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ABSTRACT

A laboratory-scale, high pressure, continuuus reactor was used (o
parialy hydrogenate soybean oil with copper caralysts. Effecis of
pressute on the hinedes of the reaction were studied by conducting
experiments in a central compnsite design. The interaction of pees
sure (75-200 psig) with the other independent variables of tempera-
ture (155 255 ) anmd vopper concentration (0.1 5-1.85%) was evalu-
ated. Dependent varables studied were licolenare selectivicy and
formation of rrom: isomers and cunjugated dienes. In addition,
effeces of pressure up to S8 psig, use of experimentai and com
mercial copper catalysts and comparison of continuous with high-
pressure bawch reactions were investigated. Linolemate selectivity
(8-10} and rrams isomer tormation were not significandy affected
by any of the independent variables. Conjugated dienes were climi-
nated a5 products of the reaction when pressure was above 200
psig. Lxperimental copper-silica caralyst gave 1 1.6-fold increase
in reaction rate over commercial copper catalysis,

INTRODUCTION

Previous studies of effects of elevared pressure in hatch
hydrogenation of soybean oil with copper catalysts have
shown increased reaction rate, retenrion of Imolenie acid
selectivity and elimination of ennjugated diene as a reaction
product {1,2). Copper-catalyzed hydrogenations using con
tinuous reactors have been reported ro have lower linolenic
selectivity than comparable reactions in batch converters
(3-5). In contrast, our earlier study reported that during
continuvus hydrogenation at atmoespheric pressure, the
high linnlenic sclectivity of copper catalysts was retained;
however, coniugated dienes were present in all of the hy
drogenated products (6). This paper reporis the etfects of
pressures up to 500 psi on copper-cataly zed. laborarory-
scale, continuous hydrogenation of soybean oil.

EXPERIMENTAL PROCEDURES
Apparatus

The pressure system used for these studies s duagrammoed
in Figure 1. An oil-catalyst slurry (A1 was strred under 2
blanker of nitrogen and delivered to the reactor by 2 meter:
ing pump {(B). A metering valve () permitted controi of
the flow rate of hydrogen gas, which was introduced into
the reactor through a 22-gauge needle at a point about 2 in.
downstream of the oil entry peint. The whular reactor (1)
cunsisted of 4 coiled stainless steel tube (40 ft < 1716 in.
id}. Low volume, hgh-pressure “T™ valves () were posi-
tioned 10, 20, 30 and 40 ft from the inlet wo perm:t incre-
mencal sampling during hydrogenation. The reactor was
mounted in a hot air chamber (F) for iemperature contrul,
Insulazed thermocouples that were silver-soldered 1o rhe
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FIG, 1. Schemadic of laborarory-scale prusure system for continu-
ous hydrogenstion, A: stired oil-catmlyst slurry; Br metering pump,
C: hydrogen merering valve; [): tubular reactor: Es sampling valves;
F; teraperature-controlled air badh: G. receiving vevsel; and H: back-
pressure valve,

reaccor tube iust ahead of the sample valves provided an
indication of the reaction wemperature. A 2-1. Parr high-
pressure vessel (G) served a3 a receiver and was equipped
with & back-pressure vaive for pressure regulation. A single
lot of refined and bleached sovbean nil was used for 2l
hydrogenation experiments.

MATERIALS AND METHODS

In 3 typical experiment, vil containing 4 suspended copper
catalysi was continuously me:iered at 2,2 ml.fmin, concur-
reauy with hydroger yas at 100 ml./m:n, through the
reacior. Prior to induction of the reactants, the hot air hath
was controdled to rthe desired reaction remperaiure. Flow
through the reactor wis cominued for a mimmum ot 2+
min afrer themmocouple monitoring indicated remperature
equilibration. Since the wsidence time of the onon the
reactor was cstimated ro be 12 min, an equiiibrium state
was assumned and sampling commenced. Caretul controi of
the sampling valve allowed samples 1o be obtained with
minimal variation in reacior pressure. Sampling proceeded
first from the valve at the end of the reacior (maximal
hydrogenation) and subscquently from the other valves, in
tuen, until the fourth sample was taken from the vaive
closest to the reactor inlet. This procedure was designed
minimize :he interval of time required to retuen to steady-
stare eyuilibrium prior o taking rhe next sample. Samples
were cooled., filtered from the catalyst and analyzed.
Mcthyl esters of the partially reduced samples were
prepared by transesterification of the oli with sodium
methoxide (7). Farrv acid composition was determined
using a Varian Acrograph gas chromatograph equipped
with a 6 ft x 1/8 in. column packed with 15% EGSS-X
on Gas-Chrom P (Applied Science Laboratory). Percentage
conjugation was determined by ulttaviolet absorption at
232 nm {8} Percentage linolenate was measured by was
chromatographky using a 10 L x 1/8 in. coiumn packed
with a 50:50 mixwre of 10% OV-17 and 100 OV-225 (9).
Infrired spectrometry at 103 4 was uscd ta measure traws
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content (8). Positional isomerism was determined on the
final product from several selected hydrogenation experi-
ments. Mcthyl esters were separared into cis-manoene,
trans-moncene, and diene fracrions by high pressure liquid
chromacugraphy (10). Sodium borohydnde-reduced ozon-
ides of the moenoene and diene fractions were analyzed to
determine the extent of isomerization (11). Linolenate
sclectivity values for cach reaction were computed from
the compositcenal data of the oil from cach of the 4 sam-
pling valves {12).

