
= absolute temperature of surface 

= temperature drop across bed 
based on linear portion of dis- 
tribution in bed (2’) 

= temperature discontinuity at  
heater surface ( T )  

= over-all temperature drop across 

m (TI 
T = average effective transmissivity 

of layer of particles one average 
particle spacing thick (dimen- 
sionless) 
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The Vapor-phase Catalvtic 1 Hydration of 
Ethylene Oxide to Glycols 

A. 8. METZNER and J .  E. EHRREICH 

University of Delaware, Newark, Delaware 

The vapor-phase reaction between ethylene oxide and water to form glycols has been 
carried out under a wide range of conditions with particles of polystyrene-sulfonic acid 
ion exchange resins used as catalysts. The rates observed appeared to be directly pro- 
portional to the product of the partial pressure of ethylene oxide and the amount of water 
sorbed by the resin. By use of the Brunauer, Emmett, and Teller equation to describe the 
amount of water sorbed by the resin, the experimental data were correlated over a sixty- 
fold range of reaction rates with a mean deviation of 15%. 

To obtain data of value in elucidating reaction mechanisms, the reactor was usually 
run under “differential” conditions, that is low conversions. However in a few runs 
conversions of as high as  54% were obtained for a contact time of 0.02 sec. The ratio of 
ethylene glycol to higher glycols (selectivity) obtained varied between 73 and 99% but 
was usually above 80% under conditions of high conversion. However it could also be 
reduced forcibly to produce higher glycols as the major product, if desired. 

The growing demand for ethylene- trated on understancling the homo- strong hydrogen ion exchange resin as 
glycol has stimulated a great deal of re- geneous reaction, prim:irily the sulfuric- the catalyst. Othmer and Thakar (12) 
search. Until recently all the ethylene acid catalyzed reaction (2, 5, 11, 12, 14) studied the use of batch and fluidized 
oxide hydration studies were concen- between water and dissolved ethylene beds for the liquid-solid heterogeneous 

oxide. Of the hetorogeneous solid system. Reed, Wenzel, and O’Hara (16) 
catalyzed reactions, tho more interesting published data on a continuous packed- 

Chemicalr Company, Cambridge, hlassachusetts. ones appear to be those involving a bed reactor for the vapor-solid and vapor- 
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Fig. I. Effects of Reynolds number and temperature on reaction 
rates. 

Symbol water: EtO number 
Molal ratio, Reynolds 

1 O : l  200. 
100. 0 15:l 

A 1 O : l  150. 
0 1O:l 250. 
0 1 O : l  50. 

Pressure: 35.7 Ib./sq. in abs. 
Particle diameter: 0.78 mm. (air dried). 
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liquid-solid hcterogeneous systems. The 
data  obtained from the  continuous 
fluidized and packed-bed reactors were 
of limited value in the understanding of 
the kinetics of the reactions, owing to  
the narrow ranges of conditions studied 
and to  the fact tha t  the reactors were of 
the integral type. At  approximately the 
same time that Reed was carrying 
out studies on an integral reactor 
Hamilton anti Rletzner (9) were studying 
the vapor-solid reaction using a dif- 
ferential packed bed. These latter studies 
showed a pronounced effect of Reynolds 
number on reaction rates. The object 
of this work was t o  extend the ranges of 
these data  t o  higher Reynolds numbers 
and t o  study pressure effects. 

EXPERIMENTAL EQUIPMENT AND 
PROCEDURE 

Details of equipment and procedure are 
described elsewhere ( 6 ) .  In  general, the 
reactor as well as the operational and 
analytical procedures were all similar to 
those used by Hamilton (9) but with the 
following important improvements: 

1. More accurate metering of both steam 
and ethylene oxide was achieved by re- 
placing the gas-phase metering apparatus 
used previously. I n  this work the necessary 
steam was produced by pumping distilled 
water into a vaporizer with a metering 
pump, and Bow rates of liquid ethylene 
oxide were measured with rotameters. 

