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T h e  ethjlation of benzene with ethylene by the Friedel- 
Crafts reaction ha* been controlled so as to giie ?ields of 
monoethylbenaene about 15% higher than those reported 
in most othcr in\ estigations at corresponding mole ratios 
of reagents. The conditions are 100' C. and ethylene pres- 
sure of 100 to 300 pounds applied abo\e the catal3st. These 
conditions alho increase the reaction rate nearly a hundred 
fold o\er some industrial processes, so that they are better 
adapted for a continuous operation. Yields of ethylbeu- 
zene reported in sixty inrestigations are correlated, and 
relations to mole ratios of reagents and to reaction concli- 
tions are shown. The) are compared with theoretical 
curies for multiple-stage reactions with a rommon rc- 
agent. E%idence is presented that, contrary to a coni- 
mon opinion, the ethjlation of benzene taLes place at the 
3ame rate as that of ethjlbenzene and other partly ethyl- 
ated benzenes. Some obseriations are best explained bj 
supposing that under suitable conditions the ethylation 
reactions are p'ractically instantaneous. Conditions are 
$\en for making pure ethylbenzene from eth>lene mixed 
I+ ith paraffin gases, or from a low concentration of benzene 
i n  a mixture with nonaromatic h\ drocarbons. 

ARGE quantities of ethylbenzene are made by the liquid- L .phase alkylation of benzene n-ith ethylene in the presence of 
aluminum chloride (24) .  This reaction was discovered by Balsolin 
( 7 )  in 1879. H e  used several days of reaction time, and only 2 9 5  
of the ethylene which reacted and 317, of the total  benzene up- 
peared in the form of ethylbenzene. Interest has recently b ( w  
intensified, as indicated by tu-enty-six cit,ations in 1946. Alto- 
gether, over ninety investigations have produced ethylbenzene 
by cthylation of benzene, and sisty of these have reported yields 
in  Pome numerical form. 

The practiwhility of the use of ethylene for the productioii u i  
ethylboiizelie was dcmoristratcd in studies at Johns Hopkins 
University (11, 17, 45, 66). These were purely academic bu? 
pointed the n-ay for commercial development. The reaction V - ~ P  

accelerated greatly by the use of intensive stirring to  promote 
contact of the ethylene with the hydrocarbon liquid and cntn- 
lyst. There xas  usually an "incubation period" of 20 minutes to 
a n  hour, after n-hich the absorption was rapid. Iteceiitly Marks, 
.Ilmand, and Reid (61) reported a rate of 0.07 mole ethylene nb- 
sorption per minute per mole of benzene, but this was attniiied 
only after t,here had been considerable ethylation. The :unoiiiit 
of aluminum chloride required was small-0.07 mole to  1 of ben- 
zene, and could be used repeatedly (66) unless rontaniinnted or 
lost. 

Satelson (69) investigated the reaction but did not reducc the 
time below 6 hours. Davidson ( I S ) ,  who seems to  have the first 
United States patent' covering ethylbenzene, emphasized the re- 
moval of sulfur during the ethylat ion. Several improvement 7 

have been made by the DOT Chemical Company (2, 23, 24); in 
one (2) the addition of isopropylbenzene \vas recommended. The 
renction time was 4.75 hours. -4 recent study of the reaction TT-:~' 

made by Sisido (90). Gaylor (39) found that pretreatment of the 
henzcnc with aluminum chloride improved the catalyst life nncl 

re:iction rate. Blanding (12) used aluminum halides for etliyla- 
iion of benzene in the vapor phase. 

Most of the ethylations just described were made a t  substan- 
tially ntmosphtric pressure and at  moderate temperatures, start- 
ing below SO" C. Sone  of them was so rapid as was desired for 
continuous operation. Liquid-phase ethylation n-ith other rea- 
gents is not more rapid, no process being reported with less than 
2-liour reaction time. Only one disclosure has been found for the 
use of ethylene under substantial pressure for making eihylben- 
zene with aluminum chloride. Schmerling ( S i )  used 40 atmos- 
pheres pressure n-itli the  catalyst dissolved in nitromethane. 
Xills (67) ethyluted benzene for 4 houqs at 125' C. md 60 pounds 
per square inch pressure, from which should be subtracted 3-1 
pounds for thc vapor pressure of benzene. D'Ouville and Evering 
(32) ethylnted toluene with ethylene under pressure, using a com- 
ples formed by the action of aluminum chloride upon iso-octane. 

As catalyst for the reaction of ethylene with benzene, Wunderlp 
and co-ivorkers (103) used sulfuric acid with boron trifluoride as 
promoter. Ipatieff and Grosse employed boron trifluoride alone 
( 4 7 ) ,  and chlorides of beryllium, titanium, zirconium, columbium, 
and tantalum ( 4 1 ) :  the reaction times yere  8 hours and 12-60 
hours, respectively (for analyzed products). Bruner mid PO- 

n-orkers (15) used a large volume of aqueous boron trifluoride. 
Other catalysts used with ethylene Ivere hydrogen fluoride (15d, 
35, 78 ) ,  phosphorus pentoxide (5,9, 96), phosphoric acid (25, 48, 
50, 51, 62, 77,  Q6), calcium and magnesium acid phosphate (83),  
gallium chloride (88, 88), silica-alumina (3, 68, 76, 85, S?", 87A, 
os), and sodium aluminum chloride (77). Catalysts employcd 
with other ethylating agents xere aluminum chloride (4, ,$A, 5,  
9, 10, 13,  14, 16, 19, 37, 38, 52, 63, 57, 69-74, 80, 81, 88, Q7, 101, 
IO-;), :ilumiiium bromide (56, I O l ) ,  hydrogen fluoride (35, 85). 
Iloron trifluoride (.%, 7 4 ,  zinc chloride (8, 40, 86), zinc oxide and 
:iluniina (63, 63A, 64, ab), silica-alumina (44, 63, 6SA, 8,9, 85, 05),  
phosphoric acid (6, 60, 60, g3), amalgamated aluminum and hy- 
drogen chloride (20,  80A), and ferric chloride (102). Soncata- 
1)-tic ethylation of benzene has been reported (26, 36, 46). Good 
yiclds of et1iyl't)enzene n-ere claimed (100) by coppcr-catalyzed 
pyrolysis of olefins n-ithout benzeiic. 

DISCUSSION OF REACTION 

IT the ratio of ethylene to  benzene is kept very l o y  it is evident 
thnt mobt of the ethylene will go t o  form monoethylbcnecne and 
\\-ill give a good yield based on ethylene; but the conversion of 
lmizene will be poor.and require recycling. On the other hand, if 
ethyhtion is continued until most of the benzene is consumed, 
much.oi' the ethylene n-ill go to  form higher ethylsted products of 
little value in tliemselves. They can be de-ethylated (5, 13, 17, 
.31, 44, 63, 63L, 64, 66, $0, 80.4, SG), but this also requires re- 
c.>.clirig (17, . ;J ,  6.3, 63d ,  SO, $0-4, S;d, 92).  These considerations 
apply to  any ethylation of benzene, including those xit l i  ethyl 
lidides (9, 20, 3.i, 37, OO! 70, 7 3 ,  80, 80A, S5, 88, 89, 94, 101, lo?, 
I O ; ) ,  ethanol (ii. 40, .io, 60, 7 4 ,  S9, 93, S, 0 7 ) ,  ethyl ethers (S, 

