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'I'rialkyl aluminums, frequently referred to as Ziegler 
catalysts, have within the last few years been used exten- 
sively in several processes involving olefin chemistry, in- 
cluding the production of higher a-olefins, high polymers, 
and fatty acids. Several articles reviewing the chemistry 
of trialkyl aluminum have been published (6, 19 to 21) .  

The most important reactions occurring between tri- 
alkyl aluminum and olefins such as ethylene are shown as 
follows: 

al--R + CH2=CH2 -+ al-CH2-CHa--R 
(growth reaction) ( 1 )  

d-CHa-CH2--R' + CHa=CH2 3 
uGCHZ-CH~ + CHZ=CH--R' 

(displacement reaction) (2)  
where a1 = A1/3 

Furthermore, trialkyl aluminums decompose to form hy- 
drides: 

( 3 )  
The hydrides react with an olefin such ethylene as fol- 
lows: 

al -H + CH2=CH2 -+ aZ-CH2-CH3 (4 )  
Possibly the displacement reaction (2)  is actually a com- 
bination of (3)  and (4 ) .  In general, most commercial 
interest for these reactions occurs at temperature from 
about 100" to 220°C. Decomposition becomes a problem 
above about 200°C. 

The mechanism of the reactions has been considered by 
several investigators. Ziegler (22) and Skinner et al. 
( 1  3 )  both report that the distribution of alkyl groups pro- 
duced follows a Poisson type of distribution with possibly 
a slight tendency to favor the higher molecular weight 
products. Ziegler has indicated without presenting experi- 
mental data that the rates of the growth reactions are 
directly proportional to the ethylene concentration (18, 
21 ) and to the square root of the concentration of the tri- 
alkyl aluminum (18). Ziegler .considers this latter finding 
as evidence that the monomeric form AIR3 of the catalyst 
is the active species rather than the dimeric form AIZRs. 
Natta (12) ,  however, found that the rate was directly 
proportional to the concentrations of both ethylene and 
trialkyl aluminum. 

Although considerable commercial interest is being 
shown in the production of higher olefins (1, 3, 5, 6, 10, 

d-CH2-CH2--R' + al - H + CH2=CH--R' 
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11 ) , more information is still needed on ways for optimiz- 
ing the yields of the desiied products and on the mechan- 
ism of the reactions. The addition of extremely small 
amounts of nickel salts tlo the reaction mixture promotes 
displacement reactions relative to growth steps (2 ,  9, 18, 
23) ,  but the role of the nickel is not known. Transfer of 
the olefins to the liquid phase containing the irialkyl alu- 
minum is obviously important in the process. In order to 
clarify the reactions and in order to obtain kinetic informa- 
tion, extensive data have been obtained for the reactions 
between triethyl aluminum (TEA) and ethylene. A mech- 
anism is postulated in part based on the kinetic results. 

EQUIPMENT AND OPERATING PROCEDURE 

The stirred-tank reactor used in this investigation was a 
300 cc. capacity autoclave purchased from Autoclave Engi- 
neers. It had an internal diameter of 1 13/16 in., inside height 
of 7 in., and was constructed from 316 type stainless steel. 
The Dispersomax turbine impeller was generally operated at 
875 rev./min. The reactor was provided with a liquid sam- 
pling line, a vent line with an attached partial condenser, a 
pressure gauge and an extra line to the condenser so that the 
liquid formed in the condenser could be easily drained back 
to the reactor. The reactor was provided with electrical 
heaters. 

Solutions of triethyl aluminum (TEA) were transferred to 
the reactor with high-purity dry nitrogen. Two solutions of 
approximately 10% by wei.ght TEA were obtained premixed 
from Texas Alkyls. The solvents in these solutions were Varsol 
or technical grade n-decane. The Esso Research and Engineer- 
ing Company reported that the relatively high boiling Varsol 
contained 31 % aromatics, 21% naphthenes, 35% paraffins, 
and 13% condensed napthenes. 

