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ABSTRACT 

A laboritory .-~'ale. h!gh pressure, continuous reactor was used IO 
part,ely hydrOgenltr ~ybean o~ w'i|a copper catalysts. |.:FlecL,- of 
pres~te on the ki~r of the reac~i0n we, re ~tudied by conducting 
eXp,r :n | central ~n~pr~ite desig, n. The interaction ol pre~ 
Lad.ire [75-2OO psig'~ ~Sth the" other indep,'n,&'nt ,.'ariab:es of lerTii."~:ra- 
turr (t .%5 2J~ C) aqd copper concentration (o.1 ,s-t 85~,~ was evalu- 
ated. ['~.'penden[ vaH.tblcs srud~d w, me licdcnate selr and 
(ormadon of ~ra'n., isomers and c~m.jul~'I~ed clients. In add|tiara. 
effectr, of p:'~ssure up to 5(Xl. psi~. u~ of experimental and corn 
m-r e ~ p e r  eatalyst~ r cornearison of continuous with hi~h- 
prr batch reactlons were investigated. I.inolenare ~lectb.'ity 
(8-10) and ~'t..,~'n~ ison3et formation were not ~.ignificantly afJec~ed 
by any or the indepertde~.z variables. Conjugated tlienes were ehmi- 
hated as prodac':s of the .,,eacck~n whrn pre.~u."c waS above 200 
psig. Experimental. coppr catalyst gave = 1.6-ftdd increase 
in reaction rate over commercial copper cata:ys~s. 

INTRODUCTION 

Previt~us studies of  effects of  elevated p,,'es, sttre m batch 
hydrogenaf~on of ~wbean  oi l  w i ~  copper cata~vsrs h;we 
sho,a-n increased reaction rate. retenrion of  hoof'chic acid 
selecriviw and eLlr11:aaation of  conjugated cliche a,, a rear : ion 
product  (1,2). C~,pper.-catalyzed hydrogenat ions  using con 
tinuous reactors have I~:en reported ro have Lower ]inoleaic 
selectivity than comparable  .,-carrions in batch converters 
(3-5). In contrast ,  our earlier study rep~trted ~hat during 
cont inuous  hydrogenat ion at atrnr'~phel-ic pressure. Cne 
high lino',enic selectivity o f  ,.:opper catalyst~ was retained; 
however, con;ugated dienes ~,ere pl'eScnt in all ~f the hy 
drc',,genated producLs (6). This paper reports the effect.,; of  
pressures up to 500 p~ig t~n copper-catalyzed,  laboratory'- 
scale, continuou~ hydr t~enar ion  t'ff sort 's 'an o i l  

EXPER IMENTAL PROCEDURES 

Apparatus  

The pressure system 'Jscd for d',e~c st'Jdirs is d;agra~mmed 
in Figure 1. An oiI-eat:dvst slurry (A)  was rit~l'l'r under  a 
blanket  of nitrogen and delivered ~t~ the i-e.a.ctc, r by a m e t e r  
ing pump (B). A meter ing valve ((:1 permit ted controi  of 
:he f low rate of  hydrogen gas, which was in t roduced into 
the reactor through a 22-gauge needle at a point  about  2 in. 
downst ream of the oil e n i d '  0oi:~t. The tuhular reactor (D) 
eo.nsisred of  a coiled stainies's sleel tube (40 !t .< 1/16 in. 
id). D~w volun:t., high-pressure " T "  valves ~,I.') were posi- 
t ioned 10, 20, 30 ~nd 40 ft f rom tire inlet ro pt-rmir incre- 
mental sampling during hydl 'ogenat:on.  The reactor  was 
mounted  in a hnr air chamber  (} :}  to r  ~emperature control .  
Insulated then"nocouplc.~ tha: wc."e silver-soldered re) rhe 
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FIG, 1. Sdaem~.dc of  Isbora~o~.-,,~ale p ~ ' , ~ m  ~'st~m for conti~.u- 
o"" hydrogenation. A= r oil-r duflr~. ; B= n~t'tcrinll" pump,, 
(', hydro~n mer.c.rin$ vah'et D: nthultr rem:tor I-., s,~mpKng v-l,,~= 
F; lempc~t'at"c-r ~ bad't; G, re,:elvi~ll ve~n~r md I1: bark- 
p e w e e  valve. 