S1, 89), eth:ine ((lei) ,  higher paraffins ($2).  vinyl bromide (4.1, 
Ib) ,  :ind cttiylidine halidcs (i), and with other catalysts, and  i n  
the vapor phnse (3, 6, 12, 25, 36,44, 48, 60, 51, 60, 62, 63, 63.4, ti.$, 
68, 76, 7 7 ,  5.3, S5, 86, S7,  8 7 d ,  93, 4.5, Iri0). For :my set of contli- 

.;S, 74, 75, S9), esters (10, 14, 16, 36, 37, 46, .32, 53, 56, 57, 58, 7 2 ,  
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tionj the yield is some function of mole ratio; this is indicated in 
Figure 1, which shon.s yields d 011 ethylene or other ethylat- 
ing agent and also yields ba on benzene. The function de- 
Ijends upon the conditions, which may change the effcc'tivc ratio 
of velocity ronstaiits of cthylntion. I t  \rill be s l ion~i  that this 
factor is at  least i1nport:int fur yield iic is the moie ratio of re- 
agents. Tile molt, rxtio used in tlii- paper is that  oi ethylene to  
benzene (as in citations 11, j , j ,  6f, 66, 7.3j rather than the reverse 
(as in citations f,5, 39, 0'2, 6'3, 6.3-1. !;<?, ?;, 83, 96) ,  eo as to sim- 
plify the nxithematics 2nd phttiiig. Both forms wcre used by 
O'Iielly and co-n-orkcrs (76 ) .  

The expected yield oi e ciizeiie 1rit.h various mole ratios 
has been coniputcxl oii the of a w n w d  relations among the 
velocity constants. The d itinl equaltioils emplo~ed are the 
snrne as those used in a study of the bromi~lation of phenols arid 
aromatic aniiiies (.?S), except that six siiccwcive steps are in- 
volved instcad of t n o  or three. If the velocity constants for the 
six reactions were all different, the eolution of these cquations 
would be exceedingly complex. The $ituation would be still 
further complicated by consideration of de-ethylation velocity 
constants. However the dcwthylation reactions are probably 
wbstantiaIly slower than the ethylntions; otherwise the distribu- 
tion of ethyl groups among tlie products would be always the 
sitme for the s:ime mole ratio. An unconsidered redistribution of 
ethyl groups could result only in :I distribution nearer to  equilib- 
rium. A further simplifying assumption that all six velocity 
constants are equal permits a qolution of the short form': 

Y = 100e-" 

where I' = percentage of ethylene converted to ethylbenzene 
DL = mole ratio of ethylene (reacted) to benzene 
e = base of natural logarithms 

This equation is plotted as the middle ciirve in the upper graph of 
Figure 1. 

The above assumption is iippirently contrary to the commoii 
,experience that  ethylbenzene (68) and cumeiie and toluene (11) 
are cthylated more rapidly t h i i  benzcne, and that the rate at 
which ethylene is Eonsumed incr :is tlie re:iction proceeds 
( I  I ,  0'6). hloreover. hesaeth-lbcnzeilc is often fornird in surpris- 
ingly l u g e  amounts i i i  the e:ii,iy i t : i p s  of rthylatinn (11,  .i%, /;I, 

TABLE I. DISTRIBUTIOX OF ETHYLRESZEXI~R, IX ~ I O L C  PER 
CEUT 

Ethjlbenzei e----------- 
L a l e r  Benzene I I o n o  Di Ti1 Tetra Petit&  hex^ 

7 

i 0 2: 1% 3 
16 41a 8 

Upper 
Lower 

a In t he  paper a s  priiiied t!>i, x i i  14, a typographical error. 

66, 69, 191). The preferential formation of ti~iethylbenzene (61, 
72,  ?3) also seems inconsistelit. If ethylbriizc,ne were rcally 
ethylated more rapidly than benzene, hon-ever, it nould be irn- 
possible to get yields as high as the middle ciirves of the figure ' 
nithout recycling or physical selection of the re:igents. 

The low temperature ethylntions at atmospheric pressure' and 
JTith co~iveiitioiial stirring have given yields close to  the loxest 
curve in each graph, T! hich is computed 011 the assumption that 
the first substitution in benzene is only one third as rapid ns those 
that  follow.. It must be considered, however, that under the usual 
conditions mentioned, substantially all the ethylation takes place 
in tlie henry Ion-er layer, since it contains practically all of the 
catalyst. It -eems probable that at  Ions temperature the solubil- 
ity of aluminum chloride in the benzene laycr is too low to c a ~ s e  
appreciable ethylation in that layer. This is th? Pituntion in 
Figure 2ri> n-liere the cross hatching ret) iits :in effective con- 
centration of catalyst. This reasoning i ies that the catalj-tic 
activity qf aluminum chloride is not parallel with its thermo- 
dynamic actix-it?, whieh is identical for each of tn-o liquid phases 
in plij-sical equilibrium. Each aromatic hydrocarbon present is 
partitioii~d bc.t\vecii thc t \ro l ~ y c r s .  The .\pcc.ci of ethylation of 
any one of thcm riepends on its ethylation .;el0 
multiplied 1)y its concentration in the c:ttalyst 
recordtd experiment (6f j in which :ibuut one moic o 
molc of beiizcJiic litid reactcd, tile c ~ ~ n i p o s i t i ~ i ~ i  ot t h e  two 1:tyt~r: 
arc slii)\~-n in  Tnhle I. 

Tho concentration of inonoetIi~l1)l~nzeiie iii rlie catalytir Inyer 
xas  ovi'r tn-o and a half times that of the benzene!. This probably 
accounts for the relatively slower ethylation of tlle benzene. On 
the other h i d ,  the higher alkylated benz 
of attark for iurttit,ralkylatit~ii anti arc nio 

1 Since the ethjlation ia typical cf niul t ia tage reactions with a coinnion 
reagent, the deriyntion is given. a3 fol lovs:  Cmsidering the  total concentra-  
tion of nronintic hydrocnrhona a s  uilit., let t t ,  v ,  11, t, y, and 2 be the mole 
fractions of substitution in tl,e f i r a t ,  t e c o ~ d ,  third,  fourth, fifth, and sixth 
positions, so that 1 - i~ is the n ,d t  fr,iurior, of I x n z r n e ,  IL - T tha t  of ethylben-  
rene. u - u: that  of dicth) l uenzene,  P I C . ,  :ind i n  = 3' + T + IC - t + y + p i 3  

the  mole rAtio of eciiylene reacted. 

Then d i i j d t  = h-i'l - , 
where E = concentmtion oi  c t h )  ],,:)e 

a.here )L is the first ra t io  of r.elocit!- co:ist~iiits. Integr.iting and adjusting 
the integration constant so t h a t  il = 0 ni.e:i ,i = 0 :  

For l o a  ~ a l u e s  of m, z = i . i t i ( g  - t), hut  a t  higher w l u e s  z i s  greacer bc- 
cause hexaethj-lbenzene is not futther ethi-lated. and  so aivxmulates. Hon-  
ever, it is convenient for t h e  mathematics to  consider tentatively tliat thc 
ethylnrioii procsede through a n  uiiliniited number of step.: 

nr = ( L  - L )  - 2 ( c  - u )  + 3 ( ' c  - t) - 4t.z - y) - j ( y  - 2 )  L 6 ( z  - 
~, - . .  , . I  

= !I - ( r  f r l  + r3,2 A ri,'6 + r s / 2 4  + 1 6  120 +- . . . )  
= s- '*r.C = r ( f rom Taylor's theorem) 

The >.icll! of e:!~\.ll>enzeiie !md on benzene is 1001, i - ,P, and th:lt t,;,aed 
on ethilene I> 

IOO,, - ');'m = l O O ( 1  - i t )  = 1 U 0 C  = lllO~-"z 

This eyivitiim is rigorous only i f  the number of steps is infinite; h u t  with 
=is  steps the > i e ! J  calculated by  i t  is not in  errur i-y m o r e  t h a n  0 .1 ' .  (ahso- 
lu t e  v:ilue). 

