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Synopsis 
A kinetic study of the hydrolysis of 39.8 ~ k - 7 ~  acetyl cellulose acetate has been made 

as a function of pH and temperature over the pH range of 2.2-10 and temperature range 
of 23-95°C. The hydrolysis reaction was carried out on highly porous membranes under 
quasihomogeneous conditions and the data have been treated as a pseudo-first-order reac- 
tion in acetyl concentration. The reaction can be represented by the equation kl = 

k ~ +  [H+] + k o ~ - [ O H - l  + ~ H ~ o ,  and where k ~ f  = 5.24 x l05exp { -16.4 x 103/RT}, 
koa- = 1.55 X lo4 exp{ -8.1 X 103/RT), and k ~ ~ 0  = 4.25 X 10-2exp( -11.5 X lo3/ 
R T )  (where the quantities in brackets are activities of the ions shown). 

Introduction 
‘These 

studies have not, in general, been concerned with the measurement of the 
hydrolysis rate under near neutral conditions. The hydrolysis studies of 
cellulose acetate are no exception to this statement. Although there are 
several concerned with the hydrolysis of cellulose acetate, these 
studies have examined the reaction under rather extreme conditions of 
pH. When the reaction is studied on fibers and films, as has sometimes 
been done, the diffusion of the components into and out of the reaction site 
may be rate determining. In  these heterogeneous experiments the differ- 
ence between the “amorphous” and “crystalline” regions has been st,udied.5 

The hydrolysis study reported in this paper was made on cellulose acetate 
under more nearly neutral pH conditions. The effect of pH and tempera- 
ture on the reaction was examined over the pH range of 2.2-10 and the 
temperature range of 23-95°C. 

Hydrolysis rate studies of esters have been made for many years. 

Experimental 
Approximately 6.5 g. of Eastman E-398-3 cellulose acetate in the form 

of reverse osmosis membranes6 was placed in a series of flasks, each con- 
taining one liter of buffered water preheated to the desired temperature. 
The buffer solutions are listed in Table I. Each flask was placed in a 
constant-temperature bath (f l”C.) ,  and a t  designated intervals about 
1.3 g. of membrane was removed. When the membrane samples were 
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TABLE I 
Buffer Systems Used in Kinetic Studies of the Hydrolysis 

of Cellulose Acetate Membranes 

pH at 
room-temperature Buffers 

2 .2  
3.0 
4 . 0  
5 . 1  
6 .0  
7.0 
8 . 1  
9 .0  
9 .0  
9.9 

0.40M citric acid, 0.075M Na2HP04 
0.0659M citric acid, 0.0341M Na2HP04 
0.0615M citric acid, 0.060M Na2HP04 
0.0485M citric acid, 0.0735M NarHPOa 
0.0378M citric acid, 0.088M Na2HP04 
0.039M NaHzPOn, 0.0305M Na2HP04 
0.375M H3B03, 0.075M NaOH 
0.025M H3B03, 0. OllM Na2B401 
0.238M NaHC03, 0.050M Na2C03 
0.10M NaHC03, 0.lOM Na2C03 

removed, a sample of the solution was taken to make a room-temperature 
check of the pH. 

The acetyl content of the membrane was measured by the modified 
Eberstadt method as outlined by Genung and Mallatt.' The only modifi- 
cation of the method was a very thorough washing of the sample before 
drying and weighing. When this procedure was used on the control 
samples, which were run with each set of determinations, a value of 39.7 
+0.2 wt.-% acetyl was obtained; this was in good agreement with the 
stated acetyl content of the starting material. The final acetyl measure- 
ment of each run was, in general, approximately 34'%. On some of the 
runs with the slowest rates, the final acetyl measurement was 36 or 37%. 

Because one of the hydrolysis reaction products is acetic acid, the pH 
of the solutions tended to decrease during the experiments. The average 
change in the pH of the solutions from the beginning to the end of the ex- 
periment was 50.1 pH unit, with the pH 8 and 9 buffers showing the largest 
change. The maximum pH change observed in any of the experiments was 
0.3 pH units. 

Because of the change in the dissociation constants of the buffering 
agents and water with temperature, the pH of the solutions is temperature- 
dependent. The change in pH with temperature was measured on samples 
of each buffer solution by using a Beckman Zeromatic pH meter, and fiber 
junction Ag I AgCl and amber glass electrodes, the buffers given by Batess 
being used to standardize the electrodes at  each temperature. The 
resultant curves were used to correct the room-temperature pH values to 
the experimental temperatures. The estimated accuracy of the pH 
measurements is kO.1 pH units. 

