

pane occurs at 10^°C and 70 to 75 ml,/min. 

Data analysis and results 

The method developed to minimize the total retention time 

while keeping all R values greater than 0,8 is outlined below: 

(a) Contour plots of resolution as a function of temperature 

and flow rates were prepared 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 each 

peak pair was constructed and examined. It was observed 

that the criterion of R > 0.8 for all peak pairs was ob

tainable for only a limited range of flow rates. 



Figure 8, Resolution of 1-butanol and 2-nltropropane on a 
20 ft», l/k In, diameter, $ per cent Celanese 
H"o, 9 on Halleport P column as a function of 
flow rate and temperature 
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Pigure 9, Retention time of S-nltropropane on a 20 ft., 
l/k in, diameter, 5 por cent Celanese No. 9 on 
Halloport F oolizmn as a function of flow rate 
and temperatu.ro 
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Figure 10» Plot of x>osolution valuo contours for S-butanol, 
nitromothana on a 20 ft., I/Î4 in, diaitiater, ^ per 
cent Golanesa îTo, 9 on Kalloport P column as a 
function of temperature and flow rata 

Roaolutlon valuoa stark at 0.9 (A) and increase 
in stops of 0,1 to 1,9 (K), 
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(c) Those acceptable temperature, flow rate combinations were 

then used to compute, from the appropriate quadratic 

equation, the retention time of 2-ni'cropropane which was 

the time controlling component. The temperature-flow 

rate combination which resulted in the shortest computed 

residence time was picked as the operating condition, An 

example of this procedure is shown in Table The best 

set of operating conditions was found to be at 10$°G and 

55 ml./min, helim 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

ables and the analytical response, For example, the 1-butanol, 

2-nitropropane system results in a retention time plot as 

shown in Figure 11, This 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 section, of 

using boiling points to make initial separations than running 

each resulting cut thru an appropriate column^ Johnnie (1|7, 

lj.8) developed the mechanical procedures for a complete on-line 

analytical system. He used the operating conditions developed 

herein to separate the first two groups of products, a.id 

standard analytical procedures from the literature to separate 

the fixed gases. The final tool was a complicated, but very 

workable combination of chromâtographs, multiport valves, and 



Figure 11. Plot, of retention time contours for S^nltropropane 
on a 20 ft,, l/ij. in, diameter, ^ per cent Calanese 
No, 9 on Halleport P column as a function of tem
perature and flow rate 

Retention times start at 12 min, (A) and increase 
in steps of 1,0 mln, to 29 min, (R), 
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Table I&artipla of method used to determine the best set of 
operating conditions for a gas chromatographic ana
lytical procedure 

Temperature values which bound acceptable resolution for each 
pealv pair, coded 

Plow rate, 1,1 1,2 2,3 3,4 .... 8,9 
coded (max.) (min.) (range) (min.) (min.) 

-2.0 - -0 « 61j. -1 0.24 -1.20 .... 0.32 

-1.6 - —0.  8o -1=44 0.24 -1.04 .... 0.24 

-1.2 1.36 -0.88 -1.44 0.20 -0.96 . . . .  0 . 1 6  

-0.8 0.96 —0.80 -l,l!4 0.16 -0.80 . . . .  0 . 1 6  

-0.4 0.72 -0.72 -1,44 0.08 -0.64 . . . .  0  » 24 

0.0 o.5o -0.56 -1*44 0.08 -0.48 . . . .  0 . 3 2  

Limiting values of temperature for all peak pairs 

Flow rate, 
coded Minimum Maximum 

-2.0 0.32 0.2i|. 

-1.6 0.21[ 0.2% 

-1.2 0.16 0.20 \ possible operating range 

-0.8 0.16 0.20 

-0.4 0.2I| 0.16 

Prom Retention times for 2-îîP 

At flow rate = -0.8 
RT = 17 min. 

temperature = 0.16 
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pressure control valves which gave an on-line product analysis 

in less than 30 minutes. This tool was incorporated into the 

pilot plant scheme and used the sampling system described 

earlier. 

Operating Procedure 

St art up 

On the day prior to start-up, the reactor furnace was 

turned on and the power adjusted to approximately ^0 per cent 

total capacity with the set point controller at 300°G. This 

type of adjustment melted the salt and brought the reactor to 

within 100°C of reaction temperature in 12 hours. The chroma

tographic system was turned on and all 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 react ants was started. 

On the morning of start-up, the reactor furnace was ad

justed to 80 per cent total capacity 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 pressure on the reaction tee so the salt would not plug 

the bubbler when the headplate was lowered into the molten 

salt bath. The reactor head plate was then lowered and 
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secured to the reactor pot. All piping and thermocouple con

nections were then made and the refrigeration unit started up* 

The multipoint temperature recorder and chromatographic equip

ment were checked to insure that they were functioning prop

erly and had sufficient chart paper and ink. 

The acid line was disconnected from the reactor head and 

the entire acid system was washed with two ^00 cc portions of 

acid to remove any residual wash water. The acid egg was then 

filled with 1,000 cc of acid, all connections completed, and 

the egg pressurised to 20 psig with helium. 

The product recovery system was flushed with water to re

move any salt deposits left from a previous run. The product 

exit line and sample box system ware connected to the reactor 

head plate. Dry ice was packed around the product recovery 

flask. 

ÎTitrogen Was purged through the butane and reactor system 

for at least 20 minutes to remove any air that was present. 

This was extremely important in preventing fires resulting 

from butane flash. After the purging, the butane flow was set 

at the desired level and the final adjustments on the reactor 

furnace made* The butane was allowed to flow into the reactor 

for approximately 20 minutes. In this time interval the re

actor temperature leveled off at the required set point. 

After the temperatures had leveled out, the acid flow was 

slowly initiated. It was mandatory that the final flow rate 

be approached very slowly to allow the mixing-tee to reach 
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thermal equilibPiumo 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 and sampling; 

After approximately 1^ min, of reaction, the water in

duced vacuum was started in order to pull a sample thru the 

sample loop, A ^00 cc off gas sample was collected from the 

product exit line by the opening and closing of appropriate 

stop cocks. The on-line sample was taken by flipping the 

sample .switch to "on". As soon as the sample switch x-zas "on", 

a synchronous timer was started to indicate valve switching 

times to the individual controlling the on-line device. The 

liquid product from the collection system was separated into 

two phases, the aqueous phase and the organic phase. Each 

phase was drained into a tared flask, weighed and stored under 

refrigeration* The off gas sample was analyzed as soon as the 

on-line sample cleared the chromâtographs, The liquid samples 

were analyzed at the end of each day of operation. 

It required between one and two hours to attain equilib

rium at a new set of conditions. During this period, the pro

duct collection and sample box systems were disconnected and 

flushed with water to prevent salt build up. 

Shut down 

• The acid and butane flows were turned off completely and 

the system purged for 20 minutes with nitrogen. After purging, 
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the acid line was disconnected and the entire acid system was 

washed with two 1,000 cc portions of water. If the system was 

not properly washed, the acid tended to swell the packing 

aroi:md the controlling needle valves which consequently made 

them useless « 

The reactor head was removed while maintaining a nitrogen 

flow to prevent plug-up. The furnace^ refrigeration system 

and all heating elements were then turned off. 

Experimental Plan 

General 

The term "optimum operating conditions" for the butane 

nitration process encompasses numerous criterion such as the 

following: 

(a) To maximize the mole ratio of the nitroparaffins produced 

per mole of butane consumed in the reaction (i.e. hydro

carbon yield). 

(b) To maximize the total moles of butane reacting per mole 

of butane fed (i.e. hydrocarbon conversion). 

(c) To restrict the mole ratio of butane to acid to a minimum 

value in order to keep the quantities of butane and acid 

that Would have to be recycled in an industrial process 

at a reasonable level. 

(d) To produce the most desirable nitroparaffin distribution. 

It was realized that these constraints and the ones con

cerning nitric acid would probably be conflicting, but this is 
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not unique in a practical situation. In Cochran's words, 

"Frequently, more than one characteristic of a product is im

port ant. A shift in the away from the true optimum may be 

preferable because of its effect on one of these other charac

teristics" (22). In the nitration work, however, all desir

able constraints were linked to a common denominator, the 

profit function. 

