
ABSTRACT: Hydrolysis of palm oil was studied using four
types of commercial H+-exchanged resin with acidity in the re-
gion of 5 ×10−3 eq g−1 but with different pore volumes, specific
surface areas, and pore diameters. The reaction was carried out
in a stirred batch reactor in the liquid phase with continuous
steam injection for up to 14 h. The rate of hydrolysis did not de-
pend on total pore volume and specific surface area but did de-
pend on pore diameter. On exchanging H+ with La3+, Co2+, and
Na+, the rate of reaction decreased markedly and was depen-
dent on the degree of exchange, demonstrating that hydrolysis
was catalyzed by H+ sites. The activation energy for the hydrol-
ysis of the triglycerides was estimated to be 240 kJ mol−1. A pro-
cedure to estimate the rates of the different stages of hydrolysis
and hence the individual rate constants of the forward and re-
verse reactions is described. The procedure yielded reasonable
parameters for the reaction at 155°C up to 6 h of reaction time,
when about 75 mol% of triglycerides was hydrolyzed. 
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Continuous high-pressure fat splitting with superheated steam
is still the preferred technology for fatty acid production since
its invention in the 1930s. Hydrolysis is usually carried out at
~250°C and 3000–5000 kN/m2 pressure with countercurrent
flow of water and oil. About 96–98% of hydrolysis takes
place within 2 h (1). The process involves high capital cost
because of the corrosive nature of the acid produced at such
high temperatures and pressures; high steam pressure also re-
quires high energy input and costs. Due to rising energy and
capital costs, renewed interest in ambient temperature enzy-
matic fat splitting using lipase as catalyst emerged around
1980 (1,2). The lipase process is suitable for small-scale pro-
duction of fatty acids from heat-sensitive oils. The problems
of catalyst recovery and the low rate of attaining equilibrium
prevent commercialization of the process for large-scale pro-
duction, although efforts to immobilize the enzyme on solid
supports and to carry out the reaction at temperatures above
ambient have resulted in some success (3).

Catalyzed hydrolysis of fats and oils in batchwise fatty
acid production was used even before steam splitting. The

Twitchell process, which uses a sulfonic acid as catalyst, was
first patented in 1898 (4). Other catalysts involving solid
acids and bases, such as supported alkylbenzene sulfonic
acid, ZnO, and lime, have also been used (5). Cation-ex-
changed resins have been used for hydrolysis of esters (6–8),
and the hydrolysis kinetics of triglycerides catalyzed by
cation-exchanged resins has also been reported (6). It is well
established that the hydrolysis of triglycerides is a stepwise
process catalyzed by acid/base; however, there are insuffi-
cient kinetic data on the process in current literature. This re-
port aims to fill the gap.

EXPERIMENTAL PROCEDURES

Four samples of polystyrene sulfonic acid cation-exchanged
resins, CT-110, CT-151, CT-165, and CT-175, were gifts from
Purolite International Limited (Pontyclun, United Kingdom).
CT-110 is a gel-type resin whereas the others are macro-
porous resins. The resins with the H+ cation-exchanged with
La3+, Co2+, and Na+ were prepared by repeated (4 times)
equilibration of the resin with fresh nitrate solutions of the re-
spective cation. It was estimated that more than 90% of the
cation sites were exchanged. Resins with different H+ frac-
tion were prepared by adding to a series of different concen-
trations of sodium nitrate in conical flasks. The conical flasks
were stoppered and then shaken for a few hours. The resin
was filtered and washed with distilled water until the effluent
was neutral to methyl orange.

The H+ fraction was determined according to a standard
method (9). A 1-g sample was weighed and placed in a 250-
mL conical flask. Standardized 0.1 M NaOH in 5% NaCl (200
mL) was then pipetted into the flask. The flask was stoppered
and allowed to stand overnight. A 50-mL sample of the su-
pernatant liquid was then back-titrated with standardized 0.1
M HCl using phenolphthalein as an indicator to calculate H+

capacity. The H+ fraction was calculated by taking the ratio
of H+ capacity of a Na+–exchanged resin and H+ capacity of
an unexchanged resin.

The hydrolysis experiments were carried out in a 250-mL
three-necked round-bottom flask immersed in a constant tem-
perature bath. Typically, about 5 g of the catalysts for 100 mL
of the preheated refined palm olein was used. Steam was con-
tinuously injected. The reaction mixture was continuously
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stirred with a mechanical stirrer for up to 14 h. Samples were
withdrawn at regular intervals. 