re,eeoc tuhe iust  ahead ~,f the ~am~ic val~'cs provided an 
indi~:ation of the reaction : c m p e r a t u r c  A 2-I. Parr h i g h  
pressure vessel (G) ~r , ,ed ~r a receiver and was equipped 
,a'ith a back-pressure vai',e for pressure regulariun. A .single 
hat t~f refined and breached stwbean ,)it was used foe El 
hydrogenat ion  e •  as. 

MATE RIALS AND METHODS 

In a lypic~J experiment, off conr.~intng a suspended ct~pper 
C:lt'.dyS~. 'd,'a.S CO[|Tin'UOtLS!y mc~.c,"~d 3~ 2,2 ml./r'Elin, concur -  
rcn~,~" wi th  h.vdrL~en ~'as at lO0 m l . / m i n ,  through the 
re~.czor. Prior to indt ]er ion o f  d)c reactants, ~l~e hot  ,air harh 
was control led ro the desired reac:i<,n rerapera;ure.  F[<)w 
through '.he reactor  was con: inued  for a nEntmum ot 2.1, 
rnin after t hennoeoup le  r e , r e | t o t ing | r id i cu led  tempera ture  
eqttilihrari(,n. Since the .~ idene r  t ime of  the o;; il3 the 
reactor  was e 'q imated r~, bc 12 man, zn equi i ib~um state 
was assumed and sampli,tg c~mmenced .  Careful controi  uf  
the ~ampling v,slve allowed sarnple~, to Ix" ob:aiat 'd wiH~ 
:uintma~ v~_riarion in rear ;or  pressu.,x'. ~,ampllng proceeded 
first from the valve at t:'te end ,)f r!~e res t :o r  (maximal 
h.vdrugenariun) and subsequent ly  from the o ther  valves, in 
rum,  until d~e fourth sample was taken f:orn the valve 
clo.,z'st to the reactor  inlet. "This prt~ccdurc wa,, designed ~o 
minimize :he intcr~,~ uf  rime required to i 'erum to steady- 
stare etFJihbrium prior  to tzking the next  santp~e Samples 
were cooled,  fil tered f rom the catalyst  a~d ~tna~yzed. 

Methyl estel's of the partially reduced sarnples were 
pl',epal'e~i by r ran~ster i f ica t i tm o f  the oil with .',odium 
methoxide  (7) F'atrv acid compos i t ion  ,,va~ determined 
u.',ing a Vat |an Aet'~'~graph gas chromate,  graph equipped 
wi:h a 6 ft x 1/8 in. colu:nn packed with 15% EGSS-X 
tm (;as-Chron~ P (Appl:t.d Science 1.abt,rarr~.,3'). Percentage 
conjugat ion was determined by ultrav,tder at)~oq~tion at 
232 nm ( 8 )  Percentage l inolenate ,.~,a_~ measured It,,' gas 
chroma:t~grapl'~y using ~ tO ft x 1/8 in. co;umr', p:xcked 
w-t,~h a 50:50 :rfixtt;rc of 10% OV-17 and 10% OV-225 (9). 
Infrared s p e c t r o m e t ~  at 10~  R was u.',cd :~, mcasurt ' tr,;~t; 
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content  (81. Positional isomerism was determined on the 
final product from several selected hydrogenation experi- 
ments. Methyl esters were separated into cis-monoene, 
trans-monoene, and diene fractions by high pressure liquid 
chrt,matugraphy (101. Sodium borohydride-ceduced ozon- 
ides of the monoene and d/ene fracuons were analyzed to 
determine the extent of isomerizadon (11). l.inolenate 
selectivity values for each reaction were computed from 
the compositional data of the off from each of the 4 sam- 
piing valves (12). 