Optimization 

Many general methods of obtaining optimum conditions from 

experimental data are available (6, 20, 22, 28), Some of 

these, however, like the Method of Steepest 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. These sequential methods, in general, 

attain optimum points in less total experimentation than other 

methods. Because of the length of time required to start-up 

the pilot plant then to evaluate the resulting chromâtographs, 

such sequential strategies were not practicable so the "Single 

Large" experiment technique was used (22), In this case, be

cause the exploratory work of previous investigators had al

ready bracketed reasonable starting conditions this technique 

was applicable. 

The results of the axporimantal work in terms of yields, 

conversions, and nitroparaffin distribution were fit to quad

ratic polynomials by multiple regression analysis. The 
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polynomials were of the form 

2 2 2 
^1 "  ̂ 0 ^ ^i%i ^2^2 ^3^3 ^ ^11^1 b22%2 b33%3 

-r -Î- bg^ZgX^ (14) 

1 = i« • » 8 

where: = response in terms of yield, conversion or nitro-

paraffin distribution 

x^ = temperature, coded 

%2 = mole ratio, coded 

x^ = molar flow rate of react ants, coded 

Experimental design 

The experiment was performed in a central composite 

second-order design in three incomplete orthogonal blocks (20, 

22). The variable levels ware coded to range from -1,633 to 

^1.633 in order to maintain 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. The center point was replicated six times to obtain 

an estimate of the experimental error and the blocks were made 

on days. A design of this nature: (1) reduces the amount of 

experiraentation required to study a response surface, (2) pro

vides a measure of the lack of fit of the quadratic surface, 

(3) provides an estimate of the experimental error, and ( I4 . )  

indicates any time trend which could result from the slow 

poisoning of the reactor. 



Figure 12, Experimental design for reactor optimization 
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Table 6, Experimental design for reactor optimization 

Mole Ratio Cli/Acid Temperatijre Plow Rate 
xl M.R. x 2  ° C  x3 g« moles/min. 

1.633 3.0 -1.633 383 -1.633 0.433 

3.77 -1 398.2 -1 0.290 

0 2.0 0 Ii20 0 0.834 

4-1 6,23 4-1 441.2 4-1 1.079 

1.633 7.0 +1.633 422 +1.633 1.232 

Central composite second-order design in three 
incomplete bloc ks. (A b lock Was a day) 

Block I Block II Block III 
xl x2 -3 T.l z2 %3 xl % 2  . . .  x3 

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

1 -1 1 -1 1 +1.633 0 0 

1 -1 1 1 0 -1.633 0 

1 1 1 1 1 -1 0 +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 equipraant performed, in 

general, very satisfactorily. The significant problems asso

ciated with metering and conarol of reactant streams were 

overcome. The pulsing acid flow reported by Ad ems (1) and 

Fear (31) was prevented by the use of the acid egg which 

produced a steady, reproducible acid flow rate. The Moore 

Plow Controller in the butane line was successful in prevent

ing downstream pulsations from effecting the butane rotameter 

settings. 

The concept of using cold acid feed as an aid in con

trolling the reaction was quite 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 distinct "bunps" were often felt when the acid 

flow was initiated, it was found that this undesirable effect 

could be reduced by bringing the acid to the final flow rate 

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 

operational salt bath temperatures. As with the acid flow 

start up problem, an experience factor soon became a signifi

cant aid in obtaining the desired temperatures quickly, For 
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example, when operetîng at mole ratios of less_than 5 to 1 it 

Was advantageous to have the salt bath a few degrees above the 

set point value prior to starting the acid flow. In this way 

the initial heat absorption required for acid vaporization 

before the reaction started did not result in a temperature 

drop below the desired reaction value. During operation, no 

temperatures exceeding those of the salt bath were ever ob

served. This was another indication that the highly exo

thermic reactions wore under control at all times. The pro

duct temperatures at the outlet above the reactor head were on 

the average 100°C below the salt bath temperature indicating 

that the product cooled rapidly after leaving the reactor. 

Analytical Results 

General 

The on-line analytical method which was earlier tested on 

simulated nitration products {hi, L.8) proved to be quite sat

isfactory in actual operation. There were, however, several 

mechanical problems with the sampling system which were not 

completely solved. 

The main problems encountered with the analysis resulted 

from the very delicate balance between sufficient sample sise 

and excess sample size. In order to quantitatively detect 

the small quantities of some components, a saraple size of 5 cc 

was required. However, with the available sampling technique, 

a sample this large resulted in a decrease in component 



80 

resolution because of peak "tailing"» The shape of a chroraa-

tographic peak is strongly influenced by the flow character

istics of the sample "plug" (59)» Any diffusion or backmixing 

will result in tailing of the leading or trailing edge of the 

sample plug and consequently result in analogous tailing of 

the individual peaks on the recorder chart* This tailing 

effect becomes more and more significant as analysis times are 

decreased and as the coluim efficiency is maximized, 

CoTimxercial saraple valves ara available with 1/8 to l/l6 

in. entrance and exit ports. The one used during this re

search had l/8 in. ports, and the supplied 5 co sample col

lection loop was consequently l/8 in« o.d. A 1/8 in. o,d. 

loop with a 5 CO capacity is 3 feet long. Therefore, the 5 cc 

sample carried by a helium stream was already "tailed" for 

3 feet before arrival at the analytical device. It was also 

found that a I/I4. in. o.d, loop with a ^ cc capacity resulted 

in a different type of, but equally unacceptable, tail. This 

occurred because the helium stream from a l/S in. port was 

unable to sweep a larger sample loop while maintaining a true 

plug flow condition. The resulting diffuse and backmix flow 

then caused the sample tail. 

An acceptable, but not ideal, compromise was obtained by 

constructing a I/8 in. o.d. sample loop with a 3 cc capacity. 

Some sensitivity was lost, but the resulting analysis was 

quantitative for the major components. This system would be 

ideal for the analysis of ethane nitration products where the 



number of components present would be considerably smaller and 

sensitivity would not then be a problem. 

Another difficulty with the s staple collection systein 

which resulted in lost results during the early runs was salt 

carryover. During the early stages of experimentation, a por

tion of the product was allowed to continuously purge the sam

ple loop» With this type of operation, salt build up in the 

loop resulted in, first smaller samples, and ultiraately no 

samplese This problem was eliminated by the installation of 

the aspirator system which pulled a portion of the reactor 

effluent thru the loop prior to sampling. 

Product analysis 

The complete analysis of, the nitration products for the 

final experiment, runs 20 to 39, is given in Table 19; Appen

dix A, Of the possible nitroparaffins, only l-a?, 

2-ÎTB and l-îïB were found in significant' quantities. Of in

terest is the fact that appreciable quantities of methanol, 

ethanol, and 1-propanol were present while no ketones were ob

served. Quantities of propionaldohyde^ n-butyraldehyde^ 

acetaldehyde and formaldehyde were present in varying propor

tions. In general, the quantity of oxidation and decomposition 

products such as the alcohols, aldehydes, low molecular weight 

hydrocarbons, and the oxides of carbon increased with increased 

reaction temperatures. This is seen in Figure 13, Also shown 

in the same figure are the ethane/butane and propane/butane 



Figiîre 13 « Plot of average ino 
ducts and mole fra 
tîon products as a 

le per cent of oxidation pro-
ctions of hydrocarbon decoraposi-
function of temperature 
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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 foxTiied also increased from an average mole 

per cent of 0,13^ at 398.5^0 to 0,375 mole per cent at ^àl.S^C. 

The ratio of carbon monoxide to carbon dioxide increased 

markedly both with increases in temperature and with decreases 

in mole ratio. 

Product Results ^ 

General 

Conversion, yield, and nitroparaffin distribution are of 

direct importance in determining the economic feasibility of 

the nitration process. The conversion values, which indicate 

the total extent of the reaction, determine the magnitude of 

recycle streams required for a given product output rate. The 

yield values give inTorriiation on the quantity of raw materials 

lost to undesirable side reactions. Together these two parara-

eters fix, for a given production rate, the sizes of the 

clean-up and separation equipment, the quantities of chemicals 

consumed in this equipment, and certain utility requirements. 