Samples were analyzed by the following procedure. To
1 mL of sample, 1 mL of pyridine and 1 mL of chloroform
were added and mixed well. From the mixture, 0.3 mL was
withdrawn and mixed with 0.2 mL of hexamethyldisilazane
followed by 0.1 mL of trimethylchlorosilane (10). The mix-
ture was allowed to stand for at least 5 min before being in-
jected into the gas chromatograph fitted with a 50-cm glass
column with an internal diameter of 3 mm packed with 1%
Dexil 300 (Supelco, Bellefonte, PA).

RESULTS AND DISCUSSION

Figure 1 shows a typical result of the hydrolysis of palm oil
triglycerides catalyzed by macroporous resin (CT-165 resin)
at 155°C. The disappearance of the triglycerides proceeded
slowly at first, then accelerated after 30 min until after about
70 mol% was hydrolyzed, typically 4 h of reaction time. At
the same time, concentrations of free fatty acids and diglyc-
erides increased slowly at first, then accelerated, and eventu-
ally slowed. The monoglyceride concentration gradually in-
creased, reaching a maximum at about the time when the hy-
drolysis of the triglycerides began to slow; thereafter, the
concentration decreased. The initial induction period ob-
served may be explained as follows: As water entered the
pores of the resin and became trapped together with the
triglycerides, reaction proceeded within the pores. Diffusion
of the products out of the internal pores took time, hence a
delay in the appearance of the products was observed.

The accelerated rate of reaction after the initial induction
but before the slowdown, which followed first-order kinetics,
may have been assisted by the formation of diglycerides and
monoglycerides which helped emulsify the reaction mixture
by bringing them into more intimate contact within the pores.

The expected maximum in diglycerides concentration was not
observed, presumably because the concentration of triglyc-
erides remained appreciable even after a reaction time of
14 h. 

The monoglyceride concentration decreased after reaching
a maximum which was not observed for homogeneous hy-
drolysis. Initially, the rate of monoglyceride formation from
the hydrolysis of the diglycerides within the pores was higher
than its rate of decomposition when the rate of formation of
diglycerides was accelerating. Later, the rate of formation of
monoglycerides slowed due to the decreased diglyceride con-
centration within the pores. The monoglyceride concentration
decreased. 

Relationship between activity and physical characteristics.
Table 1 tabulates the physical characteristics of the various
resins and the product concentrations of the reaction after 5 h
at 140°C. For the reactions carried out with the four resins,
which have approximately the same acidity, no correlation
between the activities and surface area and pore volume was
found. Catalysts with larger average pore diameters seem to
have the higher activities. However, this correlation is not
conclusive since all resins, except for CT-110, which is a gel,
have average pore diameters greater than 350 Å, which is
large enough to accommodate many molecules of the reac-
tants as well as the products. 

Effect of cation and H+. It is well established that the hy-
drolysis of esters is catalyzed by acids. Thus, we performed
the reaction on a number of cation-exchanged resins
(Table 1). The original resin that contained H+ was much
more active than the other cation-exchanged resins. Although
La3+- and Co2+-exchanged solids are known to possess ap-
preciable acidity, these were also not very active compared to
the H+ resin. Despite this observation, it is still reasonable to
conclude that the reaction is catalyzed by Brønsted acids. Fig-
ure 2 shows the percentage hydrolysis at the fifth hour as a
function of the H+ fraction (partially replaced by Na+) at
155°C. The percentage hydrolysis using unexchanged H+

resin was 75%; the percentage hydrolysis dropped dramati-
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FIG. 1. Changes in the concentration of triglycerides (T), diglycerides
(D), monoglycerides (M), fatty acid (A), and glycerol (G) with time 
of hydrolysis catalyzed by CT-165 (polystyrene sulfonic acid cation-ex-
changed resin; Purolite International Ltd., Pontyclun, United Kingdom)
at 155°C. The symbols are experimental data, while the curves are sim-
ulated from Equations 4–7.

FIG. 2. Percentage hydrolysis after 5-h reaction time as a function of H+

fraction for hydrolysis catalyzed by CT-165 at 155°C. For manufacturer
see Figure 1.



cally to 15% using sample with 48% of the H+ exchanged.
This showed that the H+ sites were responsible for catalytic
function.

Effect of temperature. As mentioned earlier, the reaction is
first-order with respect to triglyceride concentration. The
first-order plot for triglyceride hydrolysis catalyzed by CT-
165 at 155°C is shown in Figure 3. Although the change in
triglyceride concentration with time fit fairly well with first-
order kinetics, hydrolysis is actually a composite of forward
and reverse rates. The reaction constant is an overall rate con-
stant and the first-order kinetics obtained is an approximation.

The reaction was carried out at temperatures between 120
and 155°C (the highest temperature possible before decom-
position of the resin). From the Arrhenius plot (Fig. 4), the

activation energy for the hydrolysis was 240 kJ mol−1 which
is rather high for a catalyzed reaction.