Sraristical dara were based on a central composite ex-
perimental design (13). Varnable reiction paramcters were:
pressure: 75, 100, 140, 180 and 200 psig. temperature:
155, 170, 190, 210 and 225 C; and Cu meral concenteation
in oil: 0.05,0.15,0.33, 0.50 and 0.60% (Harshaw Cu-1106P
catalyst |39% Cu0, 43.5% Cr,0,, 10% BaO] ). Resulis ob-
tained from a separate series of continuous hydrogenations
using Harshaw Cu-1106P at pressures of 200-500 psig were
compared o those previously obrained in batch reactions
under the same conditions (2).

The pressure svstem was applied to an evaluation of rhe
relative activity of 3 catalysts for continuous hydrogenation
of sovhean oil. A commercial experimental catalyst (38.6%
CuO, 32.2% Cry0;, 1.42% Mn0O) and an NRRC cxperi-
mental Cu-silica catalyst (33% Cu} (14) were compared to
the Harshaw Cu-1106P. Rcaction parameters were main-
tained at 190 C, 140 psig and 0.33% copper.

RESULTS AND DISCUSSION

The repraducibility of the sampling procedure used in these
experiments was checked by analysis of duplicate samples
from cach valve (Table 1). When the reaction was ar an
assumed steady state, the first samples (A) were taken from
each valve. The sccond samples (B} were taken following an
equilibranion penod. The agreement between analyses indi-

TABLEL

cated reproducible sampling. Since there was no preactiva-
tion of the catalyst, the inital length of reactor served to
activate the catalyst; thus. the anaysis of samples from the
valve at 10 t7 of reacror length showed yreater variability
than samples from the other 3 valves.

The interaction of pressure with temperature and Cu
concentration was eviluared on the basis of the central
composite design expeniments (1 3) using nonlinear mulnple
regression calculations and plotting by a digital compuzer.
Six hyvdrogenations conducted at identical conditions were
performed at random within the ¢xperimental Jdesign as a
measure of the reproducitality of the reacuans. Results
from these expenments (Table 11) indicate excellent repro-
ducibility of the continuous high-pressure reacror, Each
value 1s the mean of the 6 hydrogenations; standard devia
tion is included in parentheses. Dara obrained by analvas
of the final product from the continuous hydrogenations
are presented in Table 111, included is the mean of the 6
repiicate reactions in number 10. Standard errors of est-
mate determined from the regression calculations are given
at the borrom of Table 111 Data puints are significant to
the 95% level.

Results of runs 1-% and 5-8 showed rhe effects of in-
creasing pressure and temperature at constant catalyst con-
centration. Toral hydrogenation was increased by raising
the temperarure from 170 ro 210 C, but formation of trans
isomers and linclenate acriviny semaned relatively unaf-
fected. Raising the pressure significancdy increzsed total
hydrogenation when the temperarure was above 170 C and
copper concentration was above 0.16% (runs 12-13 and 14-
15); other dependent variables were unaffected. The resuls
of runs 9-11, in which the pressure was increased from 75
to 200 psig while ali other paramerers were held constant,
showed 2 5.5-fold increase in AV, Effects of pressure ina
tubuiar reactor can be expected to be different thar 1n a
batch reacror, ie., level of rurbulence or agitaton may be

Reproducibility of Sampling (100 psig, 190 C, .33% Cu)

