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Abstract 
The relative reaction constants for the base- 

catalyzed ethoxylation of p r i m a r y  straight  chain 
alcohols have been determined for  the unreacted 
alcohol and the first three ethylene oxide adducts. 
The distribution of the ethoxylates was found 
using molecular distillation, nuclear magnetic  
resonance analysis and gas liquid par t i t ion 
chromatography.  

A mathematical  model describing the distri- 
butions was set up  and p rogrammed on a 7090 
digital computer.  Solution of the p rogram gave 
the relative reaction constants for  the alcohol and 
the first three adduets. 

The relative reactivities of the adducts in the 
base-catalyzed ethoxylation of p r i m a ry  s t ra ight  
chain alcohols are shown to increase with adduct  
number,  but  tend to a constant value as the ad- 
duct number  increases. Results also show tha t  
alcohols f rom C6 to Cts are equally reactive to 
ethylene oxide on a molar basis. 

Introduction 

E THYLENE OXIDE adduets (ethoxylates) of long 
chain alcohols have been commercially impor tan t  

for a number  of years. The largest  applicat ion for 
these ethoxylates is for nonionic detergents and ether 
sulfates. Although the ethoxylation reaction has been 
known for a number  of years (5) the distribution of 
components in the product  has been a controversial 
subject. In  1940 Flory  postulated the theory that  
the product  distr ibution obtained f rom the reaction 
of ethylene oxide with an active hydrogen compound 
followed the Poisson distribution (2). This theory 
was accepted unti l  better  analytical  tools made the 
product  distr ibution analysis possible. However, no 
simple analytical  method has yet  been devised where 
routine analysis can be made on the distribution of 
detergent  range ethoxylates. 

In  recent years evidence has been given that  the 
base-catalyzed ethoxylation of detergent range pri-  
m a r y  alcohols gave a Poisson distribution of compo- 
nents (6). Other evidence has been given that  this 
reaction does not give a Poisson distribution of com- 
ponents (8,9). Probably  the differences observed were 
due to the analysis of the products  ra ther  than  any 
differences existing in the products. Our s tudy deals 
only with the base-catalyzed ethoxylation of p r i m a r y  
s t raight  chain alcohols. Other alcohols and catalysts 
could give a different component distribution (9). 

Process and Equipment 
The ethoxylations for the Study were done in pres- 

sure equipment and, in some cases, glassware. A dia- 
gram of the pressure equipment is given in F igure  1. 

The alcohol and catalyst  were charged to the auto- 
clave through the liquid charge line. Air  was purged 
f rom the system with nitrogen. The autoclave was 
then evacuated to remove the nitrogen. The alcohol 
and catalyst  were heated to reaction tempera ture  and 
ethylene oxide addition was started. The addition of 
the ethylene oxide was controlled by pressure demand 
through a research control valve equipped with a 
Foxboro Controller which was set at the desired re- 
action pressure. When the required amount  of eth- 
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FIG. 1. Ethoxylation pressure equipment. 

ylene oxide had been added, as measured by the 
weight loss of the ethylene oxide container suspended 
on the Baldwin s t rain cell, the addit ion was stopped. 
The digital read-out of the Baldwin strain cell gave 
readings to the nearest  2/1000 of a pound. The re- 
actor contents were post-stirred unti l  essentiallly all 
of the ethylene oxide had reacted. The end of the re- 
action was determined by a drop in pressure to a 
constant level. The autoclave and reaction product  
were then cooled by running cold water  through the 
cooling coils. In  most cases the autoclave was under  
vacuum af ter  cooling. The product  was removed from 
the autoclave through the bottom sample line and 
weighed as a secondary check on the weight of eth- 
ylene oxide added. The product  was neutralized with 
glacial acetic acid and stored for  later  analysis. 