Kinetic parameters. The mechanism of the hydrolysis has
long been established to consist of the following steps:

k1
triglyceride (T) + H2O ∫ diglyceride (D) + fatty acid (A)

k−1 rate = r1 [1]

k2
diglyceride (D) + H2O ∫ monoglyceride (M) + fatty acid (A)

k−2 rate = r2 [2]

k3
monoglyceride (M) + H2O ∫ glycerol (G) + fatty acid (A)

k−3 rate = r3 [3]
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TABLE 1
Effect of Resin Characteristics on Hydrolysis of Triglycerides After 5-h Reaction Time at 140°C

CT-110 CT-165 CT-175 CT-151

Granular Granular Granular Granular Powder Granular Granular Granular
Sample (H+) (H+) (H+) (H+) (H+) (Na+) (Co2+) (La3+)

Total capacity H+ a

(eq/kg) 4.9 5 5 5.1 5.1 5.1 5.1 5.1
Specific surfacea,b

(m2/g) — 2.5 30 20 20 20 20 20
Pore volumea,c

(mL/g) — 0.15 0.5 0.2 0.2 0.2 0.2 0.2
Median pore diametera,c

(Å) — >1000 650 350 350 350 350 350

Average %
Product concentration (w/w %) deviationd

Triglycerides 96.6 78.1 86.4 84.5 85.4 99.6 98.3 96.2 ±2.2
Diglycerides 3.2 12.9 6.0 6.0 6.3 0.2 0.9 2.2 ±10.2
Monoglycerides 0 1.7 1.1 1.3 1.4 0.1 0.4 0.2 ±4.6
Free fatty acids 0.2 7.3 6.4 8.2 6.9 0.1 0.4 1.4 ±4.3
aData from the manufacturer.
bHg intrusion method.
cN2 adsorption.
dAverage % deviation, calculated from [∑(∆C/C)]/8 × 100 where ∆C and C are the difference in concentrations and the average concentra-
tion from duplicate experiments, respectively.
CT, polystyrene sulfonic acid cation-exchanged resins (Purolite International Ltd., Pontyclun, United Kingdom).

FIG. 3. First-order rate plot for the hydrolysis catalyzed by CT-165 at
155°C, where C0 = initial concentration and C = concentration at time t.
For manufacturer see Figure 1.

FIG. 4. Arrhenius plot for hydrolysis of triglycerides catalyzed by 
CT-165. For manufacturer see Figure 1.



It was nearly impossible to obtain the individual rate con-
stants unless precise concentrations were determined for all
the reactants and products. We simplified the process by de-
termining the rate of each of the overall steps, r1, r2 and r3,
where r1 = k1[T][H2O] − k−1[A][D], r2 = k2[D][H2O] −
k−2[A][M], and r3 = k3[M] [H2O] − k−3[A][G] (11).

To determine the values of the various rate constants, we
devised the following procedure: The average concentrations
from two experiments for T, D, and A during the course of
the reaction were first fitted by least squares to the following
equations for the reactions catalyzed by CT-165 at 155°C:

[4]

[5]

[6]

[7]

where t is the time of reaction in hours, R is the correlation
coefficient, and S is the standard error.

The rates of reaction at various times were then obtained
from the differentiation of these equations (Table 2). The r val-
ues were calculated using r1 = 1/3(d[A]/dt + d[M]/dt) +

2/3(d[D]/dt), r2 = r1 − d[D]/dt, and r3 = r2 − d[M]/dt (11). The
values of r1 and r2 increased as the reaction proceeded, initially
reaching maximal values at 1.5 and 1.0 h, then decreasing.

Since the concentrations [T], [D], [M], and [A] were
known, concentration [G] can be calculated. If we assume
that the solubility of water in the reaction mixture remained
constant, the values of ki can be calculated. The results were
tabulated in Table 3, for the reaction between the third and
fourth hours when the concentrations were changing moder-
ately. We noticed that while the rate constants were relatively
constant for the first stage of hydrolysis, the rate constants for
both the forward and reverse reactions of the second stage
continued to increase. However, the ratio of these constants
remained nearly unchanged.

The average value for k′i /k−i within the third to fourth hour
was obtained: k′1/k–1 = 50 and k′2/k−2 = 10. The value k′3/k−3
was not determined, as we did not determine the concentra-
tion of glycerol. The ratios determined were also an approxi-
mation as the assumption of constant [H2O] in the oil may not
be true since the presence of an emulsifying agent could af-
fect the solubility of water. However, we think that the value
obtained seems reasonable when the concentration of the par-
tial glycerides was appreciable.
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