Chemically pure ethylene obtained from the Matheson Com- 
pany was first dried with a P205 tube, was metered with a 
sharp edged orifice, and entered the reactor through a dip 
tube. The bottom of the dip tube was located near the bottom 
of the reactor below the liquid level. The gases from the re- 
actor usually exhausted through an air cooled condenser plus 
a heated line containing a back pressure regulator. The ex- 
haust gases could be metered with a soap-buhble flowmeter 
or could be analyzed for all major components with a two- 
column gas chromatrographic unit. One column was used for 
all hydrocarbons up to C6.s and the other for heavier hydro- 
carbons. The unit was calibrated so that the analyses were in 
general accurate to within 5% or less. 

After the reactor was loaded with 150 cc. of solution con- 
taining TEA, hydrocarbon solvent, and nickel salts, the re- 
actor was pressured with ethylene. Special care was taken so 
that no air or moisture entered the system. The agitator was 
started, the reactor was heated to the run temperature, and 
the pressure was adjusted with the back pressure regulator. 
When the desired temperature was obtained, the ethylene flow 
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was started. Approximately 0.5 to 1.0 hr. were required to 
start up the system and to obtain temperature control within 
0.2"C. flow rates within 1 to 2%, and changes of pressure 
normally less than 0.1 Ib./sq. in. During the course of the rim, 
the flow rate and analyses of the exhaust gases were deter- 
mined several times. Liquid samples were also taken during 
each run. These samples were hydrolyzed, and the resulting 
paraffin gases were analyzed with a gas chromatographic 
column. 

RESULTS 

A total of 104 runs were made over the following 

Temperature, 80" to 220°C. 
Pressure, 15 to 135 lb./sq.in.abs. 
Concentration of TEA in starting solution, 

Nickel (as salt) added, 
Agitation, 850 rev./min. 

ranges of operating variables: 

1 to 10% by weight 
0.0 to 0.6 g. 

Product Analysis 

Butenes, especially 1-butene, were the major gaseous 
products of all runs of this investigation. When fresh 
nickel salts were added at relatively low temperatures (as 
will be discussed later), 2-butenes were initially the 
major products, and they were apparently formed by iso- 
merization of 1-butene. Often the cis to trans ratio of 2- 
butene was about 1 to 2, indicating essentially thermody- 
namic equilibrium. The production of 2-ethyl-1-butene 
generally decreased when the production of 1-butene de- 
creased. Reaction of 1-butene with ethyl-aluminum groups 
would be a likely mechanism for the production of 2-ethyl- 
1-butene. The amounts of hexenes, including 1-hexene, 
tended to decrease as a run proceeded. 2-ethyl-1-hexene 
was the major octene detected, but generally few, if any, 
octenes were noted in the oft' gases. Octene concentrations 
might have increased if the runs had been continued for 
long periods of time. Traces of propylene, isobutane, pro- 
pane, and perhaps methane were generally observed in 
the gas stream. Several peaks, including some which were 
apparently Cs olefins, were detected in the initial stages 
of most runs with fresh catalyst. Possibly a few propyl- 
aluminum groups were present in the fresh catalyst. One 
component which is probably either 3- or 4-methyl-l- 
pentene occurred in trace quantities during the entire 
course of several runs. 

In all cases, only part of the ethylene reacted, and it 
was always the major component in the exhaust gas 
stream. Material balances based on the analyses and on 
the flow rates of the entering and exhaust gas streams in- 
dicated that in general a relatively small fraction of the 
ethylene was retained in the reactor for most runs. The 
ethylene could have been retained as either dissolved 
ethylene, dissolved reaction products, or reaction products 
between ethylene and TEA. 

Deactivation of the Catalyst 

The activity of the catalyst decreased significantly dur- 
ing the course of several runs. Such a decrease could be 
caused either by the buildup of less reactive alkyl groups 
on the catalyst, by irreversible types of decomposition, or 
by actual destruction of the catalyst by impurities such as 
moisture, acetylenes, etc. Treatment of the entering ethyl- 
ene with a separate TEA solution in addition to P205 
did not reduce the loss of catalyst activity, so this treat- 
ment was discontinued. The loss of activity was apparently 
caused mainly by the first two factors mentioned above. 