The glassware ethoxylations were done at  slightly 
above atmospheric pressure maintained by a dip tube 
on the vent line submerged in a cylinder of mineral  
oil creating a hydrostat ic  head not exceeding 2.5 em 
of mercury  giving a pressure of approximate ly  0.48 
psig. 

Analysis of Product 
Distillation of Ethoxylates 

The unreacted alcohol and 1 mole adduet  were re- 
moved by column distillation at reduced pressure. 
Fo r  the n-decano] (Clo alcohol)and n-dodecanol (Cle 
alcohol) ethoxylate proctucts a 24 in. • 1 in. column 
packed w i t h .  16 • .16 in. stainless steel prot ruded 
packing was used. The heavier ethoxylate products 
were done-on an 18 in. • I in. column with the same 
type packing. The packing gave one theoretical plate 
per inch. 

The bottoms f rom the distillation column were 
charged to a modified brush still. A head pressure of 
1 to 20/, was mainta ined with a 200/, pressure drop 
occurring across the column. Cuts were taken dur- 
ing the distillation. In  each distillation a point was 
reached where the pressure suddenly rose. This pres- 
sure rise was due to decomposition of the product. 
Toward the end of the distillation the pressure was 
closely watched and as soon as the pressure rose the 
distillation was stopped. The cuts f rom the distilla- 
tion and the bottoms were analyzed by gas liquid 
chromatography (GLC) and n u c l e a r  m a g n e t i c  
resonance. 

Gas-Liquid Chromatography 
The analyses were done on a F & M Model 500 pro- 

g rammed tempera ture  chromatograph.  A 9 f t  • �88 
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FIG. 2. Typical GLC trace. 

in. copper column of 10% D Y L T  polyethylene packed 
on 80-]00 mesh Gas-Chrom Z was used. Copper col- 
umns with other types of packing will give oxidation 
of alcohols to aldehydes, but  this was not experienced 
with the above column. 

The conditions for the analyses were: 130C star t ing 
temperature ,  11C/rain p rogram rate, 65 ml /min  
helium flow and 305C maximum temperature.  

Due to column holdup it was not possible to see all 
of the adduets in the samples. For  example, with a 
Clo ethoxylate it was possible to see only as high as 
the 8th adduct  (y8). In  order to compensate for  col- 
umn holdup and difference in thermal  conductivity 
of the adducts, correction factors were determined to 
make the analyses quanti tat ive.  Pure  alcohol ethox- 
ylates which had been made f rom n-alkyl bromide and 
polyethylene glycols were mixed in various known 
proportions. To the adduct  mixtures were added 
known amounts of the corresponding alcohol and 
n-heptanol (C7 alcohol) as an internal  standard.  
Analysis of the samples on the above column gave 
the required correction factors. 

Changes in correction factors with changes in com- 
ponent  concentrations were not significant. In  order 
to check the effect of higher adducts on the correc- 
tion factors for  the alcohol and lower adducts, a 
sample of typical  alcohol ethoxylate was analyzed 
using an n-heptanol (Cv alcohol) internal  s tandard  
and the correction factors. The weight per  cents of 
the alcohol and lower adducts were calculated. Then 
a weighed amount  of one of the lower adducts  was 
added. Analysis  of this sample using the C7 alcohol 
internal  s tandard  and the correction factors gave an 
increase in the adduet  peak corresponding to the 
amount  of pure  adduet  added. 

A GLPC trace of a typical  Clo alcohol ethoxylate 
containing 40.8% ethylene oxide with 24.22 weight 
per cent C7 alcohol added as an internal  s tandard  is 
given in F igure  2. 