2. The ethylene oxide was vaporized in 
a steam-heated chamber packed with ball 
bearings just before it entered the reactor. 
This vaporizer served 1t9 an effective knock- 
out trap for polymers of ethylene oxide, 
thereby ensuring a clean vapor feed to the 
catalyst. 

3. Physical analytical procedures (such 
as distillation or refractive-index measure- 
ments) used frequently by previous workers 
do not provide the degree of accuracy de- 
sired; therefore, chemical methods were 
used exclusively. For determination of 
ethylene glycol and of unreacted ethylene 
oxide in the product samples periodic acid 
oxidation and the Lubatti (magnesium 
chloride-hydrochloric acid) method re- 
spectively were used as before (9). For 
determination of the presence of higher 
glycols, Hamilton and Metzner used a 
dichromate oxidation which effectively de- 
termined all higher glycols as well as any 
cthylene oxide polymers. Conclusively to  
avoid errors due to the presence of the 
latter in this work the higher glycols were 
determined by colorimetric analysis, with 
colored complexes which may be formed 
between the hydroxyl groups on the glycols 
and ammonium hexmitratocerate (4) .  For 

this purpose a Beckman colorirneter, 
operated at a wave length of 542 mp., 
was used. 

All analytical procedures were thoroughly 
tested with mixtures of known composition 
as well as with pure samples. I n  all cases 
the maximum error due to analysis was 
less than 57,. 

Preliminary runs, by means of imper- 
fected operational procedures, indicated 
that about 2 hr. was required for attain- 
ment of steady state conditions. This period 
was progressively shortened, but usuaIly 
several samples were talcen (at half-hour 
intervals) to  ensure the absence of any 
deviations from steady state conditions 
when data were being collected. These 
data indicated a mean reproducibility of 
all results, when analytical errors were in- 
cluded, of about f 10%. 

RESULTS 

Conditions Studied 

Table 1 compares the ranges of vari- 
ables covered in this work with those 
used previously. In general, conditions 
which were studied extensively previously 
were not covered in  detail in this work, 
and vice versa. Both resins used in  this 
work were of the strong acid (polystyrene 
sulfonic) type, as the weaker IRC-50 
carboxylic acid was shown previously 
t o  have little catalytic activity. I n  the 
production of Duolite resins additional 
steps are taken to  provide a high degree 
of porosity ( I ) ,  so tha t  the final product 
may more nearly represent a usual 
catalyst rather than  one having the 
continuous gel structure of other ion 
exchange resins. 

Experimental Observations and 
Their lnterpretafion 

The first series of runs was t o  determine 
whether the Reynolds numbers in the 
present work were sufficiently high t o  
get entirely out  of the  region in which 
external, or gas-phase, mass transfer 
rates influence the results. At  the same 
time it was desired t o  check the peculiar 
temperature effects observed earlier (9), 

AP 
(psi) 

24 
NRE= 250 

I20 140 160 I80 200 

AVE. BED TEMPERATURE, OC. 

Fig. 2. Pressure drop across catalyst bed (symbols as in Figure 1). 

Vol. 5, No. 4 A.1.Ch.E. Journal Page 497 



where the rates were found to decrease 
with increasing temperature in the range 
up to about 150°C. As Figure 1 shows, 
the rates in the present study confirm 
the earlier effects of temperature observed 
in this region. More important there is 
clearly no consistent effect of Reynolds 
number, showing that complications due 
to external mass transfer effects are 
clearly absent. In the region above 
150°C., temperature is seen to have 
little effect on the reaction rates. Clari- 
fication of this point will be possible 
in the light of other data later in the 

Figure 2 defines the peculiar pressure- 
drop effects observed in this system. At 
the higher flow rates the pressure drop 
through the bed becomes strongly de- 
pendent on temperature as well as on the 
Reynolds number. Normally only the 
small variations due to gas-density 
changes with ternperaturc are expected 
(10, IS), and these are in the opposite 
direction from the trends shown in 
Figure 2.  Furthcrmorr the pressure 
losses shown in Figure 2 become in- 
creasingly sensitive to flow rate as the 
flow rate increases. During the start-up, 
when superheated steam alone was passed 
through the catalyst bed, the pressure 
drops were always much less than those 
obtaincd when both steani and ethylene 
oxide were added to the catalyst bed. 
Further the pressure drops were ex- 
tremely high; the bcd depth correspond- 
ing to the data of Figure 2 was only 
about 2 in.* 