In a run at 100°C., the fraction of feed ethylene that 
reacted and was exhausted as higher olefins in the exit 

gas stream increased with time from 13 to 17%. Approxi- 
mately 8 to 10% of the ethylene was not accounted for 
based on a material balance. Immediately following this 
run, another run was made at 140°C. with the same 
catalyst solution. In the first stages of this run, 16% of 
the ethylene remained in the liquid phase and 45% of 
the ethylene reacted. After 2 hr. of the run, the values 
had become 11 and 32 to 35%, respectively. 

Runs made at a )ow catalyst concentration (1% TEA) 
reached an apparent steady state value after several 
hours, but 10 to 15% of the ethylene was retained, indi- 
cating that the catalyst was being diluted. 

Effect of Agitation 

The normal level of agitation, namely 850 rev./min., 
was sufficient to eliminate most of the mass transfer re- 
sistances between the gas and liquid phases in the reactor. 
This conclusion is based on two types of experimental in- 
formation. First, runs made at both 850 and 1,700 rev./ 
min. indicated no differences in the type or rate of reac- 
tion even at high rates of reaction. 

TIME, SECONDS 

Fig. 1. Determination of mass transfer 
coefficients. 

Second, calculations based on mass transfer coefficients 
(KTA) also indicated that the ethylene concentrations in 
the liquid phase during a run were 98% or more of the 
equilibrium concentrations. These mass transfer coefficients 
were determined experimentally for ethylene at 850 rev./ 
min. and at pressures from 25 to 120 lb./sq.in.gauge. In 
these measurements, the solvent was first added to the 
autoclave, and then the gas portion of the autoclave was 
filled with ethylene. The agitator was started, and the 
pressure drop caused by ethylene absorption was followed 
for several runs as a function of time. The rate of ethylene 
absorption is given as follows: 

Rate of absorption = KTA ( P  - P " )  

When one assumes an ideal gas and Henry's law, the 
equation can be integrated as follows: 

P - Pf KTA 1 RT 
log Pi - Pf 
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The experimental data for several runs were plotted from 
Equation ( 5 ) ,  as shown in Figure 1. Solubility data had 
also to be determined experimentally in some cases as will 
be discussed later. K T A  values were calculated based on 
the slopes after 20 sec. of each run. The first portion of 
the run was required to develop a fine, uniform, gas-liquid 
dispersion and to develop the maximum transfer coeffi- 
cients. KTA values of 0.122, 0.126, 0.143, and 0.124 m.- 
moles/sec., Ib./sq.in. were determined for these runs. 
Presumably the mass transfer coefficients during the reac- 
tion runs were similar to these values. 

Solvent Effects 

Comparable runs made with the two solutions of TEA 
as catalyst (that is, one having n-decane as solvent and 
the other Varsol) indicated no significant differences rela- 
tive to the course or rate of reaction. 

Pressure Effect 

The effect of pressure on the reactions was determined 
in each of two series of runs. One series was made at 
152°C. with 10% TEA in n-decane. The other series was 
also made at 130°C. with 10% TEA in n-decane, but 5 
g. of 6% nickeI naphthenate was also added. The ethyl- 
ene flows were regulated during the runs in order to 
maintain essentially constant mole fractions of ethylene 
in the gas phase. The ethylene partial pressure was as- 
sumed to be equal to the mole fraction of ethylene in the 
product gas multiplied by the difference between the 
absolute pressure of the reactor and the vapor pressure 
of n-decane. The method is not perfect, since some heavier 
components and solvents are being refluxed, but it should 
be reasonably accurate. At 0 and 30 lb./sq.in.gauge, there 
was no significant catalyst deactivation, but some occurred 
at 75 and 120 lb./sq.in.gauge. Data at the higher pres- 
sures were extrapolated by a straight-line method back to 
the start of the run at 75 Ib./sq.in.gauge. Figure 2 indi- 
cates that the rate of ethylene reaction was directly pro- 
portional within experimental accuracy to the partial 
pressure of ethylene for both series of runs. 