The nitroparaffin distribution is of marketing importance in 

that it is desirable to produce the largest quantities of the 

most salable materials. 

In order to obtain the functional relationship between 

these three economically important variables and the control

lable reaction variables: temperature, flow rate and mole 
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ratio, the data from tho final, complete, central composite 

design were fit to quadratic polynomials by multiple regres

sion analysis techniques. The actual multiple regression 

analysis was performed on an 360 series digital corn-

put er o 

The experimental design used permitted not only the 

extraction of a maximum amount of information from a minimal 

number of data points, but also allo"-7ed the use of statistical 

methods to evaluate the results. If a factorial experiment 

had been used, it vould have required 12^ runs to cover the 

possible treatment combinations for 5 levels of three vari

ables* Additional runs '-rould have been required to obtain an 

estimate of the experimental error* The central composite 

design permitted the study of five levels of three variables 

in 19 runs which included an estimate of the experimental er

ror, Th.e design was split into three incomplete blocks (20, 

22) to prevent a linear time trend from affecting the compari

sons between the different levels of each variable. It was 

thought that such a trend might be caused by a gradual poison

ing of the reactor or of the chromatographic columns, 

The blocks were performed as days, and if, due to equip

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

block, that block was started over on another day. Approxi

mately 20 preliminary runs were made to obtain the switching 

times required to operate the on-line analytical equipment and 

to generally shakedown the equipment. After these preliminary 



86 

runs, the numbered runs ware started and data collected^ How

ever, due to failures in the sai-apling valve and the heaters, 

blocks were not completed in the required time and some re

sults were lost for the first 19 rmis ̂  The policy was then 

instituted of running a block, completely shutting down the 

equipnent, checking every major piece for proper functioning, 

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 l5 day per

iod. 

Yields and conversions 

The experimental conditions and the results in terms of 

yields and conversions for runs 20 to 39 are presented in 

Table 20, Appendix A. The regression coefficients for the 

smoothed yield and conversion data are in Table 21, Appendix A. 

An analysis of variance (62) and subsequent P-ratio test was 

used on the yield and conversion data to determine; (1) if 

the data were adequately fit by the quadratic equations, 

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

tion would have bean equally satisfactory, and (3) if s block 

effect indicating a time trend was present. Tables 7^ 8, 9 

show the analysis of variance for hydrocarbon conversion, 

hydrocarbon yield and acid yield. The levels of statistical 

significance used were 90^ indicated by one asterisk and 

indicated by two asterisk in the tabv.lar values. The error 



ïablo 7o -Aiaalysis of variance for hydrocarbon conversion 

Source of V&rlatlon Dogroos of Proodom Sum of Squares Moan Square F-ratio 

{Eogresslon) 

Linear 

Quadrat ic 

Blocks 

L a c k  o f  f i t  

Error (pooled) 

( 9 )  

3  

6 

2 

3  

(18.6116) 

11.0388 

7.5^19 

0.7897 

3.0838 

0.3638 

(2.067) 

3.679 

1,262 

0.392 

0.617 

0.1212 

(17.5^%% 

30.33%% 

10.398* 

3.227' 

2.089 

Total 19 22.8kG 



Table 8«, Analysis of variance for hydrocarbon yield 

Source of Variation Degrees of Freedom Sum of Squares Mean Square F-ratio 

Total 19 1897 oil 

(Regression) (9) (1298.1^) (177.27) (6.71)* 

Linear 3 464.37 124.79 2.82% 

Quadratic 6 1133.77 188.96 7.14* 

Block 2 72.8 37.9 1.44 

Lack of fit 2 143.779 28.726 1.09 

Error 3 79.390 26.463 



Table 9« Analysis of variance for acid yield 

Source of Variation Degrees of Freedom Surn of Squares Mean Square P-ratio 

(Regression) (9) (337.226) (37.469) (9.37)* 

Linear 3 81.37^ 27.12% 6.78* 

Qwadratlo 6 253^82% 42.6^2 10.66*% 

Block 2 17.324 8.677 2.T7 

Lack of fit 2 30.^16 6.103 1.^26 

Error 3 11.993 3.998 co 

Total 19 397.098 
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terms were obtained from the two replicate values in each 

block and wore pooled among blocks. 

The individual regression coefficients of the regression 

model ware then separately tested for significant departure 

from zero by the student-t test (6o). It must be emphasized 

that this test performed to obtain an insight as to the 

relationships among the variables, not to eliminate terms 

from the model. Although a number of the coefficients were 

not, in a statistical sense, significantly different from zero, 

they could not be replaced with zeros, for regardless of their 

magnitudes they were the best estimates of unknown coeffi

cients, To replace a best estimate estimate by a zero would 

in effect be replacing a best estimate by a biased one. 

An examination of the analysis of variance shows, in all 

three cases, that the data are fit significantly well by the 

quadratic form and that the linear form would not have been 

adequate. In every case, the mean square for blocks is of the 

same order-of-magnitude as the error term, thus indicating no 

significant time trend. The lack of fit terms are all insig

nificant in a statistical sense thus again showing that the 

total sum of squares was adequately accounted for by the quad

r a t i c  f i t .  

Nitroparaffin yields based on hydrocarbon consumed ranged 

from 33,^5^ to 67.3^, while conversions based on hydrocarbon 

fed ranged from to ^,71^'. The yields based on nitric 

acid ranged from 20,8^ to 34*7^'. The results of this section 
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are generally smrniarlzed In Figure lij. which shows the effect 

of temperature on conversions and yields. The mole per cent 

nitromethane and the mole of nitroethana in the nitroparaffin 

product are plotted against temperature in Figure lij.. Since 

nitromethane and nitroethane are normally the higher priced 

nitroparaffins, this figure shows that while increasing temper

ature adversely effects conversions and yields 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 . 

ïïitroparaffin distributâ on 

Replicated values for nitroparaffin distribution at the 

design center point and the statistical estimate of their re

liability are presented in Table 10» The error mean square or 

variance term is a measure of the dispersion of the individual 

points. The standard deviation of the mean and the 90^ stu

dent-t value were used to place the confidence limits on each 

mean value. The nitromethane data have a large random effect 

while the nitroethane and 1-nitropropane data are very consis

tent, The confidence limits on the l-nitrobutane data are 

rather large « However, the entire analysis was effected by 

the 18.09^ value which is the unique and inconsistent point. 

The experimental values of the nitroparaffin distribut ion 

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



Figaro II]., Plot of nitration yields and conversions as a 
function of temnerature 
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Table 10. Replicate values for nitroparaffin distribution at 
center point 

Component m ES 1-EP 2-i?B 1-NB 

Mole # of U'..ii|5 24 *444 10.239 33.081 18.091 
t o t a l  n i t r o 
paraff ins 9.672 22.092 11.064 30.647 26.524 
produced produced 

14.543 24.672 10.137 26.162 24.489 

12.95% 23.5:94 10.946 24.772 27.730 

12.926 23.714 10.617 29.626 23.121 

13.189 23.157 10.954 29.617 23.083 

Mean value 12.904 23.612 10.659 29.108 23.839 

Error mean 2.9^2 0.8686 0.1568 9.207 20.05 
square 

Standard dev 0.7014 0.3804 0.5110 1.239 1.828 
iation of the 
mean 

t value (90/^) 2.012 2.015 2.015 2.015 2.015 

90^ confi 11.491, 22.845, 9.629 26.612, 20.15& 
dence limits 

14.317 24.379 11.689 31.604 27.522 

The regression coefficients which were determined for each of 

the five significant nitroparaffins are found in Table 21, 

Appendix A, while the analysis of variance for each of the 

nitroparaff ins is in Tables 11, 12, 13, lii and 1^. The F-

ratio tests showed each of the nitroparaff ins with the excep

tion of nitromethane were significantly fit by the quadratic 

equations. The size of the nitromethane error term which 



Table 11, Analysis of variance for nitroraebhane distribution 

Source of Variation Dogroes of Freedom Sum of Squares Moan Square P-ratio 

(Regresgion) (9) (71.9826) (7.9984) (2.7) 