To define clearly thr reasons for the 
peculiar pressure-drop effects and thereby 
to develop a lucid picture of the catalyst 
structure under reaction conditions, several 
runs were madc in a glass-walled reactor. 
These runs also served to obtain an esti- 
mate of the catalyst particle size during a 
run. The glass-walled rcactor used to carry 
out the runs in which the particle size 
and structure under operating conditions 
were to be observed was a Jcrguson gauge 
with a sight glass calibrated to  determine 
the resin volume. The same start-up pro- 
cedure was used as during the runs in the 
stainless steel reartor. After 25 ml. of wet 

paper. 

*The very high values of thr, pressurc drop and 
the comparatively low values of thc Reynolds num- 
bers used are perhaps not quite so surprising when 
one considers the gas velocities usrd. In the present 
study gas velocities of up to 200 ftlsec., were em- 
ployed. The Reynolds numbers are low In spite of 
these high velocities, since the diameter term is very 
small. 

resin was added to thr Jerguson gauge, 
superheated steam was 1i:tssed through the 
reactor. At an average I d  pressure of 19 
lb./sq. in. gauge and 141 "C. the resin 
volume shrank from 25 to 13.5 ml. (as 
compared to a volume 01 17.2 ml. for air- 
dried resin and 13.0 nil. for oven-dried 
particles). When ethylene oxide (water/ 
ethylenc oxide mole ratio of 10) was added 
with the steam to thc reac-tor at an average 
bed pressure of 13 lb./.q. in. gauge and 
144"C., the resin volume increased to  14.8 
ml. Yot only did the volume of the resin 
change, but the appearance changed from 
a dry brown color when the superheated 
steam mas passed throiigh the bcd to a 
moist (brown-sugat y) apljearance after the 
addition of ethylene ouicle. Therefore the 
visual observations cleai ly indicated that 
the resin was sorbing l.irge quantities of 
the components of the gas stream and 
as a result undoubtedly softening. As the 
temperature increases at constant total 
pressure, the quantitie, sorbed mould 
decrease, hardening the I esin and thereby 
decrcasing the pressure dt op. As a result of 
the softening at the lower temperatures, 
the pressure drop would serve to compact 
the bed and have a cumiilative effect; the 
pressure drop, while Ion during start-up, 
compacts the bed slightly. This in turn 
further increases the pi essurc drop, rc- 
sulting in furthrr compwtion, and so on, 
until finally at steady state the very 
high-pressure losses and great effect of 
flow rate shon n in Figurc 2 were obtained, 

The most interesting series of runs 
were those that showed the effect of 
total pressure on rearstion rates. An 
enormous dependence of the rates on 
total prcssure was a1 ways observed, 
those of Figure 3 being typical. This 
dependence ranged from one of the second 
power of total pressurr' a t  the l o ~ e r  
pressures to a fourth-power dependence 
as saturation pressures were approached 
at the other eutreme. To determine 
whether thcse e\traortlinary prcssure 
effects were due to changes in the partial 
pressure of ethylene o d e  or that of 
thc water, completc dat:t were obtained 
at one temperature. SunImarized by the 
solid lines of Figure 4, thcse data show 
approximately a first-poner dependcnce 
of reaction rates on thc ethylene o\ide 
partial pressure. Then fore thc enor- 
mously greater eflects of total pressure 
must be due to change5 in the partial 
pressure of water and therefore to its 
sorption by the resin. As conditions 
close to saturation are :\pproxched, the 

TABLE 1. Lcvms OF EXPERIMEYTAL VARIABLES 

This mork 

15 to 80 lb./sq. in. a h .  