T A B L E  I 

Gas C h r o m a t o g r a p h y  Analys i s  of a Typ i ca l  C1o Alcohol E thoxy la te  

A CF B W l  W~ 

C~OH 1 0 1 4  1 .000  1 0 1 4  .242 
CloOH 598  1 .085  649  .156  .205 
Clo ~- 1 EO 3 1 4  1 . 2 7 4  400  .096 .126  
Clo -Jr 2 EO 2 6 6  1 .430  380  .091 .120  
Clo -~- 3 EO 2 1 7  1 .793  389  .093 .123 

A = A r e a  f rom GLC t r a c e  
CF ---- Correct ion  factors .  
B ~ Corrected  area.  
W l  = W e i g h t  f r a c t i o n  of total  sample.  
W2 = W e i g h t  f r a c t i o n  of e thoxylate  sample.  
C ~ Corrected  total  area.  
A CTOH/W1CTOH ---- C. 
A each component  X CF-- - -B each component .  
B each c o m p o n e n t / C  = W1 each component .  
W l / 1 . 0 0 - W l C ~ O H  ~-- W~. 

T A B L E  I I  

Compar i son  of GLC and  NI~IR Analys i s  
of E thoxy la t ed  n-Dodecanol  

A v e r a g e  moles E O / m o l e  alcohol  

N M R  GLC 

Cut  1 0 .00  0 .00  
2 0 .32  0 .29  
3 0 .79  0 .77  
4 1 .05  0 .99  
5 1 .77  1 .67  
6 2 .54  2 .38  
7 2 .88  2 .75  
8 3 .51  3 ,34  
9 4 . 4 6  4 .14  

10 5 .35  4 .89  
Bot toms  9.14  

The peaks are identified on the trace as the C7 
alcohol, Clo alcohol and ethylene oxide adducts of the 
Clo alcohol. 

The calculations to obtain the weight per  cent of 
the lower adduets are similar to those used to obtain 
the correction factors. The method of the calculation 
of the trace in F igure  2 is shown in Table I. 

The weight f ract ion of each higher adduct  could 
not be calculated because no pure  adducts were avail- 
able to obtain the necessary correction factors. 

l~luclear Magnetic Resonance Analysis 

The method of NMR analysis has been previously 
described (1). The analyses on the cuts were given 
as the average moles of ethylene oxide per  mole of 
alcohol. Pr imar i ly ,  the analyses were used as a check 
on GLC by comparing the values obtained f rom the 
two methods on the average moles of ethylene oxide 
per  mole of alcohol. 

A comparison of the two methods of analysis on 
the distillation cuts of n-dodecanol ethoxylated to 40 
weight per  cent ethylene oxide (2.82 moles) is given 
in Table II. 

Analysis of the bottoms was not successful with 
GLC. The large increase in the NMR value f rom cut 
10 to the bottoms was due to the large amount  of bot- 
toms f rom the distillation. Approximate ly  one thi rd  
of the distillation charge remained as bottoms. 

Distillation of an n-decanol ethoxylated to 45.7% 
ethylene oxide gave better  results, with the bottoms 
representing less than 10% of the distillation charge. 
Bet ter  correlation between GLC and NMR analyses 
was obtained on these cuts. 

R e a c t i o n  Var iab l e s  

Before t h e  data  collected on the ethoxylates of dif- 
ferent  molecular weight alcohols were combined for 
the relative rate constant equations, the effect of mo- 
lecular weight on the reactivity toward ethylene oxide 
was studied. This work was init ially done using a 
blend of lower molecular weight alcohols. For  ex- 
ample, a blend of C0, Cs and Clo alcohols was used 
to facil i tate the analyses. I t  was found that  the al- 
cohols are equally reactive to ethylene oxide on a 
molar basis. F igure  3 shows the per  cent of each al- 
cohol remaining at different ethylene oxide-alcohol 
ratios. 

I f  the alcohols were not equally reactive the curve 
for  each alcohol would be different. Such was not 
the case, as shown by the one curve for the alcohols. 

This work was expanded to a blend of C12, C14, 
C16 and Cls alcohols. This blend gave similar results 
as with the C0, C8 and Clo blend. 