Linear 3 12.5^8? 4.1929 1.37 

Quadratic 6 ^9.4069 9.9011 3.32 

Lack of fit 2 18.8032 3.7607 1.28 

Ebror 2 14.7263 2.9213 

Total 19 102 c 24211 



Table 12, Analysis of variance for nitroethsne distribution 

Source of Variation Degrees of Freedom Sum of Squares Mean Square P-ratio 

(Regression) (9) • (128,63^) (1L|..292) (16.^)-"-"-

Linear 3 37-601 12,^3^ 1/4.6-"-^:-

Quadratic 6 91 * 034 15,172 17,6-"-"-

Lack of fit 5 11.213 2.2^3 2,6 

Error ^ 4^343 0,8686 

Tot al 19 llili,1906 



Table I3, Analysis of variance for 1-Nitropropane distribution 

Source of Variation Degrees of Freedom Sum of Squares Mean Square F-ratio 

(Regression) (9) (37.974) (4.219) (27.1)** 

Linear 3 16,229 ^.^09 34 «6"'" 

Quadratic 6 21.74S 3e62[|. 22,2-"--"-

Lack of fit ^ I.687 0.3374 2,6 

Error 5 0,7841 0.1568 

Total 19 40«44^ 



Table II;.. Analysis of variance for 2-ÎTitrobutano distribution 

Source of Variance Degrees of Freedom Sum of Squares Mean Square P-ratio 

(Regression) (9) (13^^.8%) (151.093) (l6.4)*f 

Linear 3 U93.39 16[uU61| 17.8** 

Quadratic 6 866.ll|l!. <,Ll.08 1^.6%* 

Lack of fit ^ 60.1^2 12.028 1.31 

Error ^ ^6.03^ 9.2069 

Total 19 1466.017 



Table 1^, Analysis of variance for l-ÎTitrobutane 

Source of Variation Degrees of Freedom Sum of Squares Mean Square F-ratio 

(Regression) ( 9 )  ( 3 ^ 1 . 4 2 )  ( 3 9 . 0 % 7 )  ( 9 . 7 S )  

Linear 3 134.01 44.6? 11.1** 

Quadratic 6 217.41 36.22 9.00* 

Lack of fit ^ ^6.88 11.376 2.83 

Error ^ 20.05 4,01 

Total 19 428.32 
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resulted from the data scatter was the reason for the failure 

of fit in this case. 

None of the nitroparaffins 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 is shown graphically in Figure 15". The 

amount of lower nitroparaffins increased with increasing tem

perature, The increase in the 1-nitropropane was small but 

the amount of nitroethane increased from 18 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 2-nitrobu-

tane fell off drastically as temperature was increased while 

the 1-nitrobutane increased. The effect of both temperature 

and mole ratio on the nitroethane produced is shown by a con

tour plot, Figure 16, From this plot it is easy to see that 

there is an optimum per cent nitroethane at any given tempera

ture. This in each case occws at a mole ratio of close to 

four. At a fixed mole ratio the per cent nitroethane in

creases 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 great

est control exists in the relative amounts of 1-nitrobutane to 

2-nitrobutane that can be obtained. 



Figure l5. Plot of nitroparaffin distribution as a function 
of temperature 
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Figure 16. Contour plot of mole per cent nitroethane in the 
nitroparsffin distribution as a function of tem
perature and mole ratio at a react ant flow rate 
of 0.83^ g, moles/rain. 

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 axis and coded mole 
ratio is the vertical axis. 
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Economic Optimization 

General 

A s  shown in Figure lij. each of the important properties 

of the process, yield, conversion, and product distribution 

has a different functional dependence on the controlled vari

able, temperature, mole ratio, and react ant flow rate. If a 

single criterion, for example acid conversion, were picked to 

determine the best set of operating conditions, then the re

sulting product 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. Prom the 

model an objective function which explicitly described the re

lationship between per cent return on investment and the state 

variables was written. The objective function implicitly was 

dependent upon the decision variables thru the quadratic equa

tions obtained from the experimental data. The objective 

function was then optimized to produce a maximum return on in

vestment, and the values of the decision variables which pro

duced this result were determined. In this 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 ,  

1»^ = (l5) 

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 - Cj) (17) 

V = annual units of production, lbs. 

8 = selling price per unit of production, 

dollars/lb, 

= total production cost per unit of production, 

dollars/lb. 

The total production cost was then defined in terms of costs 

which were later related to the process state variables. 
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C , p = R + ( b  +  c +  o  +  l ) L  +  P g  +  ( m  +  d  +  t ) ( P / V )  ( 1 8 )  

R = cost of raw materials per unit of product, 

dollars/lb. 

L = cost of operating labor per unit of product, 

dollars/lb. 

Pg = cost of services per unit of product, dollars/lb, 

P = fixed plant investment, dollars 

V = annual units of production, lbs, 

b = operating supervision as fraction of operating 

labor 

c = control lab as fraction of operating 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 l5, 16, and 17 were combined to give: 

E(IOO) _ Px(lOO) _ - Ct ) ( x )(100) ^ 
a I I I . 

The final objective function was then obtained from a combina

tion of Equations l8 and 19, 

r ^  =  V ( x X i p O ) | - g  _ R _  ( b  +  0  +  0  +  1 )  L - P g -

(m + d + t)(P/V)] (20) 
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Relationship to process variablas 

The product selling price, S, and the raw materials costs, 

R, were related to the process state variables which then made 

them functions of the decision variable thru the quadratic 

equations. In the preparation of the following equations, it 

was assumed that the nitric acid would be manufactured at the 

plant site and sold at cost to the nitroparaffin plant. It 

was further assumed that the cost of the recycle acid 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). 

Prom the nitroparaff in distribution as a function of tem

perature, mole ratio, and flow rate, the following values may 

be computed directly for any choice of operating conditions 

within the experimental range: 

Ajn = average molecular weight of the nitroparaff ins 

(IP) 

(W^)i = weight fraction of the i"^^ nitroparaff in in the 

total nitroparaffin product 

C/mole = moles carbon per mole of nitroparaffin product 

ir/mole = moles nitrogen per mole of nitroparaff in pro

duct = 1.0 

The equation giving the cost of acid per lb, of 
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nltroparaffIn product produced was obtained then simplified 

by assimiing an average recycle. The experimental data show 

that on the average 50 per cent of the input acid will be 

recycled. 

mole acid fed _ K'/mole 
mole WP produced acid yield 

(21) 

cost of acid _ lb. acid 
lb. NP Ibe NP 

lb. acid _ mole wt. acid , mole acid fed v 
lb. % mole g? produced 

,m%f. cost Iv 
L^lb. acid ^ 2^ 

+ /mgf. cost 0.68yi , .  
lb, acid 2 J 

By combining Equations 21, 22 and 23 and inserting numerical 

values, the acid cost equation was obtained as a function of 

the state variables, 

cost of acid _ (88.2) \ 
lb. ^ (acid yield)(Am) 

cost of acid/lb. in cents/lb. 

The cost of the butane per pound of product was obtained 

by a similar derivation. 

moles butane used _ C/mole 
moles ^ formed ij.(hydrocarbon yield) 

lb. but azie _ moles butane .mole wt. butane. , 
lb. ^ ~ moles ^ An 
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cost of butane _ cost /lb. butane^ (P7) 
lb. "lb. butane lb. ^ 

Prom Equations 25, 26 and 27 and the appropriate numerical 

values the butane cost was found to be: 

cost of butane _ 1|3.21 (C/mole) ^28") 
lb. (hydrocarbon yield) 

cost of butane/lb. BT in cents/lb. 

The recycle cost was obtained by first setting up a bal

ance to compute the moles of butane recycled per mole of 

nitroparaffin produced, then estimating the material costs per 

pound of recycle. The material costs were based on estimates 

of make-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 (2^). 

cost of recycle _ ^ ,  ̂ r3.0 (mole ratio),^ butane conv.^l 
lb, HP ~ 0,041>L acid yield butane yield^J 

The selling price of the product was very simply related 

to the nitroparaff in distribution by: 

3 (30) 

i  = 1••*5 

The selling price per lb, of the individual nitroparaffins were 

obtained from the literature for #1, ITS, 2-5?, and 1-ÎTP (58). 
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The prices per lb, of the nitrobutanes were estimated to be 

the same as those for the nitropropanes, The prices in dol

lars per lb. were: m, 0.31; EE, 0.29; 1-KP, 0.27; 2-ÎTP, 0.18; 

2-ITB, 0.18 and 1-NB, 0.27. 