Hamilton mid illetxrier (9) 
Modified Reynolds numbers 50 to 250 10 to GO 
Total pressure 18 Ib./sq in. nbs. 
Catalyst typrs Amberlite IR-120 and IR-120 a ~ ~ d  IRC-50 

Duolite C-25 
0 088,O 46 and 

0 78mm. 
Catalyst particle diameters 0 35 anc! 0.71 mm. 

Temperaturc 130" to 190°C. 110" to 200°C. 
Molar ratio of steam to 

ethylene oxide 5.08 to  20 7 5 to 3L! 

quantities of water sorbed should in- 
crease rapidly, thereby leading to the 
great effect of pressure shown in Figures 
3 and 4. An alternate method of ap- 
proaching saturation is that of decreasing 
the temperature a t  constant total pres- 
sure; if water sorption were the primary 
variable affecting reaction rates, then 
the lower the temperature the higher the 
reaction rate would become. This impor- 
tance of water sorption is clearly con- 
firmed by the data a t  130" to 150°C. in 
Figure 1. 

All ratc data have been expressed in 
terms of thc equivalents of acid catalyst. 
These rates may be converted to rates 
per mass or volume of catalyst by means 
of the following conversions: there are 
4.14 equivalents per 1,000 g. (air dried) 
resin and 1.87 equivalents per 1,000 ml. 
of wet rcsin. 

Development of a Quantitative Correlation 

Correlation of the reaction-rate data 
must consider quantitatively the effects 
of water sorption described above. 
Quantitative water-adsorption data on 
ion cxchange resins, a t  least at lower 
temperatures, havc been reported by 
Sundhcim, Waxman, and Gregor (16), 
and morc completrly by Glueckauf and 
Kitt (8). On the basis of thcsc results the 

P,(vsio) 

Fig. 3. Effect of pressure on ethylene oxide 
reaction rate: temperature, 160°C.; resin 
diameter, 0.78 mm.; water: EtO ratio, 15:l. 
Typical run conditions: 

Symbol N R ~  Selectivity 
0 100 77.5--81.4 
0 200 78.8-84.2 v 100 75.0-85.5 
0 101 79.8-81.9 
0 202 77.0-82.2 

Selectivity expressed as the molal percent- 
age of ethylene glycol in the product mixture 

of glycols. 
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Fig. 4. Effect of pressure on reaction rates 
(summary). 

U.E.T. (5) equation n u s  chosen to re- 
present the water-sorption isotherm: 

20'7; (and usually better) is truly rc- 
markable. 

Lill the csperirnerit:tl data obtained, a t  
all temperatures (130 to 19O"C.), with 
the larger size particles are compared 
with Equation (4) on Figure 5 with 
coordinates suggested by the form of the 
B.E.T. equation used. The reciprocal of 
the rate constant is given by the intercept 
a t  a reduced pressure of zero; the slope 
of the line is equal to (u/k). Even from 
visual inspection alone it is evident that  
the only points which deviate by 15 to 
207, or more are those runs for w-hich 
the experimental scatter is greatest. The 
nccuracy of the correlation is there- 
fore more strongly limited by random 
errors in the data than by the form of 
the correlating equation. The mean 
deviation of points from the equation 
is 13%. 

It is particularly noteworthy to  con- 
sider that this correl:jtion which uses a 
single set of values for u and k correlated 
the data over the entire 60°C. tempera- 
ture range. This is equivalent to stating 
that not only is the rate constant cor- 
rectly portrayed by Equation (3) but 
the sorption constants of Equation 
(I) are independent of tempcrature. A 

The over-:ill rates must also be pro- 
portional to the total amount of catalyst 
used, or more specifically, to the equi- 
valents of acidity wliich serve to catalyze 
thc reaction. The final equation for 
reaction ratcts tlcri\yxl from these con- 
siderations may he written (at constant 
temperature) as 

Experimentally the variation of the 
rate constant with tt,mperature could be 
described by an activation onergy of 
9.0 kcal./g. mole. Since this is identical 
to  the latent heat of vaporization of 
water, an  alternate statement of the 
same fact is that  k"' varies with tempera- 
ture in the same way as does the vapor 
pressure of water. Therefore 

k"' = k ' ' (p&J (3) 

A combination of Kquations (1) to (3) 
gives 

direct and independent check of this 
conclusion is available in the adsorption 
data of Glueckauf am1 Kitt (8) a t  some- 
what lower temperatures; over a 25°C. 
range of temperatures the volumes of 
water adsorbed on a similar ion exchange 
resin changed only by between 6.5 and 
0.7y0, depending on the pressure used. 