ETHYLENE PARTIAL PRESSURE. PSI 

Fig. 2. Effect of pressure on rate of reaction. 

Effect of  Temperature and TEA Concentration 

Data above 180°C. were unreliable because of extensive 
refluxing of both the products and the solvent. Since the 
reaction depends on the amount of dissolved ethylene, the 
effect of temperature on solubility had to be considered 
in calculating the fraction of the dissolved ethylene, react- 
ing per minute. 

Fraction reacting 

mole of ethylene reacted 
(min.) , (mole of ethylene dissolved) 

= Ratez (6) 

The fraction reacting per minute was determined for 
thirty-three runs as a function of both TEA concentration 
and temperature. Figure 3 shows the results for series of 

runs at 30 Ib./sq.in.gauge and at a constant ratio of nickel 
naphthenate to TEA. In most cases, the material balances 
for these runs were good. At 180°C., the fraction reacting 
was linearly dependent on the catalyst concentration but 
was more complicated at both 140" and 160°C. The re- 
sults at 100" and 120°C. are less definitive because the 
reaction rates were low, and relative experimental inac- 
curacies became significant. 

Several additional runs without nickel catalyst showed 
similar dependence on temperature and catalyst concen- 
tration. 

WEIGHT FRACTION AIEtJ 

Fig. 3. Effects of temperature and concentrn- 
tion of TEA on rates of reaction. 

Nickel Effects 

Both 6% nickel naphthenate in mineral oil [recom- 
mended by Continental Oil Company ( 2 ) ]  or nickel 
acetylacetonate (used by Ziegler) were used in numerous 
runs. Phenyl acetylene was added in several runs as 
recommended by Ziegler (18). During the first several 
hours after nickel was added to the reactor, up to 70% 
of the butenes were cis or trans 2-butenes. With time, this 
fraction decreased, and 1-butene became the primary 
product. The decrease was more rapid at high tempera- 
tures. One run made at 880°C. indicated that most of the 
butenes were still 2-butenes after several hours of opera- 
tion. Based on the formation of 1-hexene, the displacement 
reaction was not significantly increased by the nickel. Pos- 
sibly such an effect could have occurred early in the run 
and was unobserved. 

o NO NICKEL 

A 1.0 GRAMS 
5.0 GRAMS 

ACElYLENE 

TEMPERATURE, OC 

Fig. 4. Effect of adding nickel naphthenate to 
to lO?h TEA. 
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The addition of the nickel decreased the rate of ethyl- 
ene reacting, as shown in Figure 4. The addition of 1.0 g. 
of nickel naphthenate solution to 150 ml. of 10% TEA 
in n-decane reduced the rate of the ethylene reaction by 
about 30% between 100" and 160°C. Further nickel ad- 
dition had less additional effect on the rate. 

When runs with nickel acetylacetonate and nickel 
naphthenate were compared at similar molar concentra- 
tions of nickel, the rates of reaction were essentially identi- 
cal. Nickel or nickel salts slowly precipitated out of the 
solution to form black deposits which were found when 
the reactor was opened after a number of runs. 

Solubilities of Olefins in the Liquid Phase 
The solubilities of ethylene and 1-butene were deter- 

mined experimentally in the pure solvents at various pres- 
sures and temperatures. The autoclave was partially filled 
with the desired solvent, and the olefin was then added. 
Equilibrium was obtained after several minutes of agita- 
tion; the pressure and temperature of the system were 
recorded. The olefin was slowly vented, while vigorous 
agitation was provided until atmospheric pressure was 
reached; the amount of olefin vented was measured. When 
we know the equilibrium pressure and temperature, atmo- 
spheric pressure and temperature, liquid volume, gas 
volume in the autoclave, and the volume of gas exhausted, 
we can calculate the amount of olefin dissolved in the 
solvent above the amount dissolved at atmospheric pres- 
sure. Henry's law was found to apply, and the amount at 
atmospheric pressure was determined by extrapolation. 
The gas solubilities were essentially identical in both pure 
solvents as well as in the 10% solutions of TEA. The solu- 
bility constants, expressed as mole per pound per square 
inch absolute, liter solvent are represented by the follow- 
ing equations from 28" to 160°C: 