The ni:isiiiiuni yields of the eths-benzenes (based 011 Ihnzeiiel calculated 
for rqu:il-i.elocity constants  are as follows: 

I i ighe!  ::~elds uf  some of these products actually o I , t : i~ t~<~t j  ( 1 1 .  f ; i .  ri6, ?2,  'YJ9 
1 ~ 1 ~  31.11 tlie pre>en; investigation) may be due to  some ptiy,>icnl selection of 
the reagents or removal of the products. The  coinplete solutions f o r  the 
velocity ratiur represented by the highest and  loweat ~ u r v c s  C , , H  ; > e  supplied 
on request. 

.inother plnu.~liile assumption is tha t  each unsubsrituteil pu-1 
iienzene ring reacts with equal velocity, so tha t  K2 = 5 8x1, K 3  = 
aiid €is = 1 iK.. This relation 15 improbable in view of the 

oi t eua thylbenzene  often found.  T h e  niiitheu,:itics would b e  
b u t  the r h e c t  o n  3ield of ethylbenzeiie !%nul,!  1,c not v<,q diderc:it 
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m=MOLE R A T I O ,  ETHYLATING A G E N T  TO B E N Z E N E  

Figure 1. Yields of Ethylbenzene from Benzene as Functions of Mole Ratio of EthyIating Agent 
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tion, which is known to take place. Bowden (14) considered that 
slower reaction is favorable to high yields of monoethylbenzene. 
-4 fair comparison of the rates of ethylation of the various hydro- 
carbons present can be made only when all are in homogeneous 
mixture as in experiment 2 of this paper. This gave yields of the 
monoethylbenzene which fall on the middle curve of each graph. 
Several results from vapor-phase rthylation also come close to 
these curves. That  is another method of providing a homogene- 
ous mixture of reagents. Such observations support the view that 
the  several velocity constants are fundamentally equal. The 
middle curves may also represent a n  equilibrium distribution of 
ethyl groups among the ethylbenzenes. This view is favored by 
observations of Anschutz (4 )  and by extrapolation of thermo- 
dynamic data ( 1 ) .  

The fact that  cumene is so readily ethylated was the basis 
for Amos’ proposal ( 2 )  to add it to  the reaction mixture. This 
would certainly diminish the incubation period (11) .  Amos 
claimed an  increase in yield from 48% (on lowest curve, upper 
graph of Figure 1) to  about 647, (both a t  m = 0.34), still con- 
siderably below the middle curve. 

Marks, Almand, and Reid (61) showed tha t  the distribution of 
ethylene (reacted) among the products depends largely on the 
conditions of its introduction. Temperature has a marked effect 
as shown in Table 11. 

Thus, when about two moles of ethylene were put i n  a t  5 j 0 C . ,  
2770 went to form penta- and hexaethylbenzene as contrasted 
with 3.3% a t  95°C. For about three moles of ethylene these 
amounts were 38 and 7%. At the higher reaction temperature 
there was a marked concentration of ethyl groups in the products, 
corresponding to  the number of moles of ethylene introduced. 
Increasing the rate of stirring had a similar effect on the distribu- 
tion of the ethylene reacted as raising the temperature. Both 
caused the system of two layers to  simulate a single phase, pos- 
sibly by facilitating redistribution of ethyl groups. 

The suggested equality of velocity constants implies a lack of 
directive influence by ethyl groups upon further ethylation, in 
marked contrast to other substitution reactions such as nitration 
or halogenation. This view is supported by a lack of uniformity 

, 

TABLE 11. DISTRIBUTION OF ETHYLESE 

r0 t o  Form Various Products Ethylene, 
Temp. Mole 

C. Ratio Mono Di  Tri Tetra  P e n t a -  Hexa 
55 2 . 0 9  9 28 27 9 11 16 

55 3 03 2 1, 31 12 14 24 
950 3 22 0 . 1  6 59 28 3 4 

95O 2 . 1 7  8 42 41 3 0 . 3  3 

a The temperature was a t  reflux until 95’ C. could be attained. 

in the composition of the isomeric polyalkylbenzenes formed by 
alkylation. Methylation with aluminum halides favors 0- and p-  
xylene a t  low temperatures, and m-xylene a t  55” C. or higher (73) .  
Predominance of the meta isomer has been observed for dialkyla- 
tion using phosphoric acid (48) and with aluminum chloride in 
most cases (72).  Exceptions reported are the cymenes (11) and 
diethylbenzenes (4,  90). Assuming correct analyses, i t  is not 
always clear what changes in conditions result in different iso- 
mers. Sisido considered (50) that  the meta isomer is formed first 
and isomerizes to p-diethylbenzene, in direct contrast to the 
observations of Norris and Rubinstein (73) on xylenes. Price 
(75) suggested tha t  the formation of m-dialkylbenzenes results 
from further alkylation of p-dialkylbenzenes, followed by dealkyl- 
ation. However, since the thermodynamic stabilities of m- 
and p-dialkylbenzenes are nearly equal ( I ) ,  the isomer first 
formed must remain in the product in substantial amount. The 
literature on such orientations is extensive, as reviewed by h-ight- 
ingale ( ? I )  and Thomas (94). Other catalysts, boron trifluoride 
and sulfuric acid ( I W ) ,  give mostly the p-dialkylbenzenes, a t  
least in the case of propylation. Some of these observations sug- 
gest steric effects. These are usually weak and rvould have a neg- 
ligible effect upon the curves of Figure 1. 

PRESENT 13% ESTIGATION 

The object was twofold: to  direct a larger proportion of the 
ethylene to the formation of monoethylbenzene SO as to minimize 

Caption to Figure 1 
Catalyst was aluminum chloride and reagent was ethylene unless indicated 
otherwise. Numbered points indicate this research. Plots  of yields re- 
ported in  U., S. Patentq 2,403,124 and  2,403,785 (July,  1946) are slightly 
above the middle curve in each graph. The  vapor phase de-ethylatione of 
Kutz and Corson (57A)  give plots below the lowest curve& 
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Recommended conditions. 
Homogeneous reaction. 
Other experiments. 
Literature yields on benzene when mole ratio is less than 0.2. 
Amos @).- 
Anschutz ( 4 A ) .  Reagent,‘vinyl bromide. 
Atlantic Refining Company (6). Vapor phase: catalyst, supported 

Berry a n d  Reid (11). 
Balsohn (7). 
Boedtker and H a h e  (23). De-ethylation: reagent. olyethylbenzener. 
Berman and Lowy (10). 
BOhal and Choay ( 9 ) .  
Bowden (14). 
Bruner, Clarke, and Sawyer (26). Catalyst ,  aqueous boron trifluoride. 
Clemo and Walton (16).  Reagent, ethyl p-toluenesulfonate. 
Diuguid (90). Catalyst, amalgamated aluminum and  hydrogen 

chloride: reagent, ethyl chloride. 
Davidson and Lowy (29). Catalyst, aluminum chloride with mercury: 

reagent, vinyl bromide. 
F rey  (36) .  Catalyst, hydrogen fluoride. 
Francis and Reid (31). Continuous removal of product a s  vapor. 
Grosse hIavi ty  and Ipatieff ( 4 2 ) .  Reagents paraffins Cr to  Cis. 
Grosse’and Ipalieff (41) .  Catalysts,,chlorides’oi Ti ,  Be, Cb, Zr, T a ,  

Hansford, Myers, and Sachanen (44). Vapor-phase de-ethylation: 

Ipatieff and Schmerling ( 6 1 ) .  Vapor phase: catalyst, phosphoric 

phosphoric acid; reagent, ethanol. 