THEORETICAL INTERPRETATIONS 

Of the usual steps which may influence 
the over-all reaction rates (chemical 
kinetics, sorption rates, internal and 
external ninss transfer), only external 
mass transfer has been conclusively 
climinated thus far. The correlating 
equations further show the extreme 
importance of water-sorptional effects, 
but exactly how these effects determine 
the over-all rates has not yet been estab- 
lished. For ewmplc, the sorption of 
water could possibly determine the rate 

(4) 

Figure 4 compares the rates predicted 
by means of Equation (4) with experi- 
mental results obtained a t  160°C. The 
data cover a fourfold range of pressures 
and over a sixtyfold range of reaction 
rates. In  view of the wide range of rates 
and the simple development of Equation 
(4), the fact that the results and pre- 
dictions always agreed within about 

of internal diffusion through the particle 
through its effect on particle size. 
Alternately, chemical kinetics could be 
rate controlling with the water sorption 
determining the activity of the protons 
which are responsible for catalysis of 
the reactions. The purpose of this section 
is to examine thesc questions and to 

consider the structure of the catalyst 
particle under reaction conditions in 
further dctail. 

Inferno1 Diffusion ond 
Conditions Within the Particle 

To determine the importance, if any, 
of internal mass transfer rates (that is, 
diffusion within the particle) two ad- 
ditional types of experiments \\ere carried 
out. In  the first place runs with Duloite 
and Amberlite catalyst mere made under 
identical conditions. The ethylene oxide 
reaction rates found 15 ere identical. 
Therefore one can conclude that either 
the Duolite was not porous under reaction 
conditions or that  the porosity was not 
useful; that is the diffusion rates through 
the resin were as high as in the pores, 
or possibly diffusion rates wcre not 
limiting in any case. To check these 
findings the particle size of the Amberlite 
resin was changed from 0.78 to 0.46 and 
to 0.088 mrn. The results given in Table 
2 show that dccreascs in diameter in- 
deed increased the ratcs, very nearly in 
direct proportion to the changes in 
surface area. The fact that the ratios 
of reaction rates arc consistently slightly 
smaller than the measured ratios of 
diameters is felt to be due to the fact 
that the diameter ratios \\ere measured 
prior to reaction; during startup a 
slight attrition slnays took place. This 
was more serious for the larger particles; 
hence the true diameter ratios under 
reaction conditions are somewhat smaller 
than the values of 1.68 and 8.8 reported. 
I t  is therefore concluded that the re- 
action zone was undoubtedly coufineti to 
a very thin region near thc surface of 
the catalyst particles. 

These conditions of surface reaction 
could have been caused by a low rate 
of diffusion of any one or more of the 
reactants or products through the cata- 
lyst particles. However the Correlating 
equations clearly show no dependence 
of rate upon the partial pressure of 
ethylene glycol and of higher glycols in 
the gas phase around the particle. The 
rates of formation of the higher glycols 
were usually not great, but as the tem- 
perature, pressure, and Reynolds number 
mere varied, the concentration of ethy- 
lene glycol in the gases leaving the 
reactor was varied all the way from 
saturation down to only a few percent 
of its satura6ion value. The absence of 
any effect of this variation upon the 
conversion rates clearly eliminates the 
possibility that diffusion of glycol 
through the particle may hare been 
rate controlling. The same conclusion 
may be reached by noting that the 
formation rates of higher glycols were 
always low, and catalytic activity re- 
mained high. If much glycol had re- 
mained within the particle for an 
appreciable length of time, it would 
have the opportunity t o  react further 
with ethylene oxitle to produce pro- 
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TABLE 2. EFFECT OF PARTICLE SIZE ow REACTION RATES 