The reaction variables of temperature ,  pressure and 
catalyst  were also studied. No significant differences 
were observed in the ranges:  temperature ,  180-220C ; 
pressure, 0.48-80 psig;  catalyst  le'r 0.125-0.3 weight 
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per cent based on alcohol. Only the alkali metal  hy- 
droxides were used in the catalyst  study. No signifi- 
cant difference in distribution was observed; however, 
the reaction rates are different. I t  should be pointed 
out that  the data points plot ted in Figures  4, 5, 6, 7 
and 8 are f rom the ethoxylation of different molecular 
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weight alcohols reacted at  different pressures and 
temperatures.  

Since no differences were observed in the above 
studies, the data on the different molecular weight 
alcohols were combined for the determination of rela- 
tive rate constants. 
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D e t e r m i n a t i o n  o f  R e l a t i v e  R a t e  C o n s t a n t s  

Statistical techniques were used to derive a set of 
equations which would predict the distribution of ad- 
ducts in the reaction product  and hence the relative 
rate constants. Since the equations describing the 
reaction product are necessarily complicated, most of 
the previous work is based on assumptions which sim- 
plify the equations (2,10). However, the use of high 
speed computers makes it possible to determine con- 
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stants in complicated nonlinear equations and to 
evaluate alternative equations and select one which 
best fits the data. 

The differential equations follow the approach pro- 
posed by Fuoss (3) and Weibull and Nyeander (10). 

The following notation is used: 

yo = mole fraction of unreacted alcohol in the re- 
action product 

Yt = mole fraction of the ith adduct in the reaction 
product  

x = number of moles of ethylene oxide per mole of 
alcohol 

at = relative rate constant for the ith adduet 

As a first approximation the following differential 
equations were assumed: 

dyi 
dx aoyo ( 1 ) 

dyo 
- -  = ai-  l Y i -  1 --aiyi (i = 1,2,3 . . .) (2) 
dx 

solution to this system of equations can be written The 

yo = e -aox 

y t =  H a m  ( i = 1 , 2 , 3  . . .) 
nl=o i 

n (a~ - a j )  
r=o 
r~j 

(3) 

(4) 

Equation (4) is equivalent to Weibull and Nycander 's  
general equation (10) with yo replaced by e . . . .  . 

In  order to determine if equation (3) is a reason- 
able approximation for the unreacted alcohol, the 
data plotted in Figure 4, which includes results from 
the literature as well as results from the present 
study, were used to determine ao by least squares. The 
dash-dot curve plotted in Figure 4 represents the least 
squares fit to equation (3). 

Although there is considerable scatter in the data, 
it is evident from Figure 4 that the simple exponen- 
tial decay function e . . . .  , does not fit the data ade- 
quately, a l though ' i t  is considerably better than the 
Poisson. Since the data points tend to lie below the 
curve, e . . . .  , for low values of x and above the curve 
for high values of x, a power transformation on x is 
suggested. 

I f  x is replaced by a transformed variable, z = x% 
equations corresponding to (1) and (2) can be 
written : 

dy_~o = --boyo (5) 
dz 

dy~ 
dz - -  bi-lyi-1 - b t y i  (i = 1,2,3 . . .) (6) 

where the bi are rate constants relative to z. 
The solutions corresponding to equations (3) and 

(4) in terms of the transformed variable are given by : 

yo = e -~ . . . .  e-bo~" (7) 

i-1 I i e - b l z  

yt = n b m  / ~~ r=~jr=~ (br -- bj) (i = 1 , 2 , 3 . . . )  
( 8 )  
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Example : 
I e_be z 

= t- 
y2 bob1  ( b l - b o ) ( b 2 - b l )  

e-b~z 

(be -- 51) (b2 -- b~) 
c 1 

(bo -- be) (bl - -  be)_] 

Since the parameters a and bi are nonlinear in 
equations (7) and (8), a nonlinear estimation tech- 
nique is required to determine them from the data. 
A technique based on least squares is described by 
Hart ley (4) and Peterson (7) which can be adap ted  
to high speed computers. This technique employs a 
first order expansion around starting values of the 
parameters. This linearizes the equations and deter- 
mines adjustments to be made on the parameters to 
improve the fit. 