Sraristical darn were based on a central composite ex- 
perimental design (131. Variable reaction parameters were: 
pressure: 75, 100, 140, I80 and 200 psig, temperature: 
155, 170, 190, 210 and 225 C ;and  Cu metal concentration 
in oil: 0.05, 0.15, 0 .33,0 .50 and 0.60% (tlarshaw Co-1106P 
catalyst 139% CoO, 43.5% Cr20~, 10% BaOI), Results ob- 
tained from a separate series of cont inuous hydrogenations 
using Ftarshaw Cu-I IO6P at pressures of 200-500 psig were 
compared to those previoudv obrained m batch reactions 
under the same conditions (2). 

rhe  pressure ~'stem was applied to an evaluation of the 
relative activity of 3 catalysts for continuous hydrogenarion 
of sov[~'an oi l  A commercial experimental catalyst (38.6% 
CoO, 32.2% Cr20~, 1.42% MnO) and an NRRC experi- 
mental Cu-filica catalyst (33% Co) (141 were compared to 
the }larshaw Cu-II06P,  Reaction parameters were main- 
tained at 190 C, 140 psig and 0.33% copper. 

RESULTS A N D  DISCUSSION 

The reproducibiltw of the sampling procedure used in these 
experintents was checked by anatvsis of duplicate samples 
from each valve (Table IL When the reaction was at am 
aSsLtmed steady state, the first samples (A) were taken front 
each valve The second samples tB) were taken following an 
equflibranon period. The agreement between analyses mdi- 

rated reproducible sampling. Since there was no preactiva- 
lion of the catalyst, the iniual length of reactor'served to 
activate the catalyst; thus. the an~vsis of samples from the 
valve at 10 ft of reactor length showed greater variability 
rhan ~mp:es  from the other 3 valves. 

The interaction of pressure ~4th temperature and Ca 
concen t ra t ion  was evaluated on the bas~s of the central 
composite design experiments (13) using nonlinear mulnple 
regression calculations and plotting by a digital c,~mpucer. 
Six hydrogenations conducted at idenrical condmons were 
performed at random within the experimental design as a 
measure of the reproducibility, uf the reactions. Results 
from these experiments (Table II) indicate excellent repro- 
durability of the continuous high-pressure reacror. Each 
v',due ,s the mean of the 6 hydrogenations; standard devia 
lion is included in parentheses. Darn obrained be analvs~s 
of the final product front the continuous h vdrtvgenations 
are presented in Table II1. included is the mean of the 6 
fro;irate reactions in number 10. Standard errors of esri- 
mare determined from the .'rgressmn calculations arc given 
at rhe bottom of "/'able III. l)a:a points are significant to 
the 95% Ievel. 

Results of runs 1-4 and 5-8 showed the effects of !n- 
creasing pressure and temperature at constant catalyst con- 
centrar ion "l'<3ral h y d r o g e n a t i o n  was increased by raising 
the temperature from 170 tO 210 C, but fomlation of t~uns 
isomers and linolenate acriwrv remauned relatively unaf- 
fected. Raising the pressure significantly increased total 
hydrogenation when the temperature w ~  ~bove 170 C and 
copper concentration was above 0.16% (runs 12-13 and, 14- 
15); other dependenr variables were unaffected. Tb, e results 
of runs 9-1 1, in wbJch th~ pressure was increased from 75 
to 200 psig while all other parameters were held constant, 
~howed a 5.5-fold increase in &IS, '. Effects of pressure in a 
rubu;ar reactor cart be expected to be different than m a 
batch reactor, i.e., level of turbulence or agitation n:av be 

TABLE [ 

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

Fatty acid composition 
Valve Saturate Monoene Diene Triene Cult, 

position (ft) Sample (%) (%) (%) (%) IV. 