Fatty acid composition

Valve Saturate Monoene Diene Triene Cale,
position {ft} Sample (%) (%) (%) (%) v,
Original oil 14.5 22.1 55.0 8.4 136.5
10 A 14.5 26.1 51.5 7.9 1323
B 14.5 219 55.6 7.9 1359
20 A 14.7 27.3 54.8 3.2 126.6
B 14.7 27.5 ©54.2 ie 126.9
30 A 14.7 29.0 53.8 2.5 124.7
B 14.9 29.1 53.3 2.7 1244
40 A 14.9 314 52,0 1.7 121.5
B 14.9 321 51.5 1.4 12006
TAEBLE II
Reproducihility of Reactions? (140 psig; 190 C; 0.33% Cu)
Valve Saturate  Monoene Diene Conjugated  Triene trans
position {£c) (%) (%) (%) diene (%) (%) ALV (%) sib Si¢
1D 14.5(0.2y 23.4(0.3) 55.3{0.2) 0.7(0.1) 6.6(0.5)  3(1) 22007y 0.82(0.10)
20 14.4(0,1) 28.0(0.9) 54.3(0.4)  0.8(D.0) 3.3(0.4) 10(1) - 7.2(1.43 0,73(0.07)
i 14.4(0.0) 31.7(0.2) 52.4{0.1) 0.5(0.1) 1.6(0.1) 140} 10.7(0.2) 0.76(0.01)
40 14.5(0.2) 34,5(0.3) 30.0{0.4) 0 0.900.2) 17(1) 13.2(0.3) 0.746(0,02) 200}

AEach value is mean of 6 hydrogenations; standard deviatien is included in parentheses.

bSpecific isomerization—% trans/ATV.
CLinolenate selectivity (12).
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CONTINUOQUS HYDROGENATION

TABLE 111

Continuous High Pressure Hydrogenation of Soybean (il2

Conditions Fatty acid composition
Run Pressure  Temp. Cu  Saturate Monoene Diene Conjugated Triene
number {psig) (C) (%) (%) (%) (%) diene (%) (%} AIV 54 511
Original oi} - - 14.5 221 55.0 - 8.4 - - -
1 100 170 0.16 14,1 23,2 §5.9 0.5 6.8 2 080 9
2 180 170 016  14.5 23.6 55.8 0.4 6.1 4 075 9
3 100 210 0.16 14.5 38.6 46.3 - 0.6 21 072 8
4 180 210 0.16 14.3 41.0 44,3 - 0.4 26 Q.77 9
5 100 170 050  14.5 246 55.6 0.8 5.3 5 076 10
6 180 170 0,50 14.3 274 i5.1 0.4 32 @ 075 10
7 100 210 Q.50 14.3 49.7 359 — 0.1 29 076 9
8 180 210 a.50 144 554 30.1 — 01 6 0.76 8
9 75 190 0.33 14.3 31.8 52.7 11 1.2 4 055 10
10b 140 190 0.33 14.5 34,5 50,0 - 0.9 17 076 9
11 200 190 0.33 14.8 38.7 46.0 - 0.5 22 078 9
12 146 - 155 0.33 14.3 228 55.7 - 7.2 1 - —
13 140 225 .33 14.6 59.9 25.5 - — 40 074 8
i4 140 190 005 14.2 26.2 54.8 0.6 4.8 6 077 8
15 140 190 0.61 14,7 " 416 43.3 - 0.4 24 0.75 2
Standard error® ' 23 015 .32
Approximate LSD!
between runs 7.2 047 1.00
2Analysis of final product of reaction.
bMean results from &6 hydrogenation runs at identical conditions.
CDetermined from regression caleulations.
dicast significant difference {0.05 level).
changed and residence time of the oil in the rube may be 5
affected. The present design of the reactor did not permit i
a complete evaluation of these factors. and absolute reac
tion rates were not Jetermined. Studies by llsemann and 4
Mukheree (5) of copper<hromite-caralyzed hydrogenation
of soybean il in 2 cortinuous system using oil/catalyst £
slurries showed low linolenate selectivities (S = 3-6) and -4 3r
Righ rransisomer formation (8 = 1.0-1.6). They reported =
that raising the temperature increased frans-isomer forma- g ? |-
tion, but increased pressure did nor affect cither linolenate &
seicenivity ur farmation of fram isomers. In contrast, in
the presen: study, the results of all the central compasite b
design experiments (Tables 11 and 111 showed that linolen-
aie sclectivity and rrams-isomer formation were not sigmfi- 0k > 200ysig
cantly affected by any of the independent variables.
Fomation of conjugated diene was significandy  de- J \ .
creased as pressure was increased, as shown by analysis of _1140 w0 1 e
intermediate samples taken along the length of the reactor lodina Value

{Fig. 2}, lacluded were the data from a1 coppercatalyzed
hydrogenativn performed at atmospheric pressure (6). In
the larter experiment, conjugated diene content reached 2
maximum uf 5%, but as the pressure was increased, measur-
able conjugation decreased. In reactivns performed above
200 psig, there was no measurable confugated diene in
cither the miermeduate samples or the final product.