KE = 2.91 ( exp (997.5/T) ( 7 )  
K ~ - B  = 0.917 ( exp (2,171.1/7') (8) 

Solubility constants for other C4 and c6 olefins were 
estimated from the generalized tables of Hadden (8) and 
Winn ( 1 7 ) .  

KINETICS OF REACTION 

Evaluation of the kinetic data for this as-liquid system 

activation and the need to operate the system for several 
hours to obtain essentially steady state operation. Fortu- 
nately, deactivation, especially at lower pressures and 
lower catalyst concentrations, was low. The kinetic data 
were corrected to constant catalyst activity by extrapola- 
tion to values for catal sts that had been used 4 hr. Such 
catalysts were assumeb;o have essentially reached steady 
state conditions relative to dissolved hydrocarbons and 
relative to alkyl groups attached to the aluminum atom. 

Temperature affected not only the basic reaction but 
also the solubility of ethylene in the liquid phase and the 
following association reaction of the trialkyl aluminum, 
shown here as TEA: 

is complicated by several factors, inclu f. ing catalyst de- 

2 AIEt3 + AIzEt6 (9) 
The equilibrium constant for Equation (9) is as follows: 

If C represents the mole fraction of AlEt3 which would 
be present with the assumption of complete dissociation 
of AI&t,, then 

2(Al&t6) f (AIEt,) = C (11) 

The actual mole fraction of AlEt3 monomer at equilibrium 
conditions in the system is calculated as 

- 1 + ( 1  + 8 KaC)0.5 
(AlEt3) = (12) 

4& 

and the concentration is given as follows: 

[A1EtsI~onorner = D(AlEt3) (13) 

By assuming that the mole fraction of the monomeric 
form of triethyl aluminum is given by Equation (12), and 
by using the solubility of ethylene in the reaction media 
described by Equation (7) ,  the experimental data were 
tested by using the following rate expression: 

moles ethylene reacting 
min., liter ( 14) - - 

Rate data taken at 130" and 152"C., constant TEA 
concentrations, and partial pressures of ethylene from 9 
to 120 lb./sq.in. were plotted in Figure 2. Since the rate 
is directly proportional to the ethylene concentration, the 
following simplification of Equation (14) is then possible: 

moles ethylene reacting 
min., mole ethylene dissolved (15) - - 

Values of K ,  were calculated from the kinetic data 
( 1 4 )  and the assumption that Equation (15) is applic- 
able. Table 1 presents the values obtained based on these 
kinetic data. Values of the dissociation constant K D  ( K D  = 
I/Ka) have recently been determined by thermochemical 
means ( 1 5 ) ,  and K ,  values by this latter method are also 
shown in Table 1. The agreement between the kinetic and 
thermochemical values of K ,  was rather good, when we 
consider the indirectness and uncertainties of the kinetic 
approach. These equilibrium values were used to estimate 
the heat of dissociation of TEA as about 20 kcal./g.-mole, 
which is similar to 20.2 kcal./g. mole for trimethyl alu- 
minum reported earlier ( 4 ) .  

TABLE 1. COMPARISON OF K ,  VALUES 

Temp., 
"C 

120 
140 
160 

K a  
Kinetic Thermochemical 

167 
48 
16 

239 
83 
32 

An attempt was made without success to modify the 
kinetic equations presented above and to include a term 
to represent the nickel added to the system. Kinetic data 
obtained both with and without nickel in the system were 
correlated, however, from the above equations. 