Original oil 14.5 22.1 55.0 8,4 136.5 
10 A 14.5 26.1 51.5 7,9 132.3 

B 14.5 21.9 55.6 7.9 135.9 
20 A 14.7 27.3 54.8 3.2 126.6 

B 14.7 27.5 54,2 3.6 126.9 
]0 A 14.7 29.0 53 ~8 2.5 124.7 

B 14.9 29,1 53.3 2.7 124,4 
40 A 14.9 31,4 52.0 t.7 121.5 

B 14,9 32.1 51.5 1.4 120.6 

TABLE II 

Reproducibility of Reactions a (140 pslg; 190 C; 0.33% Co) 

Valve  Saturate Monoene Diene Conjugated Triene 
position (ft) (%) (%) (%) diene (%) (%) A1V 

~Fa~S 
(%) sib sii c 

10 14.5(0.2) 23.4(0,3) 55.3{0.2) 0.7(0.1) 6.6(0.5) 3(1) 2.2(0.7) 0.82(0.10) 
20 14.4(0 ,11 28.0(0.9) 54.3(0.4) 0.8(0.0) 3,3(0.4) 1 0 ( 1 )  7.2(1.01 0,73(0+07) 
30 I4.4(0.0) 31.7(0.2) 52,4(0.1) 0.5(0.1) 1.6(0.1) 14(0) 10.7(0.2) 0.76(0.01) 
40 14.5(0.2) 34,5(0,3) 50.0(0.4) 0 0+9(0.2) 17(1) 13.2(0.3) 0.76(0.02) 9(0) 

aEach value is mean of 6 hydrogenations; standard deviation is included in parentheses. 
bSpeclfic isomerization--% trans/AIV. 
CLinoIenate selectivity (121. 
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CONTrNUOUS HYDROGENATION 

T A B L I ' :  111 

Continuous High Pressure Hydrogenation of Soybean Oil a 

Conditions Fatty acid composition 

Run Pressure Temp. Cu Saturate Monoene Diene Conjugated Triene 
number (psig) (C) (%) (%) (%) (%) diene (%) (%) AIV Si SII 

O r i ~ n a l  o i l  - - -  1 4 . 5  2 2 . 1  5 5 . 0  - -  8 . 4  

1 1 0 0  170 0.16 14.1 23.2 55.9 0.5 6.8 
2 180 170 0.I6 14.5 23.6 55,8 0.4 6.1 
3 100 210 0.16 14.5 38.6 46.3 - 0.6 
4 180 210 0.16 14.3 41.0 44.3 - -  0.4 
5 100 170 0.50 14.5 24.6 55.6 0.8 5.$ 
6 180 170 0,50 14,3 27.4 55,1 0.4 3,2 
7 100 210 0.50 14.3 49.7 35.9 -- 0.1 
8 180 210 0.50 14.4 55.4 30.1 -- 0.1 
g 75 190 0.33 14.3 31.8 52.7 1.1 1.2 

1 b 140 190 0.33 14.5 34,5 50.0 -- 0 . 9  
11 2(30 190 0.33 14.8 38.7 46.0 - -  .0,5 
12 140 155 0.33 14.3 22.8 55.7 - -  7.2 
13 140 225 0.33 14.6 59.9 25.5 - - -  

1 4  140 190 0.05 14.2 26.2 54,8 0.6 4.8 
15 140 190 0.61 14,7 41.6 43.~ - 0.4 

Standard error c 
Approximate LSD d 

between runs 

m m m 

2 0.80 9 
4 0.75 9 

21 0.72 8 
26 0.77 9 

5 0.76 10 
9 0.75 �9 10 

29 0.76 9 
36 0.76 8 

4 0,75 10 
17 0.76 9 
22 0,78 9 

] - -  _ _  

40 0.74 8 
6 0.77 8 

24 0,75 9 

2.3 0.15 ,32 

7.2 0.47 1.00 

aAnalysis of Final product o f  res.ction. 
bMean results from 6 hydrogenation runs at identical conditions. 
CDetermined from regression calculations. 
dLeast significant difference (0.05 level). 