The fixed capital cost of the plant was estimated by 

scaling up a cost estimate for the 10,000,00 Ib./yr. nitro-

paraffin plant built by the Commercial Solvents Corporation in 

19^. Assuming that numerous process improvements have been 

made over the years so that the present plant capacity is 

greater than the initial rated capacity, and that the cwrent 

demand for nitroparaffin is increasing, the butane nitration 

process was sized for 15,000,000 Vo./jv, The original cost of 

the propane nitration plant was $I|,200,000. This was scaled 

to current costs by the ratio of the Marshall and Stevens 

index for 196? (30) to the index for 19^4 (27). This resulted 

in a capital cost estimate of $5,70l].,000. The cost was then 

increased by a factor to account for the extra purification 

equipment required when additional nitroparaffins are produced. 

This additional factor was obtained by sizing and costing a 

distillation tower then relating its input capacity to reactor 

mole ratio by average yield and conversion figures. 

F = fixed plant investm.ent 

= 5.70% X 10^ 

+ fo.io X 10^ + (mole ratio -2)(0.0^ x 10^)J (31) 
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The minimum possible mole ratio was fixed at 2 and used as a 

base in the cost estimates. This was reasonable because of 

the safety and control problems that become significant vihen 

operating at low mole rati^o. 

Profit equation 

All factors and costs required for the basic objective 

function were obtained from Chilton (21) and Villbrandt (63). 

The values used and notes on judgements made in their estima

tion are given in Table 16, With these numerical values in

serted in Equation 20, the final profit equation became: 

Equation 32 was subject to the definitions of S and R given by 

Equations 21}, 29, 30, and 31. The entire profit equation was 

restricted by the quadratic equations relating the state and 

decision variables. 

Optimum operating conditions 

The profit function. Equation (32), was optimized over 

temperature and mole ratio at a fixed react ant flow rate by 

exhaustive search technique. This technique was used because 

profit equation is a nonlinear function of highly nonlinear 

constraints and without simplification, direct methods would 

not be feasible. Such a simplification was, however, at

tempted and the resulting aquation optimized by Jacobian 

r^ = - R - 2,23 - (1.066 x 10 (32) 
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Table 16, Estimât esof economic factors used in profit 
model 

a: tax on gross profit a = 0.I}.9 

b: operating supervision as fraction of operating 
labor (assume average instrumented chemical 
plant) b = 0,25" 

c: control lab as fraction of operating labor 
(assume average value of given range) c = 0.20 

o: overhead as fraction of operating labor 
(Chilton gives 0,^0 but assurée added social 
security and benefits have increased it) o = 0,60 

m: maintenance, 6 per cent of fixed investment m = 0.06 

d: depreciation, 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 

P = cost of services per unit cost of product, 
10 per cent of estimated mgf. costs P = 1.0 

I = capital investment = F(1 + 0.1) This assumes 
operating capital is 10 per cent of fixed 
capital. 

'"'Estimated mgf, costs obtained from Pear (31) 

'"'^Talues and estimates obtained from Chilton (21) 
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elimination. As might have been anticipated the simplifica

tions 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 yields and conversions are 

lowered by long residence times. Therefore the flow rate was 

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 computer 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 paper. The results printed out in

cluded product distribution, yields, conversions, selling 

price, materials and recycle costs and per cent return on in

vestment ,  Table 23 and Figure 19 in Appendix 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 par cent which occurred at a 



Figure 17. Response surface of per cent return on Investment, 
ra, as a function of temperature, x., and mole 
ratio, Xg 

Temperature and mole ratio In coded units over 
range from -1.8 to 1,8 
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Figure 18. Response surface of per cent return on Investment, 
ra, as a function of temperature and raole 
ratio, Xg 

Temperature and mole ratio in coded units over 
range from -1,8 to 1.8 
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temperature of end a mole ratio of I|..^1. The optimum 

results are shown in Table 17. From a study of Table 17 it 

was concluded that the product selling price is one of the 

controlling factors in the optimum conditions. The tempera

ture was pushed upward to the point of a very low hydrocarbon 

yield ivhich 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 react ant lost to 

byproduct was kept low. In exchange for the low yield the 

product distribution was quite favorable in terms of the 

higher priced nitroparaffins. In general, it was observed 

that for the economic data used, it is better to accept low 

conversions and yields, recycle large quantities of material, 

and produce a more favorable distribution. The absolute accu

racy of this picture depends to a great extent on the estima

tion of recycle cost. Pilot plant data or actual plant data 

on such a recovery system^Rould be required to greatly improve 

the value used, 

No true optimum minimum or maximum for the selling price 

or material and recycle costs existed in the range studied. 

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 butane nitration 

Conditions: and ^.^1 moles hydrocarbon/mole acid 

Per cent return on investment: 7.6^ per cent 

Economic values, cents/lb. product 

Selling price: 26,1 

Acid cost: k.8 

Butane cost: 3 . 5  

Recycle cost: 2 , L j .  

Mtroparaffin distribution, mole per cent 

m :  III.9 

EE: 23.6 

1-NP: 12.0 

2-MB: 16.6 

l-NB: 32.9 

100.0 

Yields and conversions, per cent 

Hydrocarbon yield: Il O.Li -I 

Acid yield: 21.28 

Hydrocarbon conversion: 1.93 



121 

Table l8. Most favorable values of economic cost factors 
foimcl in the experimental range 

Per lb. of Nitroparaffin Product 

Selling price 26.9 cents/lb, at and 3 M. H. 

Acid cost 3,2 cents/lb, at 385*0 and 7 M. H. 

Butane cost 2,3 cents/lb, at 385°o and 5 M. R, 

Recycle cost 1,5 cents/lb. at 385*0 and 3 R. 

temperature. The best selling price and lowest recycle cost 

were found to occur at a mole ratio of 3, however, below this 

value the reaction is dangerous and quite difficult to con

trol. 

The optimum profit obtained, 7.65 per cent, is low and 

would not generally make the butane nitration attractive for 

a new venture. However the following points are made: 

(1) the total profit estimate was made from conservative esti

mates of ranges taken from text books, (2) the butane was 

priced at the current market price I'l.^ cents/gal, (5?) and 

could vary widely depending on plant location and quantity 

purchased, (3) the selling prices of the nitrobutane were 

estimated for lack of true values, (h) the plant volume was 

fixed, and {$) nitration of hydrocarbon is not a new venture 

and an existing propane facility would have to make but a few 

modifications to use butane. The selling price and volume 

estimates are marketing problems which could substantially 
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increase the estimated profit. More exact values on points 

(1) to (II) would be available in a corporation considering 

butane nitration as a venture, and the possibility or de

sirability of changing feed stream in an existing plant would 

depend on the propane to butane price ratio. In general the 

success of a commercial butane nitration process will depend 

both on the ability of a corporation to produce desirable pro

ducts from the nitrobutanes and in its marketing ability to 

create an over-all demand for the nitroparaffin. 
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COITGLÏÏSIOÎTS 

Investigation of the vapor phase nitration of butane with 

67^ nitric acid in a molten salt bath reactor at temperatures 

from 38^°C to mole ratios of butane to nitric acid from 

3 to 7, and react ant flow rates from 0.^33 g. moles/min, to 

1,235 g.  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 total 

nitroparaffin distribution varies from a minimum of O.38O on a 

mean of 23.612 mole per cent nitroethane to a maximum of 1.828 

on a mean of 23.839 mole per cent 1-nitrobutane. 

2. Nitroparaffin distributions are not significantly de

pendent on the first power of react ant flow rate, but are sig

nificant functions of both temperature and mole ratio. The 

greatest dependence is on temperature, and the amount of lower 

nitroparaffins formed increases with increasing temperature. 