Pressure, Ratio of 
Runs Temper:i.ture, "C. lb./sq. in. abs. diameters Ratio of rates 

47a and 68% 3 ti0 19.5 D41/D68 = 1.68 r e 8 / 4 T  = 1.16 
47b and 67b 3 60 39.8 1.68 1.40 
47a and 71a 100 19.5 D47/D11 = 8 . 8  r d r u  = 7.9  
47b and 71 b 1 ti0 39.8 8 .8  6 .6  

tion of reactants into the resin, the rate In  summary all possible rate-con- 
expression is given by equations of the trolling steps except ethylene oxide 
form (7, 17):  sorption and internal-diffusion rates have 

been ruled out with a considerable 
degree of certainty. As both of these 

= ~ b ~ ~ ~ ~ )  dkq (5)  mechanisms will fit the observed experi- 
mental data, no distinction between them 

rate per catalyst particle 

Fig. 5. Correlation of all data on 0.78 mm. 
catalyst particles. 

Water: 
Reyn- EtO Temper- Pressure 
olds molal ature lb.!sq. 

Symbol number ratio "C. in. abs. 
-0 210 10.4:l  150 35 
0 190 22010.3:l  130-190 35 
h 193-22410.3~1 133-190 35 
L 89-103 15 4:l 130-191 35 v 143-16710.3:l 130-190 35 
V 48-56 1 0 . 3 ~ 1  130-191 35 
D 100 10,O:l 135 20-40 

0 100 1 O . O : l  160 19.7-80 
0 203 10 0:l 160 19.7-80 
A 100 15 0:l 160 19.5-80 
A 200 15.0:l  160 19.7-80 a 101 5.08:l  160 19.7-80 

199 20.0:l  160 19.7-80 
0 101 15.2:l 160 59.8-74.8 + 202 P5.2:l 160 19.6-80 

200 1O.O:l 135 21-40 

Therefore if etliylei ie oxide diffusion 
were entirely rate con trolling, the large 
effect of partial pressure of water given 
by Equation (4) would be due to its 
influence on the squ:tre root term in 
Equation (5). It should be noted that 
Equation ( 5 )  predicts that bhe observed 
activation energy mould be about half 
as great under diffusion-controlled con- 
ditions as that of the kinetically con- 
trolled reaction itself. The value found 
in the present work (the latent heat 
of vaporization of water or approximately 
9 kcal./g.-mole) is exactly half the value 
reported for the liquid-phase acid-cata- 
lysed reaction ( la ) .  

Sorption Rates 

Detailed arguments similar to those 
in the above section show (6) that if 
sorption rates were controlling, they 
could have been only the rates of ethylene 
oxide sorption. I n  this case the large gressively higher glycols, eventually pro- 

ducing polyethylene oxide polymers effect of partial pressure of water could 

not is a further ,,Iear indication marily on wetted sites and therefore 
that both ethylene glycol and the higher is a strong function Of the number Of 

gIycols could diffuse from the Scene of such sites. Insufficient general informa- 
reaction rapidly in comparison to their tion on the factors controlling these 

should not have depended strongly on available to confirm o r  to rule out such 
the ethylene oxide partial pressure if a rate-controlling mec'Lanism* 

the diffusion of products was the rate- Chemical 
controlling step.* Further since water is 
probably the major adsorbed comporlent In situations in wI iich the chemical 
in the gel (9) and its sorptional variations kinetics are slower than the other rate 

brium relationship, its diffusion rate may rather uniformly throughout the entire 
also be ruled out. particle. Since this is obviously not the 

was not rate controlliirg. conclusions : 
1. The concentrations of water, glycol, The single exception to complete 

and the higher glycols tllroughout the particle utilization under kinetically con- 
catalyst particle are in equili- trolled situations occiirs when the reac- 

tion is confined entirrbly to the external brium with the gas phase. 
2. Internal diffusion of ethylene oxide surface of the particle, as in the case of 

may be at least rate controlling. a solid in which all diffusivities are 
in which internal- essentially zero. If this were the case 

diffusional resistances are very high, here, the rates should follow conven- 
permitting only very limited penetra- tional kinetic relationships, including the 

usual large effects of t,emperature. Since 
the activation energies found in this 
work were only half as great as those 
of the liquid phase, acid-catalyzed reac- 
tion may quite probatrLy be ruled out. 