chaJ:ged and residence rirlle of the oil in the cube may  be 
affected.  The p ~ s e n t  design o f  the reactor  did nor per'mir 
a c . m p l e t e  evaluado:]  of  these factors ,  and absn:ute rcac 
glOn rates were not de',e~11ined. Studies  hv llsenlann and 
Mukher ' ee  (5) of  coppcr -chromi :e -ca ra lvzed  t ,ydrogen,ui( ,n 
of  soybean till in a cor' t inuous ~ ' s t e m  ,,sing oi l /cata lyst  
slurries shov,'ed low l inolenate ~ lee f iv i t i e s  ( S I I =  3-6) and 
?igh rran~ isol'uer fo rmat ion  ~S i = 1 .0 -16L They repor ted  
,ha:  raising the t empera tu re  increased tr,;,~-isomer fonna-  
tmn.  but increased pressure did nor  affect  t i d i e r  l inolcnate  
selectivity . r  fonna t ion  of  rrans i somers  In contrast ,  in 
the ptesen:  s :udy,  the results of  all the  central  eompo, ; i te  
design exper iments  (Tables I1 and I11") showed that  l inolen- 
ate selectivity and trans-isomer forma: io t :  were not  sigmfi- 
eantl.v affected by an,," of  the independen t  variables. 

Fo.,matio: |  of con lugatcd drone was significanT..ly dr.- 
creased as nressure was increased, as s l t o ~  hv analysis of  
in termedia te  samples taken alo:lg the length o~" the reactor  
(Fig. 2). Included were the data from a copper-c : : ta lvzed 
hydrogena t ion  oc.,'h~rrned at ah 'nosphcric  pre>'St, re ( 6 )  In 
."he larrer expe r imen t ,  ow.jugated dienc con ten t  reached a 
max~m~,m of 5%, bur as The pres~;ure was increased, me.as'ar- 
abic conjugat ion demeased,  la reactions pe r fo rmed  above 
2(hq psig, r21cre was no measurab!e con.:ugatcd diene  in 
e i ther  the m:e rmcd ta t c  samples or the final product .  

Positional i somerizat ion de te rmined  on the , :ono-ene  
and rhone fracritms isolared f rom ~he final p roducts  was 
typ:cal of  copper -ca ta lyzed  react ions (6). Abou t  90% of the 
dot, b[e b,mds ot tile cis m o n o e n e  was located nn the A9 
posir ion,  with 2-5% m the A 1 0 t h r o u g h  A12 posi t ,ons .  In 
the tram fract ions,  :he do:Jblc bonds were concen t r a t ed  in 
the A10  and A l l  p~,;itions, indicat ing r mecha-  
:fism during reaction.  No pos~rional i somer iza ' ion  waq 
ev ident  in the d icnc  fraczi~m 

AJd:t',o.'~al studies were made ro compare  bazc}" and 
ontinu,~us byd rogen auon  wi:h press'are v:,.ryi,'.g f rom 200 

psig to 504J psig. Rt 'suhs of  anahses  ot  d~r final p roduc t  
f rom cac.h hydrogena t ion  a.,x: presented  in Tab'.e IS, '. A'. 
t 'qough ti~e batch hydrogenat~o[ts were co.nducred to gv.'e a 

g2 

o 

-1 
140 

> 2 ooe:~ 

J I 1 , 

130 1,~ 110 
leane Value 

IFI(i. 2. Effect of pnellm~re on conjugation. 

cons :anr  1V drop (2), the ex t en t  o f  reac t ion  in the con t inu-  
ous sysrem is ! imited by the fixed length t)f reactor  tube.  
Nevertheless ,  there was good agreemenr  fo r  specific isomcr i -  
ra t ion  and s,electiviry valves t.~'twcen batch and con t i nuous  
hydrogena; io : l s .  IAnolenate select ivi ty remained high and 
was unaf fec ted  by ir'.crea~cd pressure.  Specific isomeriza-  
rlon values (0 .80-0.84)  are ~?'pica: of copper  h) 'drogena-  
dons  perfo. 'rned a~ pressures above 2 f ~  prig ( 1 )  

l 'he  reaerioe rate curves p lo t ted  in F~b,t~re 3 compare  the 
act is irv of  a c u m m e r d a l  cats!vat  (~{a.-shaw Cu-llOfP) and 
the 2 exper imenta l  catah 's ts .  Curves ,)~ log IV p; t , t :ed 
against t ime of  reaction are similar to : h . , ~  obta ined  pre- 
viously for copper  hydrogenar iun  o f  sovbe,m oil (1). In 
the.~ con t i nuous  expe r imen t s ,  d~srance a',ong the length ,ff 
the tub'.,lar ~ a c t o r  was ec, t,ivaJent r~, t ime of  eeacl ion.  The  
initial rear : ion  of  .'he cu~ ' e  was inf luenced  hy tile induc t ion  
p r r iod  for catalyst  ac twat ion .  Rates of  reduc t ion  o f  hno-  
lenic and lino!cic acid rem~uned col ts ,ant  th roughou t  d~e 
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T.~.B LE IV 