Results and Discussion 

In  Figure 1 the results of a typical hydrolysis run are given as natural 
The pH 6 run at  95"C., logarithm of weight-per cent acetyl versus time. 
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Fig. 1. pH 6 hydrolysis at 95°C. 

shown in this figure, has been plotted as a first-order reaction in acetyl 
concentration. 

The cellulose acetate used in these experiments was in the form of re- 
verse osmosis membranes,* which are approximately 60% porousg with 
pores of less than 1 1.1 diameter.1° The diffusion coefficient of water in 
Eastman E-398-3 cellulose acetate is 1.6 x cm.2/sec. at 25°C. and 
has an activation energy of 4.2 kcal./moleg (the diffusion coefficient of 
water in water is 2.4 x Since the greatest 
distance water must travel in the cellulose acetate is approximately 0.25 p,l0 
the water can be exchanged in only 4 x sec. The diffusion coefficient 
of acetic acid, the product of the hydrolysis reaction, may be somewhat 
slower than that for water but is probably not a factor of lo00 slower 
(the diffusion coefficient of NaCl in this cellulose acetate is 1 X 
cm.Z/sec. at  25°C.9). The water and the acetic acid, then, rapidly reach 
equilibrium with the bulk water. The reaction is thus considered to be 
quasihomogeneous; i.e., there are two phases present, but the reaction is 
not diffusion-limited. 

The saponification of esters is, in general, a second-order reaction, 
dependent on the concentrations of the ester and water. In the systems 
used here, water activity was essentially constant throughout each run. 
These considerations and plots of the type given in Figure 1 have led us to 
treat the hydrolysis of cellulose acetate under these conditions as a pseudo- 
first-order reaction. The 
uncertainties given in Table I1 are the standard deviations of the least- 
squares fit of the best straight line through the data. 

The rate expression must, of course, be written to contain molar con- 
centration units instead of the weight-per cent units of Figure 1. However, 
in the limited acetyl range studied here, while weight-per cent acetyl is not 
exactly proportional to moles acetyl per mole anhydroglucose units, it 
should be sufficiently near for our purposes. Since the data have been 

cm.2/sec. a t  25"C.l1). 

The results obtained are listed in Table 11. 
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TABLE I1 
Experimental Values of Hydrolysis Rate Constants 

~~ 

Temperature, 
PHn "C. k l ,  set.? 

pH 2.2 

pH 3 .0  

pH 4 . 0  

pH 5 . 1  . 
pH 6.0 

pH 7 .0  

pH 8 . 1  

pH 9.0 
(H3B03 + 

Na2B402) 

pH 9 . 0  
(NazC03 + 

NaHC03) 
pH 9.9 

91 
81 
74 
50 
95 
83 
71 
51 
95 
83 
72 
52 
95 
83 
71 
95 
95 
83 
72 
91 
83 
83 
73 
51 
95 
95 
83 
73 
51 
23 
94 
90 
82 
71 
63 
51 
23 
85 

68 
23 

2 .90( f0 .18)  x 
1.47(*0.10) x 
1.20(+0.15) x 
2.62(+0.22) x 
4.77(f0.16) x 10-8 
3.48(+0.15) x 
1.30(f0 .09)  x 
4.00(+0.36) X 
1.34(+0.14) x 10-8 
9.87(+3.45) X 
3.26(*0.89) x 
1.33(+0.09) X 
3.06( f 0 .  18) x 
1.50(+0.72) x 
5.54( f l . 0 7 )  X 10-3 
1.46( fO.09)  X 
1.23( + O .  06) X lo-' 
6.68(+0.89) x 
1.92(+0.14) x 
5.69(10.36)  X 
3.66(+0.42) X 
5.63(+0.22) X 
1.52(+0.12) X 
1.93(f0.46) x 
5.14(+0.11) X 
4.62(+0.39) x 
3.65(+0.22) x 
1.05( f 0 .  11) X 10-6 
1.76(+0.49) x 10-7 
1.92(+0.45) x 
1.92(&0.17) X 
i . i g ( + o . i i )  x 10-5 
7.60(+0.76) x 
3.83(2=0.38) x 
1.02(+0.04) x 
6.69(+0.81) x 
l . lO(f0 .13)  X loW7 
3.31( +O. 13) X 

6.35(+0.62) X 
1.33(f0.17)  x 

a Measured at room temperature. 

treated as a pseudo-first-order reaction, the proportionality constant drops 
out of the kinetic expression. 