Reagent, triethyl phospgate. 
Reagent, ethyl bromide. 

Reagents, ethyl acetate  and sulfate. 

B e  (in order of increasing mole ratio). 

catalyst, silica-alumina: reagent diethylhenzene. 

acia. 
Ipatieff and Grosse (47).  
Ipatieff, Pines, and Komarewsky (48) .  
Kane and Lowy (52). Reagents. ethyl sulfate, silicate, and carbonate. 
Korshak and Kolesnikov (56). Catalyst, aluminum bromide; re- 

agent ,  ethyl chloroformate. 
Kursanov and Zel’vin (57). 
Marks. Almand, and Reid (61). 
hfalishev (69). Catalyst, phosphorus pentoxide, lampblack, and  

Mat tox  and Denedict (64) .  Vapor phase;  catalyst, zinc oxide and 

Catalyst, boron trifluoride. 
Catalyst, phosphoric acid. 

Reagents, ethyl formate and acetate. 

cresol. 

silica: reagent, diethylhenzene. 
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McKenna and Sowa (28 ) .  Catalyst, boron trifluoride: reagent, 

3Iilligan and Reid (66). Point  Mi’, de-ethylation of polyethylben- 
ethyl formate. 

zenes. 
Mills (67) .  Temperature, 325’ C. 
Mattox (63 4) Vapor-phase de-ethylation. catalyst alumina or 

clay with ‘hidrogen chloride: reagent, diithylbenzeAe. 
Mattox (6)). Vapor phase: catalyst, supported phosphoric acid. 

Points Mx’, multiple-pass runs. 
Natelson (69 ) .  Point  N’, reagent, ethyl chloride. 
Natanson and Kagan (68). Vapor phase: catalyst, silica-alumina, 
Norris and Arthur  (79) .  
Norris and Rubinstein (731. 
Norris and Sturgis (74). 
O’Connor and Sowa (76). Catalyst, boron trifluoride: reagent, 

ethyl ether. 
O’Kelly, Kellett, and Plucker (76). Vapor phase: catalyst, silica- 

alumina. Points OK’, coiitinuous runs. 
Pardee and Dodge (77). Vapor phase; catalyst, supported sodium 

aluminum chloride. Point  PI. catalyst, supported phosphoric acid. 
Passino (78). Catalyst, hydrogen fluoride. 
Radeiewanowski (SOP) .  Catalyst, aluminum chips with hydrogen 

chloride or mercuric chloride. reagent, ethyl bromide. Point  R’, 
de-ethylation with la t ter  catalyst, 

Radiiewanowski (80). Reagent ethyl bromide. Point  Ra’, de- 
ethylation of polyethylbeneene;. 

Sempotowski (88). Reagent, ethyl bromide. 
Schmerling (84).  Catalyst, aluminum chloride dissolved in nitro- 

methane. 
Schaad (83). Vapor phase: catalyst, calcium acid phosphate. 
Sisido (90). 
Schulze and Lyon (87.4). Catalyst, boron trifluoride and phosphoric 

acid. Point  SI’: vapor  phase: catalyst silica-alumina. Points 
Sl“: vapor-phase de-ethylation: same cadalyst. 

Schmerling and Ipatieff (86). Vapor-phase de-ethylation: catalyst, 
zinc chloride on alumina: reagent triethyl benzenes. 

Stahly (99): 
Schulze (87). Vapor phase: catalyst, silica-alumina. 
Tsukervanik and Vikhrova (97) .  
Texas Co. (93).  Vapor Dhase: catalvst, suoported DhosDhoric acid: 

Reagents, ethyl formate and acetate. 
Reagent, ethyl bromide. 

Reagents, ethanol and ethyl ether. 

Point St’ ,  de-ethylatidn of p,o!yethylhenzenes. 

Reagent, ethanol. 
. .  .. . .  

reagent ethanol. 

catalyst, aluminum bromide: reagent, ethyl bromide. 

Ulich (98j. Catalyst gallium chloride. 
Wertyporoch and Firia (101). Reagent, ethyl chloride. Points W’: 

Wertvooroch. Kowalski. and Roeske 1102). Catalvst. ferric chloride: . .  
reagint  ethyl bromide 

boron trifluoride. 
Wunderly’, Sowa, and NLeuwland (203). 

Zal’kind, Berkovioh, and Amusin (104). 

Catalyst, sulfuric acid and 

Reagent, ethyl chloride. 
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H I G H  P Q E S S U R E  the suluLi1ity aluniinum chloride in bcnwtu. 
is sufficient tn makc the upper layer catalyt ir.. 
13)- adding tlie ethylene ~in t le r  pi 
liquid su~,face, i t  rmcts with the benzrve bcEi)t,v i: 
reac:lies tlie catalyst l ayw (unless stirred l o o  

Since the etliyllmxzne as formcxtl i- 
ctcd lly the lon-rr layer, it is partly 

protected f rom fiirt1ic.r alkylation, so that titi. 
othylc[ie nox ri':icis Ijy 1)reicri.nco n-itli t l i i .  
h i z c n e .  

iii hcnzcnt: is only 0.72 (651, and t)y cxt RL- 
pokition i t  \\-oultl lit, not much ovc'r 1 r;, :It 100" ' _  

.\tteni1its to  wtirnatc. the  siilubility 11)- sealcd-tu))i 
expcrinierits resultrd in rapid reaction hetwenn t l i t .  

aluminum chloride and benzme to f o m i  a VC.I.:~- 

dark rcd liquid. The tipper layer 1va3 nearly a- 
dark as the lon.cr one and contained about 13!Y2 
aluminum chloride, nciarly half of which (6.1'3 
remained in  solution on cooling to room trmpcra- 

BENZENE turc. Tliis contrasts with the products of alkyls- 
tion, in x1iic-h tlie upper layer is often colorlr\-, 

K2 = KI K;! < KI K:! < K1 ritlc (If. 6Bi. .i similar dark solutionn-as olltainvll 

7 
PRODUCT 

.\t S O ' ( ' ,  tlie so1uI)ili 

ETHYLENE 

, 

& CATALYST 
b C d and contain3 oiil>- :I trace of aluminum c1ili1- 

~I 

Figure 2. 
0.  Laboratory low,-temperature operation. 
b. Homogeneous (solventized) liquid-phase ethylation. 
c .  
d .  Semicontinuous operation. 
Cross hatching indicates catalyst dissolved in  sufficient quantity for catalytic 
action. 

Diagrammatic Conditions for Ethylation of Benzene in a scaled tube a t  SO" C., although more slon-l\.. 
The difference between this experiment and t l i i .  

solution of aluniiriuni chloride in benzene untl(,r 
reflux at the same temperature, Tvhieh is miirll 
slower, may be due t o  tlir retentjon oi 1iydrogi:it 
chloride. Tliis gas is evolved freely from the r('- 
flux experinicnt, and was found to  build up :L 

partial pressure of nearly half an atmosphere' in the i:cali~,I 
tube a t  80" C. The literature reports frequently that liydrogcxii 
vliloride is a promoter for aluminum chloride reactions; and ttii: 

Ethylation with pressure and higher temperature (nn homogenizing solvent). 

the arriount of hydrocarbons to  be recycled, and to  accelcratcj the 
reaction so that, it ~vould be more suitable for continuous opera- 
tion. 