The process is iterated until a minimum is obtained 
for 

nl 

( Y i j  - - Y i j )  2 ( 9 )  
j=l 

where 

Yij ---- the jth observation on y~ 
2ij = the jth value of y~ computed from equations 

(7) and (8) 
ni = number of observations on yi 

The exponent a in the transformation z - - x  ~ was 
determined from 

In  Y o - - - b o x  a (10) 

n o  

such that 2 ( ln  Yoj +boxj~) 2 is a minimum. An a 
j-1 

value of 0.702 was obtained from the yo data. The 
solid line in Figure  4 illustrates the effectiveness of 
the power transformation. 

The relative rate constants b~ were determined se- 
quentially from the respective Yi data;  i.e., be was 
determined from the data on Yo. This be was then used 
in the equation for yl to determine bl from the yl 
data, etc. At  each stage of the nonlinear estimation 
procedure the h i  w a s  determined such that equation 
(9) was minimized. 

The relative rate constants, h i ,  determined in this 
manner are shown in Table I I I  for the first four ad- 
ducts (i = 0,1,2,3,4). Table I I I  also contains the con- 
stants for a = 1.0 and the estimated standard errors 
obtained from: 

n! 
Si = :~ (yij - ~ij) 2 

j=l 

ni -- 1 
The smaller s tandard errors for a = 0.702 is fur- 
ther evidence of the effectiveness of the power 
transformation. 

T A B L E  I I I  

Re la t ive  D i s t r i bu t ion  Cons t an t s  (bi  & a t )  
for  V a r i o u s  A d d u c t  N u m b e r s  ( i )  

a ---- 0.702 a--~ 1.0 
i 

bi St ai  st 

0 0.605 0.041 0.467 0.069 
1 1.681 0.018 1.231 0.030 
2 2 .084 0.017 1.428 0.026 
3 2 .374 0.019 2.343 0 .046 
4 2 .490 0.020 

a ~ exponen t  of the  n u m b e r  of moles of ethylene oxide reac ted  
i ---- adduc t  num ber .  

bi ,  at ---- re la t ive  d i s t r ibu t ion  constants .  
st ---- s t a n d a r d  er ro r .  

I I I I I I 

b ;  = 2 .576  - L96  e - 0 "745  

3.0 

z 
~2 ,o  

il.5 

I r I I I I 
I 2 3 4 5 6 

F r o .  9. R e l a t i v e  r a t e  c o n s t a n t s ,  b t ,  a s  a f u n c t i o n  o f  a d d u c t  
n u m b e r ,  i .  

Figures 5-8 show the observed points for the first 
four adduets with curves from equation (8) and the 
Poisson distribution. The equation for the specific yi 
is also shown in the figures. I t  is evident that  the 
Poisson distribution is not adequate for this data. 

The relative rate constants, b~, are plotted in Figure 
9 as a function of the adduct number. An equation 
of the form 

5i = A + Be -ci (11) 

proved to provide good prediction of the relative rate 
constants and allows estimates of the relative rate con- 
stants for the higher adducts through extrapolation. 
The parameters A, B, and C were determined such 
that 

4 
(bi - -  5 I )  2 

i ~ o  

is a minimum using the nonlinear estimation tech- 
nique described previously. The resulting equation 
which generates the relative rate constants is 

[ i i= 2.576 -- 1.964 e -~ l (12) 

The curve for equation (12) is shown in Figure 9. 
The form for this equation is in agreement with the 
theory that bi < b i +  1 for the lower adducts and 
bi --> bi § 1 where i is large. 

T A B L E  I V  

Mole P e r c e n t  I n d i v i d u a l  Adduc t s  (yo-ys) 
in  Clo Alcohol ~ 3 Moles E.O.  