The hydrolysis rate has been plotted in Figure 2 as a function of solution 
pH. The pH values given in Table I are the room-temperature values; 
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Fig. 2. Hydrolysis rate vs. pH. 

the values shown in Figure 2 are these measured values corrected to the 
temperature of the experiment. The curves drawn through the data have 
been determined by using the procedure outlined by Garrett12 and Laidler.13 
They treated the overall reaction rate constant kl as the sum of three terms, 

ki = ~ H + [ H + ]  -k ~oH-[OH-] + ~ H , O  (1) 

where k H +  is the acid-catalyzed rate constant, k O H -  is the base-catalyzed 
rate constant, and kH20 is the rate of the spontaneous reaction. The 
quantities in brackets are the activities of the ions shown. Under the 
low-pH condition, the concentration of hydroxyl ions was sufficiently low 
that the effect of kOH-[OH-] on kl was negligible and a value for k ~ +  

TABLE I11 
Rate Constants for the Separate Hydrolysis Reactions 

Tempera- 
ture, koH-, kH+, k H z O ,  

"C. l./mole-sec. 1. /mole-sec. sec. - I  pHmi, 

95 1.90 x 10-1 8.54 x 10-5 6.40 x 10-9 4.50  
83 1.61 X 10-1 6.25 x 10-5 4.80 x 10-9 4.55 
72 8.13 x 1W2 1.94 x 10-5 1.55 x 10-9 4.60 
51 3.53 x 10-2 4.60 X 8.50 X 4.65 
23 1.43 x 10-2 4.08 x 10-78 1.36 x 4.80b 

a Calculated. 
Extrapolated. 
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Fig. 3. Hydrolysis rate vs. 1/T for pH 9 and pH 2. 

could be calculated. Similarly, under the basic conditions, the catalytic 
effect of the hydrogen ion was so small that a value for k O H -  could be 
calculated. The average values determined for kH+ and kOH- from the low- 
pH and high-pH data, respectively, are given in Table 111. ' By using 
these values for kH+ and koH- and eq. ( l ) ,  kHzo was chosen to make the 
curves fit the pH 4 data. The ~ H , O  rate constant data are given in Table 
111. 

The reaction rate minimum will occur when the values of kOH-[OH-] 
and ~ H + [ H + ]  are equal. Since [H+] and [OH-] are related through the 
ionic product of water, Kw, eq. (2) may be derived :I3 

[H+]'min = (kOH-)(KW)/(kH') (2, 

where [H+],i, is the hydrogen ion concentration at the reaction rate 
minimum. The solid curves in 
Figure 2 have been determined from eq. (l), using the constants in Table 
111, and give a reasonable fit to the data. (Some of the points in Figure 2 
are interpolations between the nearest experimental temperatures of 
Table 11.) Also shown in Figure 2 is a calculated curve for the hydrolysis 
rate a t  23°C. 

In Figure 3, log kl versus 1/T is given for the base-catalyzed and acid- 
catalyzed reactions. The values of kl are the extrapolated values deter- 
mined from Figure 2 for pH 9 and pH 2, respectively. The activation 
energies determined in this way are 20.1 f 0.5 and 16.4 f 1.3 kcal./mole 
for the base- and acid-catalyzed reactions, respectively. This value for 

These data are also given in Table 111. 
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the activation energy of the base-catalyzed reaction is not the activation 
energy for H OH- because it is obtained by examining data a t  constant 
[H+], not a t  constant [OH-]. The data for the dissociation constant of 
water show that its heat of dissociation is about 12.0 kcal./m~le, '~ so the 
activation energy for k0H- is only 8.1 kcal./mole. The calculated activa- 
tion energy for kH20 is 11.5 ( f 1.7) kcal./mole. An adequate representation 
of the data is 

k ~ +  = 5.24 X lo5 exp { - 16.4 X 103/RT 1 
 OH- = 1.55 X lo4 exp { -8.1 X 103/RT)  

and 
kHnO = 4.25 X exp { -11.5 X 103/RT) 

where RT is in units of calories per mole. 
The activation energy for the hydrolysis of cellulose acetate has been 

determined for both the base- and acid-catalyzed reactions under quite 
different experimental conditions. The base-catalyzed reaction has been 
studied under homogeneous conditions, and an activation energy of 11.7 
kcal./mole has been determined.3 The acid-catalyzed reaction has been 
measured under both homogeneous1J5 and heterogeneous16 conditions, 
and an activation energy of approximately 14.4 kcal./mole has been meas- 
ured. In  other studies, the concentrations of reactants were such that it 
was necessary to employ the second-order rate e~press ion , '~~  and the re- 
actions were carried out a t  pH's less than 11v4 or greater than 12.3 Con- 
sidering these substantial differences in experimental conditions, the acti- 
vation energies determined in the present work are in reasonable agreement 
with the other values. Timm and Hin~helwood'~ have presented data 
showing that a difference in activation energy between the acid- and base- 
catalyzed reactions is not uncommon in ester hydrolysis. The effect of 
salts was found to be important in the studies of hydrolysis under acid 
conditions conducted by Haward and White.4 In the present work, 
several different buffers were used. The ionic strength range of the buffers 
was approximately 0.4-0.8M, and within this range no salt effect appears to 
be present. However, the effect of large changes in ionic strength was not 
examined. 