The above considerations led to a .zimple nii'nn.j of inrrea:itig 
the yields up to  the middle curve in each graph of Figure 1- 
namely, the use of a solvent so as to mix the layers and avoid thc 
unfavorable extraction mentioned. These conditions are illti>- 
trated in Figure 2b.  Hoxever, at low temperature the aniount of 
solvent required for complete mixing x a s  execwive, and snisllc~r 
amounts (experiments 1 and 10) were ineffective. Experiimnt 2 
a t  100" C. gave the desired result, as mentioned previously. Tlic 
layers remained mixed after cooling to room tempcraturc. The 
solvent iws ethyl ether (27,  29), but  many others such as acetone. 
esters, alcohols, or otlier ethers probably would have given tlw 
same result. Schmerling (84) found small amounts of nitro- 
methane adequate for homogenizing the reaction niixtiir(:; b i i t  

the time was excessive and the plot of his yield falls t)eloIv t h r ,  
Imvest curve, possibly because of his Ion reaction tempc~rnturr~. 
65' C. (cf. experiments 6, LO, and 11 in this investigation I .  

;is a control for experiment 2 ,  number 3 was made uitliout :I 

solvent (Figure 2 c ) ,  at t'he same temperature and pressure, al- 
though i t  \vas continued until much more ethylene lint1 becvi 
added. It gave a still better yield of 667, on the ethylc~nc or M r ;  
based on the benzene. h low temperature ethylation t o  the mmc. 
mole ratio (Figure 213) would have given only 28cc on etliylcnc.; 
and even a "homogeneous run" (Figure 2 b )  would have given only 
5O%l,. Five other experiments, 5 ,  7 ,  8, 9, and 12, all carrictl out 
a t  100" C. or higher and without a homogenizing solvent or 
high speed stirring, gave yields (32) much higher than the middle 
curve in each graph and close to the highest one, calculated on thc 
basis that  benzene is ethylated twice as rapidly as its ethyl deriv- 
atives. Since this ratio is probably not a true relation betwecn 
the velocit,y constants, some other explanation for the high yields 
was sought. 

Consideration of the effects of extraction by the catalyst layer 
suggested that,  under the new conditions, there might be a fav- 
orable extraction instead of the unfavorable one of tlie Ion teni- 
perature ethylations. It was postulated that  at 100" C. or higher 

present observations indicate that its effect is increased greatlJ- 
when its partial pressure is substantial instead of the few milli- 
meter3 available by iiiere bubbling (84). 

In the six experiments mentioned as giving high yields i ~ f  

etli>-lbenzenn, the uppcr layers in tlie products n'ere only sliglitl>. 
colored and contained only 0.3 to 0.7%3 of aluminum chloritic*, 
as in the low temperature ethylations. If the solubility \veit, 
higher, the resulting loss of aluminum chloride might render thr 
procesi: unecononiical.' The apparent discrepancy with the higt I 
"chemical" solubility noted in the case of benzene may be t l i i i .  

pnrtly to  the presence of etliyhtc~il benzenes. This view is siip- 
p<~rrc~(l by another expcrimcnt in a sealed tube containing :iIii- 

tiiinuni chloride and one volunicl of rliethylbenzene to two r ~ f  
txiizene. On heating, t,lie aluminurn chloride liquefied quick1)- t i ;  

a red lotver layer much lighter in coldr than in the case of benzctii: 
a lone ;  the upper layer remained light colored evena t  100" C. fat. 
2 hours. The tube was coulctl and opened, and the upper 1a.yc1. 
was found to contain only 3.4% of aluminum chloride. l f c t i -  
hcliutkin (65) observed an even greater contrast between benzeiii. 
and toluene for solubility of aluminum bromide in the upper 
l a ~ - i s i ,  in t lie presence of hydrogen bromide. 

For mole ratios bcloiv 1.0, the equation of the higlicst curve i t i  
Figube 1 i: approxim:itely the linear one, 

j- = 100 - 5c/n 

nltliougli this is empirical, and the fair agreement with several ( ~ f  
the experimental yields can be considered coincidental. Ttic 
advantage of operation under the new conditions over etliylatiun 
a t  lower temperature and pressure is even more striking in the- 
lower graph. I ts  highest curve suggests that ,  in order to  increasi: 

2 .innlyzed by synthetic method. 
3 Analyzed b y  adding water and  ammonia, evaporating to dryness, k n i t -  

4 Observed with a glass pressure gage of the type used b y  Francis and Rob- 
ing, and weighing as h120~. 

bins ( 3 3 ) .  
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capacity, i t  would be preferable t o  ethylate more conipletely- 
for example, to  m = 0.7 (wperiment 3)-provided the tenipera- 
ture can be controlled. S o  liesaethylhenzene n’as found in tlie 
products of any of the six experiments described, in contrast to  
rhe lower temperature ethylations, which usually give some hexa- 
ethylbenzene, even when the mole ratio is low (11,  61, 66, 68, 
100, and experiments 1, 6, 10, and 11 of this investigation). 

Vnder these modified conditions the volume of the ca$alytic* 
!iquid (the whole volume) is increased several fold as compared 
with ethylation a t  lower temperature (where only the loner layer 
is active), so that the rate of reaction is increased greatly. 11. 
iicing increased pressure of ethylene antl retention of liydrogrw 
~ ~ l ~ t o r i d e ,  tlie speed of reaction is furtlier increased, and is limited 
r-ilily by other coiisiderations siicli as rate of introduction of re- 
r.gents, rate of removal of products in a continuous operation, and 
rat(’ of renioval of heat of reaction. This is 27.19 kg.-cal. per 
niole of ethylene consumed, calciilatctl from the heats of forma- 
rion at  25’ C. of ethylene and liquid benzene and ethylbenzene 
31 8 ,  sincc it probablx makes little difference Tvhich ethylated ben- 
z m e  is fornictl, and the heat of reaction is nearly independent of 
t~mpera ture .  The heat, is sufficient to  raise the temperature of 
r l i c ,  product from equimolar reactants hy 358’ C. under adiabatic 
ionditioiis (using C, = 32.50 J- 0.00013-1 T 2  for liquid ethylben- 
zrnc, by correlation of the data of citntiom 1 and $3). Evidently, 
5utistantial cooling must be supplied i f  the reaction is rapid. 

F;xperiment 12, the only one tried for speed, was complete in 3 
minutes, as coinpared with hours for previously rrportrd liquid- 
phase etli~-lations of hcnzcne x i t h  various catalysts antl reagents. 
The extrcsme speed of tlie ethylation reaction under t l l c e  condi- 
tions suggests that  the low speed of ethylation by ethyl halides 
~XI,70,73,80, SOA, 88,101,lOg) in spite of homogeneous mixtures 
{if ieagrnt.q, might be due t o  a prerequisite dehydrohalogenation 
!if the alhyl halide to olefin, This is analogous to the mechanism 
proposed by 1LcIienna and f3on.a (58,) for alkylation with alcohols 
using boron trifluoride. Hoivever, this mechanism is rendered 
improbable for aluminum chloride catalysis by observations ($9) 
: l i n t  alkylation n-lth higher normal alkyl halides and alcohol. 
mi:- give substantial amounts of 17-alkylhenzenes. Grosse and 
Ipatieff (413 and Ulieh and eo-n-orkcrs (98, 99) drew the revtr.w 
wiicIusions, iianiely, that olcfin~ form tlie alkyl iialiilcs hf<Jrt .  
~ h c y  alkylate. The niechanivi~ is discussed ertensivrly tiy 
Tlionias (94 I .  