Theore t ica l  NI~iR GL(] 

:Co 26.59 27.0 
yz 14.09 14.4 15.0 
y~ 12.71 13.0 13.0 
ya 11.85 11.5 l l . O  
y~ 10.47 9.7 9.0 
y5 8.50 7.8 7.5 
y6 6.27 5.5 
y~ 4 .20 4.5 
ys 2.56 3.0 
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T A B L E  V 

Theoret ical  Mole Percent  I n d i v i d u a l  Adducts  (yo-ys) at  Var ious  Average  Moles Ethylene Oxide (X) in  P r o d u c t  

445 

X 100 yo 100 yl 100 y2 100 y3 100 y4 100 y~ 10O y6 1O0 y7 100 ys Sum. yo-ys 

0.5 68.62 19.14 7.89 3.00 0.99 0.28 0.07 0.01 0.O0 100.00 
1.0 54.19 20.71 12.27 6.94 3.48 1.53 0,59 0.20 0.06 99.97 
2.0 36.92 17.83 14.15 11.24 8.23 5.41 3.18 1.68 0.80 99.44 
3.0 26.59 14.09 12.71 11.85 10.47 8.50 6.27 4.20 2.56 97,24 
4.0 19.77 10.97 10.59 10.83 10.71 9.92 8.48 6.67 4.79 92.73 
5.0 15.02 8.52 8.59 9.29 9.90 10.03 9.50 8.34 6.78 85.97 
6.0 11.59 6.70 6.90 7.75 8.67 9.36 9.56 9.14 8.16 77.83 
7.0 9.06 5.29 5.53 6.36 7.38 8.34 9.00 9.20 8.83 68.99 
8.0 7.16 4.20 4.44 5.19 6.17 7.22 8.13 8.75 8.91 60.17 

The quant i ty  

4 ni  

Q = ~  .~ (yio-~J~o) 2 
i-o j=l 

was computed using the bi in Table I I I  and compared 
with Q using 5i f rom equation (12). The lat ter  value 
was 0.0811, which compares favorably  with Q = 0.0766 
for the original b~. Thus the relative rate constants 
obtained f rom equation (12) do not significantly in- 
crease the overall lack of fit. 

Exper imenta l  verification of the extrapolated con- 
stants is given by comparing the theoretical distri- 
bution obtained using these constants with the dis- 
t r ibut ion actual ly obtained on a sample of n-decanol 
ethoxylated to 3.0 moles of ethylene oxide. The anal- 
ysis of the adducts  was based on NMR analysis of 
the distillation cuts plot ted:  mole fract ion of cuts in 
sequence vs. the average mole ratio of ethylene oxide 
per  alcohol for  the cut. The mole fract ion of each 
adduct  was then taken f rom the curve. Since this 
type of analysis is not valid at  the extremes of the 
curve, the alcohol mole fract ion and the mole fract ion 
of the adducts higher than y8 were not used. Also in- 
cluded is the GLC analysis of the cuts through Ys. 
The data are given in Table IV. 

Table V shows the theoretical distr ibution of reac- 
tion product  through the eighth adduct,  based on dis- 
t r ibut ion constants f rom equation (12) and distribu- 
tion equations (7) and (8). The corresponding curves 
are plotted in F igure  10 for adducts 5 through 8. Al- 
though equation (8) is quite complicated, especially 
for  the higher adducts, the time required to compute 
the values in Table V on the 7090 computer  was only 
12 seconds. I t  should be pointed out that  t e rm by  

I I ~ I I I ] I 

mo 

e . e  
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FIG. 10. Theore t ica l  curves  for  mole per  cent  of  y5 t h ro u g h  
ys as a f unc t i on  of  e thylene  oxide. 

term evaluation of equation (8) may lead to serious 
roundoff erors for i > 5 unless double precision ari th- 
metic is used. 
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