This work was supported by the U. S. Department of the Interior, Office of Saline 
Water, under Contract 14-01-0001-250. 

The authors are indebted to Dr. U. Merten and Dr. H. K. Lonsdale for many helpfnl 
discussions. 

References 
1 .  L. A. Hiller, Jr., J .  Polymer Sci., 10, 385 (1953). 
2. C. J. Malm, L. J. Tanghe, and B. C .  Laird, J .  Am. Chem. SOC., 72,2674 (1950). 
3. F. Howlett and E. Martin, J. Textile Znst., 38, T212 (1947). 
4. R. N. Haward and T. White, J .  SOC. Chem. Znd., 65, 63 (1946). 
5.  D. Vermaas and P. H. Hermans, J .  Polymer Sci., 2,397,406 (1947). 



832 K. D. VOS, F. 0. BURRIS, JR., AND R. L. RILEY 

6. S. Loeb and S. Sourirajan, Advan. Chem. Ser., 38,117 (1963). 
7. L. B. Genung and R. C. Mallatt, Ind. Eng. Chem., Anal. Ed., 13,369 (1941). 
8. R. G. Bates, J .  Res. Natl. Bur. Std., A66, 179 (1962). 
9. H. K. Lonsdale, U. Merten, and R. L. Riley, J .  Appl. Polymer Sci., 9,1341 (1965). 

10. R. L. Riley, J. 0. Gardner, and U. Merten, Science, 143,801 (1964). 
11. D. W. McCall and 11. C. Douglass, J .  Phys. Chem., 69,2001 (1965). 
12. E. R. Garrett, J .  Am. Chem. SOC., 80,4049 (1958). 
13. K. L. Laidler, Chemical Kinetics, McGraw-Hill, New York, 1950, pp. 282- 

14. N. E. Dorsey, Properties of Ordinary Water-Substance, Reinhold, New York, 1940, 

15. K. Seki, J .  SOC. Chem. Ind., Japan, 42,253 (1939); Chem. Abstr., 34,6198 (1940). 
16. I. Sakurada, I. Tukahara, and T. Morita, J .  SOC. Chrm. Ind., Japan, 42,254 (1939); 

17. E. W. Timm and C. N. Hinshelwood, J .  Chem. Soc., Part 1,1938,862. 

290. 

pp. 35-36. 

Chem. Abstr., 34, 6198 (1940). 

RCsumC 
Une etude cinetique de l'hydrolyse de l'acetate de cellulose B 39.8 % poids a 6tB 

effectuee en fonction du pH et de la temperature dans un domaine de pH variant de 
2.2 B 10 et  dans tin domaine de temperature de 23 B 95°C. La reaction d'hydrolyse a 6te 
effectuke sur des membranes hautement poreuses dam des conditions quasi-homogknes 
et les resultats ont B t B  trait& comme des reactions de premier ordre apparent en concen- 
tration en acetyle. La reaction peut &re presentee par 1'6quation kl = ka+(H+) + 
-8.1 X 103/RT, et k ~ , o  = 4.25 X 1W2 exp -11.5 X 10"/RT (oh les quantitks entre 
paranthkses expriment des activites des ions indiquks). 

koa-(OH-) f kHZo O h  ka- = 5.24 x 10'eXp -16.4 x 103/RT, koH- = 1.55 x lo4 exp 

Zusammenfassung 
Eine kinetische Untersuchung der Hydrolyse von Zelluloseacetat mit 39,8 Gewichts'% 

Acetyl wurde als Funktion von pH und Temperatur im pH-Bereich von 2,2-10 und 
Temperaturbereich von 23-95°C ausgefuhrt. Die Hydrolysereaktion wurde an hoch- 
gradig porosen Membranen unter quasihomogenen Bedingungen durchgefiihrt und die 
Ergebnisse sls eine lteaktion erster Ordnung in bezug auf die Acetylkonzentration be- 
handelt. Die Reaktion kann durch die Gleichung kl = kH+ [H+] +  OH- [OH-] + 
kHzo dargestellt werden, wo ka+ = 5,24.105 exp { -16,4.103/RT],  OH- = 1,55-104 
exp (-8,1.103/RT) und ~ H ? O  = 4,25.10-2 exp { -l1,5.1O3/RT) nnd die Grossen in 
eckigen Klammern die Aktivitaten der betreffenden Ionen sind. 
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