which would completely plug or inacti- 
vate the catalyst. The fact that this did 

be explained by the that 
ethylene oxide adsorption Occurs pri- 

rates of formation. Finally the rates rates in systems of catalytic gels is 

have been expressed through an q u a i -  steps the reaction usually hkes  place 

These arguments lead to the following Case here, it Probable that this step 

the limiting 

*This statement rests on the fact that ethylene 
oxide is the component adsorbed in the smallest 
quantities (9) .  If it were adsorbed in as large quanti- 
ties as water, i t  could possibly influence product 
diffusion rates through its effect on particle swelling, 
hence the diffusivity of all components. 

is possible. 

COMPARISON WITH PRIOR STUDIES 

Choice of the U.E.T. equation to 
describe water adsorption in the present 
work has one unfortunate aspect due to 
the inherent limitations of the B.E.T. 
equation. As saturation conditions are 
approached, the equation breaks down, 
predicting infinite rates of reaction. As 
a result no extrapolation of the present 
data to liquid-phase conditions is pos- 
sible, and the present data cannot be 
compared with those of Othmer and 
Thaker (If?).  

The differential rates obtained in the 
present study were several times as 
high as those obtained on Reed's (15) 
integral reactor, while the product- 
distribution range was approximately 
the same. The large effect of the amount 
of water in the resin on the reaction 
rates was observed but not fully re- 
cognized by Reed. The temperature 
variation throughout their integral re- 
actor, as well as the absence of' knowledge 
of their average particle sizes, prevents 
any more detailed comparison. 

Duplication of several of the runs 
reported by Hamilton and Metzner (9) 
gave ethylene glycol rates that agreed 
within the small analytical error, while 
the diethylene glycol rates were very 
much lower in this work than in 
Hamilton's. The analytidal procedure 
which was used previously for measuring 
the total glycol rates (dichromate-acid 
oxidation) was susceptible to errors due 
to  polymer impurities in the feed, and 
since low conversions were obtained, 
these errors magnified the rates for the 
higher glycols. There appeared in 
Hamilton's studies to have been no 
appreciable effect of the partial pressure 
of ethylene oxide and temperatures 
above 150°C. on reaction rates. The small 
temperature effect on reaction rates for 
catalyst conditions far from saturation 
was confirmed by the present data, but 
the small effect of the partial pressure 
of ethylene oxide was not. A possible 
reason for the Reynolds number effect 
on the reaction rates found by Hamilton 
(and the small effect of the ethylene 
oxide) was that polymer in the feed was 
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carried over and coated the resin, with 
the result that the rate-determining 
step became diffusion of ethylene glycol 
through the coated film. Further and 
conclusive evidence of resin coating in 
the previous study lies in the weight 
gain of Hamilton’s catalyst particles 
during reaction and in the low activity 
of the used catalyst. In  the present work, 
in which polymer entrainment into the 
reactor was eliminated, both the activity 
and appearance of the used and fresh 
particles were nearly the same, except 
for the highest temperature runs, in 
which some thermal degradation started 
to take place. Thus the earlier data (9) 
on ethylene glycol formation rates are 
confirmed herein, but resin activity 
(life) and the selectivity of glycol forma- 
tion are both much higher than reported 
earlier. 

PRACTICAL ASPECTS 

This section presents preliminary in- 
formation on factors of primary im- 
portance insofar as the commercial 
aspects of the reaction are concerned, 
as well as further scientific data. 