Comparison of Effects of Pressure in Bate.ha and Continuous b Rea~tors 

Fatty acid composition 

Type of Pressure Monoene Diene Triene Conjugated Cale, 
reactor (psig)' (%) (%) (%) diene (%) &IV 

t~n$ 

(%) si s i ]  

Original oi l  2,2,2 55.5 8.4 . . . . .  
Batch 200 43.8 42.2 0.1 0.0 26.7 21.0 0.79 10 
Continuou's 200 24.7 55.3 5.4 0.3 5.O 4.O 0.80 10 
Batch 300 43.8 42.2 0.t  0.0 26.7 22.4 0.84 10 
Continuous 300 27.3 55,2 3.4 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 54.6 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 O,79 9 
Continuous 500 29.8 53.8 2.0 0.0 12.0 9.8 0.82 10 

aReaetion at 170 C, 0.4% Cu (21. 
bReactlon at 170 C, 0.33% Cu. 

140 

125 

110 

Temperate# 19~~ 
Pressure 140 psi 
Catalyst Co~atien 1.e% 

I 1 t 

10 20 30 40 
k t . ~  0t) 

IqG. t. Relative act ivi ty of  3 Cu ca|nix'sis, 

, ' eac t ion,  w~th c o p p e r  c a t a l y s t s , ] i n o l e n i c  acid was r educed  
10 t imes  as fas t  as l inoleie  acid.  TFe overal l  ra te  of  c h a n g e  
ot  IV pe r  uni t  t ime  was a f u n c t i o n  of  the  c o n c e n t r a t i o n  of 
the  ind iv idua l  a d d  in the  oil, thus  in the  mid - range  of  these  
curves,  t he  s l . p e  re f l ec ted  the  ra te  of  r e d u c t i o n  of  l ino len-c  
acid.  In the  final p o r t i o n  of  the  cu~ 'e ,  t he  shape was m.qu- 
e n e e d  by the  rate o f  r e d u c t i o ~  o t  l inoJeic acid. The  l iar-  
shaw e x p e r i m e n t a l  ca t a ly s t  was 1 3  t imes  and  the  exper i  
m e n t a l  CuS~O~ ca ta lys t  was 1.6 t imes  a~ a c t i v e a ~ f l a r s h a w  
C u - I I 0 6 P .  Al:l',u..,gh the  d~ra  p r e s e n t e d  were  for  r e n t : i o n s  
p e r f o r m e d  at 140 psig, the  re la t |ve  act:vary o f  t he  c a t a l w r s  
r e m a i n e d  the  same  at  the  h igher  pressures  invest;ga~ed. 

C o m m e r c i a l  app l i ca t ion  of  c o p p e r  eara lys t  for  the  se:ec- 
t i re  h ) ' d r o g e n a t i o n  of  soybean  oil has been  i m p e d e d  by low 
ca ta lys t  acrivit3.' and  the  f o r m a t i o n  of  c o n j u g a t e d  diencs.  
The  resul ts  of  these  exper iment . s  d e m o t | s t r z t e  t ha t  c,~ntm~- 
ous h y d r o g e n a t i o n  i t  e leva ted  pressures  may  faci l i ta te  the  
use of  c o p p e r  e a t a l w t s .  Ca ta lys t  acnvit ' r  is i'nerea.scd, [inn 
lenate  ~ l e e t i v i ~ '  r ema ins  h igh and  | o m t a t i o n  of  ccmjugated 
d ienc  is e l imina t ed ,  C o n s t r u c t i o n  of  h igh-pressure  ha tch  
con; 'c r t t , r s  is cons ide red  econoa - i ca l lv  p roh ib i t ive ,  hut  
c r m t i n u o u s  big 'h-pressure sys tems  shoq~d be feasible.  
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