In alkylating benzene with olefins higher than ethylene, the 
yield of the nionoalkylbenzene under previously described condi- 
tions (11, 83, 84, 85, 108, and elsewhere) may be about the same 
as that of ethylbenzene under tlie proposed conditions (near the 
highest curves) ; the yield is increased only slightly by higher 
temperature or pressure. These observations may be due to  a 
!omr  requirement of catalyst concentration for propylation than 
i’or cthylation, so that propylation proceeds in the upper layer 
ewii a t  room temperature. The rate of propylation is increased 
greatly 1,y pressure, homver,  as  esaniple VI1 of the patent (82) 
sh0n.s. 

EXPERI3IEh-TA L DETAILS 

(‘heniically pure reagents were used in experiments 1 to 19. 
Experiment 1 was run in the conventional manner in a balloon 
flask. Experiments 2 t o  12 were carried out in a 3Ionel autoclave 
of 290-nil. caipacity, with a stirrer running a t  400 revolutions per 
niinute. Tlic benzene and catalyst were charged, and the 
autoclave Tws heated in a bath of water or glycerol. Ethylene 
vas charged from a lecture bottle cyclinder which could be dis- 
connected and weighed to estimate the charge. The valve was 
opened intermittently to  reach the desired pressure. The pressure 
dropped rapidly for a few seconds, probably because of solution of 
the ethylene in the benzene, follo~ved by a sloTver drop in the re- 
gion of 100 pounds. 

On completion of the reaction, the autoclave was cooled, 
ventcd, opened, and discharged. The upper and lower layers 

were sixparated, neighed, and decomposed by Tva ter washing and 
by pouring into water, respectively. Tlie combined hydrocarbon 
product was distilled in a packed column equivalent to  about 
eight plates. The distillate came over almost entirely a t  80”, 
136’, 182-181”, and 215-220’C.; and the sniallinternicdiate cuts 
could be resolved by redistillation into the elits indicated, cor- 
responding to benzene, ethylbenzene, diethylbenzcne, and tri- 
ethylbenzene, respectively. KO at tempt  was made to  separate 
isomers. The residue a t  225 ’ C. was negligible except in experi- 
nients 1, 6,10, antl 11, where i t  solidified; 011 recrystallization 
from acetone, it gave crystals melting at 127“ C., an indication 
tha t  i t  contained hesaethylbenzene, the only solid ethylatcd ben- 
zene. Since a distillation analysis of the accumulated residues 
above 225’ C. showed about equal molar amounts of tctra- antl 
pentaethylhenzenes and til-ice as  much hexaethylbenzene, each 
small residue n-as calculated on that  basis. These products boiled 
a t  2-18’, 277“, and 303.4” C. (corrected), respectively, using 
short-range standardized thermometers graduated to 0.2” C. The 
last is 7.4‘ higher than the boiling point given by Doss (21) for 
liexaethylbenzene but is more consistent with an extrapolation 
from the other boiling points. All liquid fractions were saturated 
to  bromine n-ater and had densities of 0.866 to  0.893, coirespond- 
ing to aromatic hydrocarbons. 

The results are summarized in Table I11 antl Figure 1, which 
iiiclude for comparison some experiments under conditions not 
recommended. Experiments 1, 2, and 10 have ether present 
as  a solvent (p7, 29). Experiments 6, 10, and 11 employed ethyl- 
ene under pressure, but the temperature was too low for adequate 
solution of the catalyst or for generation of sufficient hydrogen 
chloride promoter. Experiments 7 and S n-?re run a t  still higher 
temperatures, hut showed no advantage over those a t  100 O C., 
the recommended temperature. Xn excessively small amount of 
catalyst was prescnt in experiment 4, 0.013 mole per mole of hen- 
zene, probahly too little for the lavorable selective solwiit ac- 
tion. d seltctive solvcnt effect mag‘ explain the obserwtions 
( I .$ ,  f i t ,  72 ,  97, 101) that the mole ratio of cataly,st affects the dis- 
uibution of products. Hon-ever, the present results arc indc- 
pendent of tlie catalyst ratio over a higher range’, 0.035 to 0.06 
iespcrinienr 3 nnt l  5), a i d  e v ~ n  don-n to 0.0% mole aluminum 
cliloridc per mole of bcnzenc (experiments 14 and 16 compared 
n-ith 13 and 15). These ratios a r r  much lon-er than that recoin- 
inended in former inyestigations, 0.07, a t  low 
pi’essure (11, 61);  h i t  aye coniparal~lc t o  tlint i i w i  by Amos (2)- 
namely, 0.022. 

The decrease in weight of the lecture bottle c~l ini lcr  estimated 
the ethylene charge only approximately. Since t lierc was 110 loss 
except for the final venting, which was negligible (50 ml. of gas 
in a typical case), and since the product was wholly aromatic, the 
moles of ethylene listed in Table 111 n-ere calculatccl froin the 
number of ethyl groups found in t,he product. 

* 

PLOTTING OF LITERATURE D A T i  

The same niethod of calculation was applicll in plotting the. rc- 
sults of other  investigators in Figure 1, since in ~ < ~ i i i c  ca 
ethyl groups were reporrcBt1 fount1 than “ctliylc~ne ahsorbed”. 
(The explanation may be that “ethylene :ibwrkml” xas  really 
“increase in weight”, irhich may 11 
of benzene.) JIoreover, u-1ic.n ttic I 

n’as presunicd to hc duc, t o  unrtaac 
such as polymerization, which is IIOT significant f i ~ ) m  the tlicwreti- 
cal standpoint of ethj-latiori of the bcbnzen(b ring. I’olynic~riza- 
tion is almost negligible lvit l i  aluniinurn c~h!oritic~ ixtalyst but ap- 
parently not so v i th  boron trifluoriclc, since t h :  al 
product may account for less than half of the c:liylelie reacted 
(15). This niet!iotl of calculation sometimes rcmlta in  a 1iigiic.r 
yield of ethylbenzene based on  the ethylating agcmt than that 
claimed by the authors ( I O ,  .52, 58, 68, 7‘7, SO, 80A). On the 
other hand, the p:~rcentagt’ of ctliyllwnzc~ne in ttic ;tlkglatc boiling 



1200 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  Vol. 38, No. 11 

above benzene, reported in some investigations (15, 621, is not 
identical with yield, as inferred by abstractors. 

When "polyethylbenzenes" were reported together, their dis- 
tribution between di-, tri-, tetra-, penta-, and hexaethylbcnzene 
was assumed to correspond to the calculations appropriate to  the 
curve of Figure 1 passing nearest the plotted yield, or an interpo- 
lation between the curves. For example, a process using two 
molesof benzene for one of ethylene is reported to produce twice 
as much ethylbenzene as polyethylbenzenes. Assuming all the 
ethylene is consumed, the mole ratio, m, is 0.5. .4 trial plot of 
the yield on Figure 1 is near point 17, an indication that n, tlic 
ratio of I<? to K1, is about 1.5. The actual mole fractions in tlic 
product may be computed by interpolations between the calcu- 
lations for )I ,  = 1 and n = 2, with the further restrictions that the 
total ethyl groups equal 0.5, and the total weight of poly- 
ethylbenzenes equals half that  of ethylbenzene, as follows: 
Benzene 0.628, ethylbenzene 0.271, di- 0.080, tri- 0.0173, 
tetra- 0.0034, penta- 0.00046, hexaethylbenzene 0.0001. The 
yield of ethylbenzene would be, therefore, 54.2y0 based on 
ethylene or 27.1% based on benzene. It would be decreased if 
appreciable quantities of hexaethylbenzene were formed as a 
result of concentration of products in the catalyst layer, but this 
was not assumed unless so reported. 