The ratio of the quantities of 1-nitrobutane to 2-nitrobutane 

produced varies greatly with changes in the controlled vari

ables .  

3. Yields and conversions are functions of all three 

controlled variables. The greatest dependence is on tempera

ture, and increasing temperature adversely affects the yields 
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and conversions. The quantities of decomposition and oxida

tion products formed increases with an increase in tempera

ture, 

II-, 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 reactor de

sign used. 

The optimum per cent return on Investment after tax 

for a hypothetical plant designed to produce 1^,000,000 lbs. 

of nitroparaffins per year by the vapor phase nitration of 

butane is 7,6^ per cent. This optimum value was obtained at 

the following values of the controlled variables: 

moles butane per mole nitric acid, 0.833 moles of re

act ant per min. The nitroparaffin product has a selling price 

of 26.1 cents per lb. while the raw materials cost 10.7 cents 

per lb. of product. 
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REGOMMENDATIOES 

1, Development of an improved on-line sample valve 

should be investigated. The ideal valve would collect a five 

CO sample, thereby improving the sensitivity of the analysis 

and Would allow the sample to be swept to the chromâtographs 

in true plug flow to reduce tailing. 

2, Butane nitration should be further studied in a 

reactor with very short retention times in order to isolate 

the nitration portion of the mechanism from the oxidation and 

decomposition portions. It is suggested that a venturi or 

monotube mixer reactor similar to an acetylene converter may 

be appropriate. 

3, The effect of pressure on. the vapor phase nitration 

of butane should be studied. 
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Table 19» Complete analysts of reactor products for runs 
20 to 39, mole per cent 

20 21 22 23 2[i 

COg 1.827 1.402 2.327 1.900 1.662 

CO 0.298 0.966 2.286 1.34? 2.229 

0256 0.897 0.880 1.232 0.874 0.688 

cysQ 0.629 0.832 1.163 0.274 0.449 

C4H10 79.102 78.346 77.822 79.694 76.124 

0.088 .  0 .162 0.399 0.261 0.238 

W0-ÎT02 • 7 .822 7.743 8.372 6.894 12.322 

HCHO 0.118 0.127 0.024 0.220 0.076 

CH3CHO - - - - -

EgO 2.722 2.001 2.223 3.209 1.321 

CH3OH 0.129 0.417 - - 0.132 

CgH^CHO 1.237 0.923 0.761 0.722 0.490 

GgH^OH 0.6^6 0.633 0.349 0.273 0,317 

(GHi^J^CHCEO - - - - « 

(CE^igCEOE - — - - -

C^HyCHO 0.120 0.196 0.123 0.188 o.i2o 

C3H7OH 0.027 0.121 0.022 - 0.006 

M 0.398 0.221 0.322 0.399 0.227 

IŒ 0.632 1.072 0.632 0.812 0.921 

2-HP 0.027 Trace Trace Trace Trace 

1-NP 0.302 0.477 0.318 0.422 0.386 

2-NB 1.422 1.299 0.494 0.813 1.246 

1-NB 0.882 0.982 0.699 1.032 0.682 
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Table 19. Continued 

22 26 27 28 29 

COg 2.022 1.931 1.310 1.597 2.308 

CO 1-757 1.889 1.354 1.876 3.543 

OA 0.379 0.879 0.048 1.564 2.316 

C^Eg 0.638 0.947 — 1.494 2.099 

C4S10 76.941 76.090 81.164 82.036 69.728 

^2 0.209 0.168 0.138 0.254 0.595 

MO-NOg 10.080 8.928 6.772 6.078 9.419 

ECHO 0.155 0.147 0.216 0.278 0.136 

OE.CEO - - - - -

EgO 2.907 1.934 2.503 1.843 3.265 

(]E_OE 1.058 0.547 0.139 - 0.816 

CzE^CEO 0.772 0,729 0.946 0*686 1.266 

CgEfOE - 0.548 0.448 0.373 0.599 

(GEo)2G5CE0 - - - - -

(GEoïgCEOE - - - - -

C.EyGEO 0.204 0.170 0.139 0.183 0.211 

CyEyOE 0.007 0.148 0.040 - 0.019 

m 0.277 0.457 0.566 0.305 0.620 

KTB 0.634 1.184 1.005 0.369 0.982 

2-ÎIP Trace Trace Trace Trace Trace 

1-5T 0.317 0.479 0.389 0.200 0.380 

2-ÎIB 0.879 1.799 1.888 0.272 0.681 

1-lTB 0.761 1.024 0.935 0.592 1.015 
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Table 19. Continued 

30 31 32 33 34 

COg 1.383 1.492 1 « 266 1.499 1.699 

CO 1.074 2.799 1.472 0.657 2.161 

CgEa 0.999 1.139 0.710 0.695 1.225 

0.93^ 1.202 0.441 0.441 1.^55 

C4B10 82.094 77.667 84.931 83.627 74.886 

1^2 0.369 0.309 0.128 0.098 0.232 

FO-ITOg 7.435 7.232 4.826 6.532 9.204 

HCHO 0.144 0.123 0.146 0.116 0.208 

CE. GEO - - - - -

EgO 2.117 3.657 2.256 2.549 2.475 

CE^OS - - 0.109 - -

CgE^CHO •0.521 0.824 1.737 0.338 0.667 

CgEfOH 0.389 0.477 0.579 0.242 0.479 

(CEoigOECEO - 0.153 0.439 - -

(CE.)2CE0E 0.128 - - - -

CoEyCEO 0.059 0.222 0.167 0.078 0.159 

GgEyOE 0.026 0.019 0.099 0.029 -

KM 0.334 0.347 0.283 0.287 0.637 

}TE 0.567 0.633 1.188 0.575 1.348 

2-ÏÏP Trace Trace Trace Trace Tracs 

1-ÎTP 0.233 0.294 0.734 0.327 0.476 

2-FB 0.602 0,665 3.207 1.095 1.563 

l-ÎTB 0.563 0.744 2.970 0.615 1.132 
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Table 19. Continued 

• 35 36 37 38 - 39 

COg 1.8^0 2.362 1.928 1.348 1.867 

CO 3.422 2.157 1.879 2.542 2.164 

1.84? 2.126 0.086 0.479 0.832 

C^Eg 3.092 0.940 - 0.599 0.874 

C^BlO 64.093 76.806 79.779 75.039 75.197 

0.463 0.229 0.589 0.248 0.262 

NO-NOg 15.943 8.195 7.178 11.448 10.389 

ECHO 0.191 1.782 0.332 0.163 0.023 

CE^CEO - 0.754 0.877 - -

EgO 2.757 0.839 1.146 3.472 3.113 

CE.OE - - - 0.165 0.567 

CgEdGEO 0.701 0.858 0.701 0.613 0.702 

OgH^E 0.393 0.217 0.347 0.389 0.479 

(CEo)2CECE0 - - - - -

(CEo)gOEOE 0.0786 - — - — 

CyEyCEO 0.121 0.201 0.177 0.222 0.181 

CjEyOE 0.053 - - 0.034 0.011 

m 0.624 0.410 0.582 0.364 0.342 

ME 1.053 0.697 0.982 0.665 0.723 

2-ÏÏP Trace Trace Trace Trace Trace 

1-îTP 0.545 0.309 0.356 0.442 0.372 

2-ÎTB 1.328 0.318 2.339 0.788 0.937 

1-m 1.450 0.801 0.720 0.898 0.970 



137 

Table 20, Experimental conditions and yield and conversion 
results for runs 20 to 39 

20 21 22 23 2k 

Temperature °G 398.5 398.5 ^l-l.p i+^1.5 I|.20.0 

Mole ratio 6.23 3.77 3.77 6.23 5.0 
butane to acid 

Input flow rate 0.590 1.079 0.590 1.079 0.834 
2 moles/min. 

Coded temp. -1.0 -1.0 1.0 1.0 0.0 
xl 

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.!^% 
conversion 

^ hydrooarbon^ 50.54 57.896 39.142 53.867 58.043 
yield 

fo acid yields^ 31.427 24,001 21.191 31.953 22.712 

®Molar ratio of carbon in NP's to carbon fed 

°Molar ratio of carbon in NP^s to carbon consumed. The 
carbon consumed is based on the assumption that propane and 
butane in the exit stream can be recovered. 