Catalyst Life and Activity 

The production of glycols was varied 
from 0.5 to 50 Ib. of glycol produced/lb. 
of catalyst. The data (6) showed no 
trend in catalyst activity with time 
after the iniGal start-up. The resin 
activity rapidly decreased to about 
85 to 90% of its initial activity and then 
remained at this level indefinitely. 

Product Distribution 

Detailed data (6) on selectivity of 
the catalyst toward formation of ethylene 
glycol (that is minimization of the 
formation of higher glycols) show that 
there is no trend with temperature, 
pressure, or Reynolds number. The 
variation with molal ratio of water to 
ethylene oxide is unusually slight, parti- 
cularly when compared with the results 
reported by the prior art on sulfuric 
acid catalysts. 

Effect of Conversion level 

The highest ethylene-oxide conversion 
studied was 54%, due to limitations of 
the equipment. (At higher conversion 
levels the temperature control was 
inadequate to cope with the high rates 
of heat release as the 54y0 conversion 
took place in a contact time of only 
0.02 sec.) The products obtained under 
conditions of high conversion depend on 
the pressure and molal ratio of ethylene 
oxide to water in the feed stream. When 
both are low, conversion level does not 
appear to influence the product composi- 
tion; that is 75 to 90% of the glycol 
mixture consists of ethylene glycol, just 
as a t  lower conversion levels. However 
the production of ethylene glycol may 
be nearly completely suppressed by 

running at pressures and molal rabios 
such that the  reaction gases become 
supersaturated with respect to ethylene 
glycol. This suppression of ethylene 
glycol formation is not due to a loss of 
catalytic selectivity under such condi- 
tions but rather depends on the fact 
that the ethylene glycol formed has no 
place to go. Since it cannot leave the 
reactor so rapidly as it is being formed, 
i t  is converted into a mixture of higher 
molecular-weight glycols. Thus it is seen 
that the excellent selectivity of the 
present catalyst may either be exploited 
or masked completely by proper choice 
of the readtion conditions. 

CONCLUSIONS 

A mechanistic study of ethylene oxide 
hydration in the vapor phase over 
acidic cation exchange resins in a dif- 
ferential reactor showed that the rate- 
controlling step was either the diffusion 
rate of ethylene oxide into the catalyst 
particle or its rate of sorption onto the 
surface of the particle. The rate-con- 
trolling step is strongly influenced by 
the amounts of water sorbed by the 
catalyst. As a result the usual B.E.T. 
adsorption equation was used as a basis 
for quantitative correlation of the rate 
data. 

No particular attempt was made to 
define all the factors which might con- 
ceivably affect the commercial aspects 
of this catalyst. However data obtained 
incidental to the above study showed 
excellent catalyst life and unusual selecti- 
vity over the entire range of variables 
studied. 
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NOTATION 

a 

A = surface area, 
6 = constant in B.E.T. equation 
B.E.T. = Brunauer, Emmett, and 

Teller 
D or D, = particle diameter; numerical 

subscripts refer to run num- 
bers 

Et(OH), = ethylene glycol 
G = mass velocity based on 

empty cross-sectional area of 
reactor 

Hi(OH)* = higher molecular-weight gly- 
cols (diglycol and up) 

Hf = equivalents of hydrogen ion 
(proportional to mass of 
catalyst used) 

= constant in B.E.T. adsorp- 
tion equation 

reaction-rate constant 
proportionality constants in 
Equations (4) and (3) respec- 
tively (temperature-indepen- 
dent reaction-rate constants) 
modified Reynolds number 
for use in packed-bed calcu- 
lations (10, 131, Nac = 
(D,G/P) 
pressure, PEtO, P H , O ,  p a a t ,  P T  
refer to the partial pressures 
of ethylene oxide, water, the 
saturation (vapor) pressure 
of water, and the total pres- 
sure, respectively 
reaction rate, rEt0, reaction 
rate of ethylene oxide, moles 
per unit time; numerical 
subscripts refer to run 
numbers 
specific quantity of adsorbed 
water, as given by the B.E.T. 
equation 
viscosity of gas mixture 
passing through bed, 
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