The analyses reported by Milligan and Reid (66) were for the 
upper layers only. In  plotting their yields on the basis of com- 
plete reaction products, it  was assumed that one gram of aro- 
matic hydrocarbons was held in the lower layer per gram of cat- 
alyst, and that these hydrocarbons contained an  average of one 
more ethyl group than those in the upper layer. These assump- 
tions are based on the observations of Berry and Reid (If) and of 
LIarks, Alniand, and Reid (6f), and are supported by the present 
investigation. This procedure diminished the apparent yields but 
increased the niole ratios. The points are still uniformly high, and 
it is not clear why later investigations (11, 61), made apparently 
under similar conditions, did not give such good yields. Four of 
the twenty-one vapor-phase experiments of Pardee and Dodge 
( 7 7 )  showed exceptionally good yields on ethylene but compara- 
tively low conversions of benzene. Clich (98) reported an  experi- 
ment which seems to indicate a high yield using gallium chloride 
as a catalyst, but again the conversion and catalyst life were low. 

Some inaccuracy in plotting in several cases in the literature 
results from missing data or imperfect material balances, which 
had to be reconciled by estimates. The precision of each point of  
Figure 1 is therefore not better than the area of the letter used to 
designate i t .  For clarity the let,ter chosen is the initial of an 
author. The high congestion of points in the lower left-hand 
corner results from the obvious attempt to  minimize excessive 
ethylation by a large excess of benzene. This applies more es- 
pecially to  vapor-phase processes in which the cost of recycling is 
relatively less. To avoid confusion the literature yields on ben- 
zene are indicated by solid dots when the mole ratio is less than 
0.2. I n  these experiments the only yield of interest is tha t  based 
on ethylene. The observations plotted should not be considered 
measures of the authors' success, since in some case for example, 
(61, 72, 73) a high yield of ethylbenzene was not their aim, and in 
several others special conditions or reagents were being tried. 
However, for completeness all published yields of ethylbenzene 
by ethylation which could be found are plotted, so as to facilitate 
evaluation of the effects of conditions used. 

The numbered points in both graphs of Figure 1 correspond to  
the numbers of the experiments in Table 111. The three curves 
in the two graphs correspond to  each other, respectively, and are 
calculated according to  certain assumptions as explained above. 
They are not plots of the points, except for some experiments 
under special conditions, but they are drawn to facilitate com- 
parison of different experiments, since those with plots on the 
same curvo have equivalent yields. All the yields plotted in 
Figure 1 are on 'a once-through basis, except four multiple-pass 
runs of l l a t t ox  (sa), which were not recycling in the sense of 
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intermediate removal of product. Results of recycling (1 7 ,  
63, 63.4, 80, 80A, 92), which are higher, are not comparable. 
The yields both for the points and the curves are interrelated, 
those based on benzene being m times those based on ethylene (or 
other ethylating agent), respectively. Points showing yields on 
benzene are directly under those shoning yields on the ethylating 
agent. 

OPERATION WITHOUT VAPOR SPACE 

The ethylene may also be added to the benzene layer above the 
catalyst layer. This method is satisfactory if the stirring is ef- 
ficient and if the rate of introduction of ethylene is not excessive. 
Too rapid addition of ethylene in this manner causes local ex- 
cesses which react almost instantly, with formation of some hexa- 
ethylbenzene and other highly ethylated products and with lower 
yields of ethylbenzene resulting. Multiple injection would help 
and would increase the permissible speed of addition of ethylene. 
The ideal multiple injection is by means of a vapor phase, as in the 
six experiments described earlier; this method is preferred if 
substantially pure ethylene is available as a reagent. If a mixture 
of ethylene and paraffins must be employed, however, passage 
through the benzene layer is recommended so as t o  scrub out the 
reactive ethylene from the inert gases. 

to 19 in a 1100-ml. autoclave equipped with a stirrer running a t  
400 r.p.m., an inlet tube extending halfway doFn, an  exhaust 
from the top, and a horizontal disk partition near the top with a 
narrow clearance around it, t o  minimize agitation above it, so 
that  the effluent would consist only of the upper layer. The ar- 
rangement isillustrated schematically in Figure 2d.  

The autoclave was charged vith catalyst,. filled completely 
with liquid benzene, and heated to 100" C. i n  a hath of boiling 
mater while enough benzene v-as released to hold the pressure a t  
200 pounds per square inch, the excess being deducted from the 
charge. Ethylene pressure a t  300 pounds ivas then applied and 
maintained throughout t,he run. A slow, steady n.ithdrawa1 of 
liquid from the exhaust controlled the rate of reaction, since ethyl- 
ene entered and reacted as fast as there was room for i t ,  as proved 
by the nonappearance of appreciable amountq of gas in the ef- 
fluent. 

Experiments 13 to 16 gave satkfactory result.s, although not 
quite such high yields as those obtained with ethylene added to 
the vapor phase. Experiments 17 and 18, made x i th  only 0.013 
mole aluminum chloride per mole of benzene, gave a decreased 
yield, as in experiment' 4 Tvith the same catalyst ratio. Experi- 
ment 19, which was almost the equivalent of 13, gave a poor result, 
presumably because of too rapid withdrawal of liquid, causing 
local excesses of ethylene, Ivhich the stirrer was unable to dissipate 
before reaction. The high speed of the ethylation reaction is evi- 
denced by the presence of hexaethylbenzcne in the products of 
runs 13 to 19, as contrasted with those from experiments made 
without bubbling of the ethylene. This is one reason for the 
slightly lower yields in experiments 13 to 16 than in 3, 5, and 9. 
.inother reason is the fact that  in the early part of a run almost 
pure benzene was being withdravn and included in t,hP product. 

In  continuous operation ethylene, fresh and recycle benzene, 
and recycle polyethylbenzenes should be charged in suitable 
proportions; and the upper layer should overflow into a cooled 
settling chamber so arranged that the catalyst precipitating 
out is returned to the reaction chamber. T o  avoid corrosion of 
the still and regeneration of benzene6 during distillation, the re- 
maining dissolved catalyst must be removed by washing the al- 
kylate with water or sodium carbonate solution before distillation. 
One mole of aluminum chloride for forty or fifty of benzene in the 
reaction zone is sufficient. The consumption of aluminum chlo- 

This method of operation \vas investigated in experiments 13 * 

6 Even a t  room temperature ethylbenzene stirred with aluminum chloride 
forms benzene and polyethylbenzenes in a few minutes ( 4 ) ;  but  the ethpla- 
tion should not be considered reversible, since no ethylene is evolved even a t  
the boiling point. 

ride (due mostly to solubility in the cold product, which is less 
than 1%) is estimated at about 1 pound for 60 pounds of ethyl- 
benzene produced. 

OPERATION WITH DILUTED ETHYLENE 

With some exceptions (included in citations 22, 24, 55, W), the 
ethylations reported as using ethylene seem to have used it in sub- 
stantially pure form. The only numerical result with diluted 
ethylene is from an experiment (62) x i th  an  extremely lorn mole 
ratio of ethylene, 0.0074, which gave necessarily a low conversion 
of benzene. 

The use of diluted ethylene was studied in experiments 20 to 
22 in the same autoclave but operated as batch runs. Smaller 
charges of benzene were used. At 100" C. before introducing 
ethylene, the observed pressure n-as 20 pounds gage, of which 11 
pounds is due to the vapor pressure of benzene (26 pounds ab- 
solute) and the balance is presumably due to hydrogen chloride. 