The values of K ,  based on thermochemical measure- 
ments (1 5 )  were employed to calculate the TEA monomer 
concentration. Figure 5 is a plot of the rate (Ratez) vs. 
the concentration of monomeric TEA in the reaction mix- 
ture. A relatively good fit of the kinetic data at each tem- 
perature was obtained by this method. Individual data 
points for IOO", 120", and 130°C. are not shown on 
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Figure 5 in order to preserve clarity. The slope of the 
best straight lines for each set of data at a given tempera- 
ture is equal to the rate constant k. These k values have 
been correlated from an Arrhenius type of plot (Figure 
6). The activation energy for the reaction was calculated 
as being 15 kcal./mole. 

O.3Or . . , 

I - 0  0.04 0.08 0.12 0.16 0 20 
3 CONCENTRATION [,,Et,] yoyoycR 

I 

I - 0  0.04 0.08 0.12 0.16 0 20 
3 CONCENTRATION [,,Et,] yoyoycR 

Fig. 5. Determination of reaction rate constants. 

- X 10'. O K - '  

Fig. 6. Arrhenius type of plot of reaction rate 
constant. 

Use of Equation (14) involves several assumptions: 

1. The solubility of ethylene in the liquid phase of the 
reactor is the same as that of the pure solvent. The com- 
position and quantity of the liquid phase are obviously 
somewhat different than those of the starting catalyst 
solution. The basic assumption is probably reasonably 
good. 

2. The dissociation of the trialkyl aluminums in the 
reactor to the monomeric form AIR3 is the same as that 
of TEA. Some relatively large alkyl groups R are, of 
course, attached to the aluminum atom. As the alkyl 
groups become larger, dissociation of the trialkyl alu- 
minum increases. As a result, calculated values for the 
abscissa of Figure 5 may be somewhat low. The volume of 
the liquid phase increases, however, as hydrocarbons are 
dissolved, which to some extent at least counterbalances 
the above factor. 

3. No appreciable destruction of the catalyst occurred 
at the end of 4 hr. Thir; was the time to which the experi- 
mental data were extrapolated to obtain a constant catalyst 
activity. 

Based on the kinetic model, the rate controlling step is 
the reaction ( s )  of dissolved ethylene with trialkyl alu- 
minum catalyst, that is, Equations (1) and ( 2 ) .  Further- 
more, the monomeric form of the trialkyl aluminum is the 
active catalyst and not the dimer. At high concentrations 
of TEA, additional solubility data would be required, 
since the present data would likely not be applicable. 

ALKYL GROUP DISTRIBUTION IN LIQUID 

A number of chemical models were assumed, and ana- 
lytical expressions for each were developed and solved on 
an IBM digital computer ( 1 4 ) .  The computer results were 
compared to available experimental data, especially those 
of Ziegler (22). A series of equations for transient condi- 
tions were derived based on 0.5, 1.0, 1.5, and 2.0 order 
reactions relative to the active catalyst. Initially the ratio 
constants for the various reaction steps were assumed to 
be independent of the length of the alkyl group attached 
to the aluminum atom. 'The first-order equations gave the 
best fits, except the experimental data indicate more of 
the heavier alkyl groups. If the rate constants were some- 
what higher for the smaller alkyl groups, the analytical 
models would do a somewhat better job of predicting the 
distribution of the akyl groups. 

Weslau (16) has discussed the approximate solution of 
equations in which the growth rate was about thirty times 
larger than the displacement rate. Friedman and White 
(7)  have partially solved equations of such a model. Since 
the present investigation indicates that steady state con- 
ditions were only approximated, there is a need to 
develop additional models that consider the solutions for 
the unsteady state competing growth and displacement 
reactions of the alkyl groups in the liquid phase. Such 
equations have now been derived and solved (14 ) ,  but 
sufficient experimental data are not yet available to test 
them completely. Reliable data will be required in which 
the alkyl groups vary over a wide range of molecular 
weights. 