°Molar ratio of nitrogen in the ITP^s to nitrogen fed 
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Table 20, Continued 

2^ 26 27 28 29 

Temperature °C ^20.0 398.2 398.2 441.2 

Mole ratio 2.0 3.77 6.23 6.23 3.77 
butane to acid 

Input flow rate 0.834 0.290 1.079 0.290 1.079 
2 moles/min. 

Coded temp. 0,0 =1,0 -1.0 1,0 1.0 
xl 

Coded mola 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 

0 hydrocarbon 2.749 4.6^9 4.321 1.461 3.322 
conversion 

hydrocarbon 47.289 29.628 67.282 33.466 37.922 
yield 

i acid yields 21.422 22.628 28.796 20.882 22.742 
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Table 20, Continued 

30 31 32 33 31: 

Temperature ®C l+SO.O i>20.0 420.0 420,0 ^20.0 

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, 0.0 0.0 0.0 0.0 0,0 
xl 

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 2.4301 2.345 2.858 4.706 
conversion 

# hydrocarbon 56.264 41.297 53.012 64.89 61.073 
yield 

# aold yields 21.954 26.754 34.4o6 31.53 34.783 
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Table 20. Continued 

32 36 37 38 39 

Temperature °C i|20,0 i|55.0 385.0 ^^0.0 14.20,0 

Mole ratio 3.0 5.0 5.0 5.0 5.0 
butane to acid 

Input flow rate 0.834 0.834 0.834 0.834 0.834 
2 moles/min. 

Coded temp. 0.0 '-1.633 -1.633 0.0 0.0 
xl 

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 

# hydrocarbon 5.254 2.128 4.571 2,657 2.512 
conversion 

hydrocarbon 54^889 33.840 6o.4o5 54.712 50.722 
yield 

io acid yields 22.888 22.654 24..215 21.919 24.154 
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Table 21. Ragrossion coefficients for yields, conversions, 
and nitroparaffin distributions from runs 20 to 39 

Hydrocarbon Hydrocarbon î'Titromethsne 
Conversion Yield Acid Yield Distribution 

bg 2.6670** 3^.7029** 23.333^ 12.8647 

0.8371** -8.2747** -0.9464 1.7749 

bg 0.2232** 2.0174 2.2967** -0.2692 

bj 0.4388** 3.2220* 0.8991 0.1796 

b^i 0.1264 -2.7823 -0.2272 - 0.2328 

bgz 0.3913* 2.0046 0.8277 -O.6II7 

bjj 0.1924 0.9371 3.6269** -0.3228 

bi2 0.1388 1.2426 -0,2872 -0.4661 

bi2 0.1742 0.2214 2.4832** -0.6024 

bz] ' 0.1422 2.0119** 0.6878 -1.284 

•"'90 per cent significance level 

"92 per cent significance level 
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Tabla 21. Continued 

Mt PO ethane 
Distribution 

1 -îîit ropr op ane 
Distribution 

2 ~I:Tit r obut ane 
Distribution 

l-îîitrobut sno 
Distribution 

^0 23.622ii-"-"- 10.6330** 29.1084** 23.7740** 

^1 2.0869* 1.2Ï32* -9.9602* 4.6221* 

bg -1.2521" -0.1793 1.2972 0.3413 

b3 0.5^16 -0.2316 0.4313 -0.9129 

^11 -0.042kl -0.2722* -0.1741 -0.05^76 

-1.4847* 0.1272 0.2674 1.6739* 

^33 
0

 

0
 -0.3948* 0.4841 -0.08119 

^12 -0.3240 0.3#4* -0.2^86 0.8206 

bi3 0.5^72 -0.1279 0.3461 -0.1929 

^23 1.1700* 0.4911* 0.8804 -1.1351 
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Table 22, Mtroparaffin distribution for runs 20 to 39 
obtained by on-line analysis, mole per cent 

20 21 22 23 24 

KM 10.846 10.714 13.141 11.444 14.142 

ME 17.316 ,10.412 22.607 23.393 24.444 

2-#P 0.742 Trace Trace Trace Trace 

l-ÎTP 8.224 8.963 12.963 12.209 10.239 

2-ÎÎ3 38.822 39.281 20.004 23.333 33.081 

1-KB 24.051 21.627 28.332 29.627 18.091 

Table 22, Continued 

22 26 27 28 29 

KM 9.672 9.263 11.840 17.239 16.862 

m 22.092 24.004 21.016 21.232 26.697 

2-}TP Trace Trace Trace Trace Trace 

1-ÏÏP 11.064 9.?29 8.133 11.222 10.336 

2-ITB 30.647 36.490 39.469 12.636 18.214 

i-im 26.224 20.729 19.240 34.071 27.293 
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Table 22, Continued 

30 31 32 33 34 

m 14.543 12.923 10.932 9.227 12.322 

EE 24.672 23.294 22.921 18.227 26.142 

2-NT Trace Trace Trace Trace Trace 

1-ÎIP 10.137 10.946 9.449 10.266 9.234 

2-N3 26,162 24.776 32.702 32.322 30.320 

1-MB 24.489 27.730 23.994 26.297 21.947 

Table 22. Continued 

35 36 37 38 , 39 

m 12.489 16.182 11.682 12.926 13.189 

KE 20.963 27.479 19.734 23.711 23.127 

2-1-TP Trace Trace Trace Trace Trace 

1-NP 10.901 12.196 7.141 10.617 10.924 

2-ÎIB 26.247 12.241 46.973 29.626 29.617 

1-KB 29.006 31.600 14.466 23.121 23.083 



APPENDIX B 
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Tabla 23. Explanation of program to corapute economic values 
including profit as a function of temperature, mole 
ratio and react ant flow rate 

PROFIT (I,J) 

SELLPR (I,J") 

ACCOST (I,J): 

ONCOST (I,J); 

RCCOST (I,J): 

MOLPÏÏP (I) : 

HCYIEL: 

KCCOiTV: 

AGYII,L : 

AWT : 

WTPNM: 

WTPÎŒ : 

WTP#?: 

Per cent return on investment after taxes 

Product selling price, cents/lb. 

Cost of nitric acid per lb. product produced, 

cent s/lb. • 

Cost of butane per lb. product produced, 

cents/lb. 

Cost of recycle stream per lb. product pro

duced, cents/lb. 

Mole per cent of the 1^^ nitroparaffin in the 

nitroparaffin distribution 

.Hydrocarbon yield 

Hydrocarbon conversion 

Acid yield 

Average molecular weight of the nitroparaffin 

product 

Weight fraction nitromethane in the nitro

paraf fin distribution 

Weight fraction nitroethane in the nitro-

paraffin distribution 

Weight fraction 1-nitropropane in the nitro-

paraffin distribution 
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Table 23. Continued 

NOMENCLATURE 

WTPZuB: Weight fraction 2-nitrobutsno in the nitro-

paraffin distribution 

V/TPINB: Weight fraction l-nitrobutane in the nitro-

paraffin distribution 

Other terras are used in the program in a built in regres

sion analysis and analysis of variance. 

INPUT 

Coded flow rate in Format (P^.S) 

OUTPUT (19 X 19 matrix over temperature and mole ratio range) 

REGRESSION COEFFICIENTS 

A3U&33IS OP VARIANCE 

SSLLPR (I,J) 

ACCOST (I,J) 

ONCOST (I,J) 

RCCOST (I,J) 

PROFIT ( I , J )  

All outputs are on output paper, PROFIT (I,J) is also output on 

card deck. The output rows are et various mole fractions, the 

columns at various temperatures. 