Positional isomerization Jetermined on the monoene
anc diene fracrions :solared from the final products was
typical of copper-catalvzed reactions (6. About 90% of the
double bonds of the ¢is meonoene was located in the A9
position, with 2-5% in the 310 through A12 positiens. In
the srans fractions, :he double bonds were concentrated in
the A10 and A1l pusitions, indicating conjugarion mecha-
nism during reaction. No positional isomerization was
evident in the diene fraciion.

Addinonal studies were made ro compare baich and
cvontinuous bydrogenaton with pressure varying from 200
psig w 500 psig. Resulss of analyses of the final product
from cach hydrogendtion are presented in Table 1V, Al
though the barch hydrogenations were conducred to give a

FIG, 2. Effect of pressure on conjugation.

constant 1V drop (2), the extent of reaction in the continu-
ous system is limited by the fixed length of reactor tube,
Nevertheless, there was goud agreemenr for specific isomeri-
zation and selectiviry values between bateh and continuous
hydrogenations. Linolenate selectivity remained high and
was unatfected by increased pressure. Specitic isomeriza-
tion values {0.80-0.84) are 1ypiva: of copper hydrogena-
tions performed ai pressures above 200 psig (1)

The reaction rate curves plotted in Figure 3 compare the
activity of a commercial catalyst (Harshaw Cu-1106P) and
the 2 experimental catalvses, Curves of log 1V piated
against time of reaction are simnilar to thouse obrained pre-
viously for copper hydrogenation of sovbean oil (1). In
these continucus experiments, distance aiong the length of
the tubular reactor was equivalent ro time of reaction. The
mitial reaction of the curve was influenced hy the induction
perivd for catalyso activation. Rates of reduction of lino-
lenic and linoleic acid remained constant throughout the
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TABLE IV

Comparison of Effects of Pressure in Batch® and ContinuousP Reactors

Fatty acid compasition

Type of Pressure Monoene Diene Triene Conjugated  Calc, trans
reactor {psig) (%) (%) (%) diene (%) ALV (%) 54 S
Original oil 22,2 35.5 8.4 - - _ _ _
Baich . 200 43.8 42.2 LN 0.0 26.7 21.0 0.79 10
Continuots 200 24.7 35.3 5.4 0.3 5.0 4.0 0.80 10
Batch 300 43.8 42.2 0.1 0.0 26.7 224 084 10
Coatinuous 300 27.3 552 34 0.0 8.0 6.5 0.81 10
Batch ) 400 42.6 43.5 0.1 0.0 25.7 21.3 0.83 10
. Continuous 400 28.7 4.6 2.5 0.0 10.0 8.4 0.84 10
Batch 500 43.2 42,6 0.3 0.0 26.0 20.6 3.79 9
Continuous 500 29.8 53.8 2.0 0.0 12.0 9.8 0.82 10

AReaction at 170 C, 0.4% Cu {2},
bReaction at 170 C, 0.33% Cu.
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FIG. ). Relative acrivicy of 3 Cu catahyss,

reaction, with copper catalysts, linolenic acid was reduced
10 times as fast as linoleic acid. The overall rate of change
of 1V per unit time was a funcrion of the concentration of
the individual acid in the oil, thus in the mid-range of these
curves, the slope reflected the rate of reduction of linolenic
acid. In the final portion of the cunve, the slupe wasinflu-
enced by the rate of reduction of Linvleic acid. The Har-
shaw experimental caralyst was 1.3 times and the experi
mental Cusi), catalyst was 1.6 times as active is Harshaw
Cu-1106P. Although rhe dara presented were for reactions
performed at 140 psig, the relative actvity of the caralyses
remained the same ar the higher pressures investigaied.
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Commercial application of copper catalyst for the selec-
tive hydrogenation of soybean oil has been impeded by low
catalyst Jctiviy and the formation of conjugated dienes.
The results of these experiments demonstrate that continu-
ous hydrogenazion at elevated pressures may facilitare the
use of copper catalysts. Catalyst activity is increased, lino
lenate selectivity remains high and furmation of conjugated
diene is eliminared. Construction of high-pressure batch
convertors is  considered economically  prohibitive, but
continuous high-pressure systems should be feasible.
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