Mixtures of ethylene with paraffin gases were made up  in a 
charge cylinder which was connected to the aut,oclave. 'The gas 
bubbled through the benzene layer and raised the pressure to that 
indicated in Table 111; the pressure \yas maint>ained at that point 
until that  in the charge cylinder \vas reduced to th'e same value. 
Meanwhile unreacted gas was exhausted from thP top of the au- 
toclave through a worm condenser intended to condense the ben- 
zene vapor into a trap. This arrangement was satisfactory for 
experiments 20 and 21, but in 22 t,he volume of the inert gas was 
so great that the benzene loss was substantial. The amount of 
loss could be estimated readily from the total molar content of 
the product. On a larger scale most of this benzene could have 
been returned to the autoclave by reflux through a different line 
from the gases. The use of pressure is advantageous in this re- 
spect, since without pressure Kimberlin (55) encountered severe 
losses of benzene, which he prevented by scrubbing the exhaust 
gases with recycle polyethylbenzenes. 

The exhaiist gas was analyzed for ethylene by absorption in 
mercuric sulfate solution (30) near the end of run 20, and near 
the beginning, middle, and end of the other two runs; the seven 
results were: run 20,5%; run 21, 3.5, 1.5, and 091,;. run 22, 0, 3.7, 
and 4 5 7 &  The first figure indicates about 90% utilization of 
ethylene in run 20. At the higher pressure of run 21 this was im- 
proved to an average of 9770 utilization. The decrease in effi- 
ciency in the latter part of run 22 was dbe probably to the lower 
level of benzene in the autoclave resulting from the loss, so that 
the gai: bubbled through a shallower depth of liquid. The yields 
from these three experiments, corrected for the benzene vaporized, 
were comparable to  those using pure ethylene; in no case was 
hexaethylbenzene found in the products. 

The times given for experiments 13 to 22 are not quite cornpar- 
able to that of 12 because the rate of exhaust, which controlled 
the reaction, was limited by mixing factors not involved in experi- 
ment 12. 

The proposed conditions (higher temperature and pressure) 
could be applied to ethylation with ethyl halides only with addi- 
tional complications. The reagent would require liquid-phase 
injection a t  a controlled rate. Furthermore, the reaction would 
evolve equivalent amounts of hydrogen balide, which would have 
to be released to relieve excess pressure, with provision for re- 
fluxing benzene. This arrangement would be similar to that  ap- 
plicable to  operation 1%-ith diluted ethylene. 

OPERATION WITH DILUTED BENZENE 

Pure ethylbenzene or other monoalkylbenzenes and wholly 
aromatic mixtures of isomers can be made from hydrocarbon 
mixtures containing low concentrations of benzene and toluene 
(34). The method consists in distilling the mixture to an end 
point slightly above the boiling point of benzene or toluene, alkyl- 
ating the mixture with appropriate amounts of ethylene, propgl- 
ene, or butenes, and redistilling the product to the same end 
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point or a little higher. The rcsidue is wholly aromatic, and from 
it the several alkylbenzenes can be separated by distillation. 
This process has the effect of preparing benzene or toluene from 
niixturcs with nonaromatic hydrocarbons as reagents for alkyla- 
tion, an otherwise expensive process. Experiment 23 illustrates 
the operation. Son-a (91) used a similar niethod t o  make toluene 
from hydrocarbon mixtures containing benzene. the alkylating 
agent being a polynietli?.lbeiizene. .iltcrnatively, the method 
can be used to  eliminate aromatics from hydrocarbon mixtures 
such as kcrosenr or Diesel fuel by a somcivhat heavier alkylntion 
followed by distillation. 

The  use of lriglicr temperature and ethylene prcwirc  for c.tliy1- 
ating dilute aromatics gave only :i slight improvement ill yield 
(experinwilt 24), probably because the solithilit>- of aluminum 
chloride is Ion. in a largely nonaromatic hydror.ai.ijon niisture; 
but pressure accelrrated the  roaction grcat 1y. T l w  friirtioii.: 
shown in Table I11 had the follon-ing clviisitics, d:', c ~ n i p : ~ r c t l  t o  
literat w e  values : 

. Observed 1i ter : i ture  i l i  
Ethylbenzene 0.8661 0,8069" 
Diethylbenzenes 0.8670 0.86176 to 0.88116 

Polyethylbenzenes 0.8823 0.86085 to  O.81Gb 
(mean 0.8684) 

(mean 0 882)  
~~ 

a The Xational Bureau of Standards made t h e  follon-ing selectioti (1 )  01 
Properties of ethylbenzene: boiling point, 13G.180" C. ;  d:", 0.86696; 7 1 -  , 
1.49584. 

b Corrected to Z O O  C. 

Since the nonaromatic portion of tlie cllilryc had a dcnuity of 
only 0.720, the ethylbenzene product seems t o  be over !)FicC pure; 
and tlie other products appear to  be complctcly aromatic. 
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CORRESPONDENCE 

Moisture Adsorption of Textile Yarns 
at Low Temperatures 

SIR: In regard to the artirle by  It. c'. D,irIiiiy :ind 
in thc, M a y  issue of IXDCPTRIAL ASD ESGISEERISC 
w(1 \vis11 to  point out tlint nioisturcl r~gaiiied by tertile fibcr- 
can Iiardly follon- thv c o w s ( '  iritlic:~tcd by tho interpolated data  
in Table 11, page 527, of the x t ic le  citcd. TIT-o ohvious f:iult- 
appear n-hen oiie inqiects the u ~ i i a l  plot, regaiii vs.  relntivl, 
humidity, for n-ool, purified cotton. and viscose rayon (Figurt, 1). 
First, the  form of these interpolated isotherms, shon-n dottccl. 
in no way approsirnates that  of Wii.geriiik's, with ~ v h i i ~ h  the dntn 
arc cwrnlxtred. In fact, Darling niid Rcilding's isotherms inter- 
sect the Kiegerink isothernip which arcs of the recognized form. 
Second, continuation of their  interpolated curves to  zero rpgain 
would result in intersection o n  the abscissa at  a positive value or' 
relative humidity, :t situation which seems completrly unjustifi- 
a b k .  

D:u,liiig and Belding note the preparation of their samples i n  
the same manner used by Wegerink. This fact is iiot suf- 
ficient evidence to justify the incorporatioil of liis da t a  into 
their correlation, sirice i t  is n-ell known that  history of growth 
and treiitment affect fiber properties including nioistnrc. regain. 
Thcrcaforc.. it is nearly impossible for the samples to  he identical, 
and i ~ ~ i  exnct correlation n-ould be fortuitous. If the materials 

tlici $:me, the spnping betxeen Weperink's 158" and 96" F. 
should bc of the  wnie order of ningnitudc as ticltn-cell hi- 

1'. line and tlie Darling-Belding 40' F. lints. &is Figure 1 
skion-5, thi. points :it XI(", humidity are almost 011 tlic. 96" F. 
Wicycrink linc for ~ o o l  and purified cotton and dirc,c.tly on the 
line f o r  viscose. The  90''; re1:itivc humidity points are above tlie 
rangc' ot' IVivgeririk's data  but generally sho\r the s:imc lack of 
evidencci 0 1  s:iniple similarity. As further evidence, lines are in- 
cludcd on  the \\-no1 nnd cotton figures showing the position which 
is prcilirtcd :'ram the  TTlcgerink data  for the 40' F. isotherm by :I 
dc'virc, of the v-riters'. I t  n-ill be seen that  thcl isotherms are 
m u c h  I I ~ ~ I W  re:isonably pl : ic . td  than the esperiniental points of 

1 il-hita.ell ancl Toner, T e i i i l e  Research J., 16, 2 5 5  (194G). 