Fortran IV program to compute economic values 
including profit as a function of temperature, 
mole ratio and react ant flow rate 
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COST DATA AT CENTER FLOW RATE 

1  FORMAT (F5.2)  
REAL M0LPNPI5I  
DIMENSION PROPITI l9 i l9 I .SELLPRI l9 ,19) ,ACCOST(19,19>«C4CaSTI19.19)*  

UCC0$T(19,19I .FIXINV(19,19)  
READ (1 ,UX3 
XI-10.2 -  2.0)  
X2- I0 .2  -  2.0)  

COMPUTE NP OlSTN AND YIELDS AND CONVERSIONS OF THE 
AGIO AND THE BUTANE 

3 00 too 1-1,19 
2 MOLPNPI l )  •  12.865 *  <1.775 •  XI)  -  (1.284 •  X2 •  X) l  

M0LPNPI2)  •  23.622 *  12.087 •  XI)  -  11.292 •  X2)  -
in .485 •  *2 » *2> » (1 .170 • *?  •  *3J 

MOLPNPO) •  10.633 *  (1 .513 « XI )  -  10.272 •  Xt  •  XI)  -
M0.399*X3»X3)*(0 .491•X2*X3)  

M0LPNP(4)  »  ( -9 .96 •  XI I  •  (1 .290 •  X2)*  29.108 
M0LPNP(5)  •  100.0 - (MOLPNPd»* M0LPNPI2)  •  HOLPNPO) •  M0LPNP(4))  
HCCONV •  2.667 -  (0.837 •  Xl> -  (0.^23 « X2)  •  (0.439 •  X3)  •  

1(0.391 •  X2 •  X2> 
HCYIEl  •  51.702 -  ^8.S75 •  XI )  •  13.952 •  X3)  -  I2.782*X2»X21 *  

US.012 •  X2 •  X3)  
ACYICL "  23.333 -  (0.946 •  XI)  •  (2 .297 •  X2)  •  (3.626 •  X3 •  X3J» 

112.483 •  XI  •  X3)  
COMPUTE WEIGHT FRACTION AND AVE MOL WT AND CARBON PER MOL 
FNM •  (0.61 •  MDLPNP(t ) )  
FNE >  (0 .79 # M0LPNP(2))  
FNP "  (0 .89 •  M0LPNP(3>)  
F2NB- (1 .03 •  M0LPNP(4)> 
F1N8" (1 .03 •  M0LPNP(5)» 
AVMMT •> FNM *  FNE *  FNP < 

(FNM/AVMWT) 
(FNE/AVMWD 
(FNP/AVMUT) 
IF2ND/AVMWr)  
(FINB/AVMUT) 

(MOLPNP(n /100.0)  • ( (MOLPNP(2) /100.0)  •  2.0)*  
1(<MOLPNP(3>/100.0)*3.0> »( (M0LPNP(4)*M0LPNP(S)) / lOO.O)•  4 .0  

COMPUTE PRODUCT SELLING PRICE 
SELLPRd.J)  •  (31.0 »  WTFNM) «  (29.0 » WTFNE) «(18.0 •  WTF2NB) *  

1(27.0 «(HTFNP •  WTFINB))  
COMPUTE ACID COST.  BUTANE COST AND RECYCLE COST 
ACCOST(I fJ )  "  (8820.0/ IACVIEL<AVHWT)t  
C4C0ST(I .J )  •  (2430.0 •  CPMOL ) / (HCV1 EL*  AVMWT) 
THEMOR -  (  1 .224 •  X2)  *  9 .0  
RCC0ST( l ,J ] -0 .1245«((THEN0R«10O.0) /ACYIEL) ' - ' l .o - (HCC0NV/HCYI fcL) )  

58 FORMAT ( IH ,7F10.4> 
WRITE(3.58)  CPM0L.HCVIEL.AVMHT.MULPNP( l ) iM0LPNP{2) ,M0LPNP(3l  
COMPUTE FIXED INVESTMENT IN MILLIONS OF DOLLARS 
FIXINVd.J»-  9 .704 *  (O. l f lTMEMOR -  2.0)* I0 .04))  

WRITE (3 .S4)ALACK 
57 FORMAT (16H TOTAL» 

WRITE (3 ,57» 
WRITE (3 ,54»TOTAL 

126 WRITE<3.58){$ELLPRI i .J ) ,J - l . t9 ,3)  
125 CONTINUE 

JOB-JO0- t  
IF<J0BI127,127.126 

127 JOB-7 

130 WRITE(3,58»(ACCOST(I ,J ) ,J -1 ,19,3)  
128 CONTINUE 

JOB-JOB-1 
IF(JOB)129, t29, t30 

129 JOB"? 

132 MRirE(3,50) IC4COSr i l»J) ,J- ) f l9 ,3)  
131 CONTINUE 

JOB-JOB-1 
tF(J0B)133. l33.132 

133 JOB"? 

135 WR1TE(3,58) IRCC0ST(I ,J ) ,J«U19,3> 
134 CONTINUE 

JOB-JOB- l  
IF(J0BI136,136.135 

136 JOB-19 

59 FORMAT ( IM ,?F10.4)  
141 DO 139 J« l ,19 

WRITE(2,59)PR0FIT( I ,J )  139 coNr(N(;e 
WRITE(3,59»(PR0F|T( I ,J».J-1 ,19,3)  

JOB-JOB-1 
IF{JOB)140, t40.141 

COMPUTE RETURN 
COSTTO -  ACCOST(( ,J)«  C4C0ST(t ,J )  *  RCCOST{| ,J )  
CON! -  6.740/FIXINVI I ,J I  
C0N2-  1 .265 •  FIXINVd.J)  
PROFIT( I .J )  •  CONl  •  (SELLPHd.J) -  COSTTO -2 .28 -  C0N2I  
X2 .  X2 *  0.2  

100 CONTINUE 

JOB -  JOB -  1 
XI  -  XI  *  0 .2  
X2-(0 .2  -  2.0)  
IF(J0B)4.4,3  

4 CONTINUE 
COMPUTE LEAST SQUARES EQUATION 
Y1 -  PR0FIT(5,5)  
V2 .  PR0FIT<5,15)  
Y3 •  PROFIT(19.5)  
Y4 -  PROFITdS. lS)  
Y5 •  Pf .cr :7d0,3)  
Y6 -  PROFITdO. l?» 
Y? -  PROF1TI3, IO)  
Y8 -  PR0FIT(3.17> 
V9 -  PROFIT(10,10)  
SXl  «  Y2-V1-Y3*Y4-(1,414*YS»*(1.414 •Y6» 
SX2 •  Y3*Y4-Y1-V2*(1.414#Y8)- I1 .414*Y7)  
SXl l  -  Y1»Y2*V3«V4»(Y5*Y6)*2.0  
SK22 -  Yl*Y2*Y3*Y4»(Y7*YB)*2.0  
SX12 -  V1-Y2-Y3*Y4 

BO -  GSUN -  0.5«(SXl t *SX22)  
B l  •  0.12S»(SX1I  
82 -  0.12S«<SX2» 
811» 0 .2187*(SX22t  »  0.3437«(SX11»-  0 .5<(CSUH| 
822-  0 .2 tB7*(SXl l l  $  0 .3437#(SX22I-  O.S-(GSUM) 
812-  0 .25 •  ISX12)  
COMPUTE SUM Of  SQUARES 
TOTAL - (Y1#Y1)*(Y2«Y2I* (Y3-Y3»*(Y4*Y4)* IY5#Y5»#(Y6-Y&)*  

l (Y7*Y7)*(V8tVB)*(Y9>Y9> - (<CSUM«GSUH>/9.0)  
FIRST - (81*SX1)  *  (B2-SX2)  
SECONO>(BO*CSUH) *  (Bl l -SX11)*(S22-SX22»«(8t2»SX 12)-

l ( (GSUM#CSUM)/9.0)  
ALACK •  TOTAL-FIRST-SECONO 
WRITE RESULTS 

50 FORMAT I24H REGRESSION COEFFICIENTS) 
51 FORMAT (1K0.F18.5)  

WRITE (3 .50)  
WRITE 13,51» 80,81,82,811,822,812 

52 FORMAT ( ISM ANOV) 
93 FORMAT n6H FIRST ORDER) 

WRITE (3 .52)  
WRtTE(3,53» 

54 FORMAT ( lH0.F2S.5f  
WRITE I3 .54)FIRST 

55 FORMAT I17H SECOND ORDER) 
WRITE (3 ,55)  
WRITE I3 ,54)SECCN0 

56 FORMAT I16H LACK OP FIT» 
WRITE (3 ,561 