The catalyst liquid phase in the reactor was analyzed 
in several cases by hydrolysis followed by analysis of the 
paraffins formed. The results are sufficient to give a rough 
comparison of the displacement and growth rate constants: 

Rate of growth of nth chain = k, (CzH4) ( X , )  
Rate of displacement of nth chain = (X,) 

At steady state conditions 

Figure 7 indicates experimental values of X,/Xn+ 1 plot- 
ted vs. the reciprocal of the dissolved concentration of 
ethylene (CpH4) for three consecutive runs. The ratios of 
CZ/C* and C4/C6 alkyl groups are each represented rea- 
sonably well by a single straight line. At the highest value 
of l/(CzH4), that is, 7.7, the points shown are considered 
less reliable since they represent the first run of the 
series, and possibly steady state conditions had not yet 
been obtained. Only trace quantities of C i s  were detected 
in the analyses of the liquid. 
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I / [C2H4], LITERS / MOLE 

Fig. 7. Effect of dissolved ethylene on alkyl 
distribution. 

Based on theory, if the intercept of Figure 7 was 1.0 
(that is kn+l/kn = I ) ,  the addition rates would be inde- 
pendent of the chain length. The data are not sufficiently 
accurate to make a definite conclusion on this point, but 
an intercept of 1.0 approximates the data reasonably well. 
The slope of the straight line indicates that k’,+l/k,+l 
equals 1.36. Calculation of k n t 1  at  152°C. gives 0.8 ml./ 
min., m.-mole; hence, klntl equals 1.1 min.-l. 

If Pn+l equals 1.1 min.-1, then the decomposition 
half-life of an aluminum-butyl group is approximately 1 
min. Such a time is significantly lower than values re- 
ported by Ziegler (24) .  Additional information is needed 
to explain this difference, and Smith (14)  has discussed 
several possible reasons. 

CONCLUSIONS 

The reactions between triethyl aluminum and ethylene 
have been investigated over a wide range of operating 
conditions. Kinetic data were obtained for runs in which 
at  least 95% of the mass transfer resistances were elimi- 
nated. The reaction is first order with respect to the con- 
centration of the dissolved ethylene in the liquid and with 
respect to the monomer of triethyl aluminum. Under the 
conditions studied, nickel salts did not promote the forma- 
tion of low molecular weight olefins as previously reported, 
but they did decrease the rates of reaction probably by 
destruction of triethyl aluminum. Rate constants for both 
the growth and displacement reactions have been ap- 
proximated. 
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NOTATION 

(AIEt3) = mole fraction of the monomer of triethyl alu- 

(A12Eta) = mole fraction of the dimer of TEA 
[AlEts] = mole concentration of the monomer of TEA, 

C = mole fraction of TEA if completely dissociated to 

[CZH,] = mole concentration of ethylene in the liquid 

D 
k 
k‘ 
Ka 
K E  

minum (TEA) 

moles/liter of liquid 

AIEt, 

phase, mole/liter 
= mole density of reaction media, moles/liter 
= forward rate constant for growth reaction 
= forward rate constant for displacement reaction 
= equilibrium constant for association of TEA dimer 
= solubility constant for ethylene in liquid phase, 

moles/lb./sq.in.abs., liter solvent 

K1-B = solubility constant for l-butene in liquid phase, 

K T A  = mass transfer coefficient between gas and liquid 

P = reactor pressure, lb./sq.in.abs. 
P f  
Pi 
P” 

Ratel = moles ethylene reacting/liter, min. 
Rate2 = moles ethylene reacting/moles ethylene dissolved, 

min. 
R = gas constant 
T = absolute temperature, O K .  

t = time 
VG 
V L  
X 

moles/lb ./sq.in. abs., liter solvent 

phases 

= final reactor pressure, lb./sq.in.abs. 
= initial reactor pressure, Ib./sq.in.abs. 
= equilibrium pressure in Ib./sq.in.abs. of gas dis- 

solved in liquid phase 

= volume of gas phase in reactor 
= volume of liquid phase in reactor 
= mole concentration of alkyl group and subscript 

refers to ethylene groups incorporated into alkyl 
group 
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