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Kinetic of liquid-phase reactions catalyzed by acidic resins: the
formation of peracetic acid for vegetable oil epoxidation
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Abstract

A heterogeneous kinetic model which takes into account the complete physicochemical interaction of reactive species in a
polar liquid phase with an ion-exchange resin acting both as selective sorbent and heterogeneous catalyst has been employed
to analyze the peracetic acid synthesis from acetic acid and hydrogen peroxide in an aqueous solution. Model parameters were
estimated using uncoupled data from phase equilibria, polymer sorption, chemical equilibrium and reaction kinetics. Activities
rather than molar concentrations in the polymer phase and specific (dry weight of catalyst basis) rather than volume-based
expressions were found to give the best constitutive equations for the heterogeneous reaction rate. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction in an aqueous medium. The latter step is slow and
controls the overall reaction rate; then, high conver-

The epoxidation of unsaturated triglycerides with sions are generally achieved after several hours of

percarboxylic acids is a common practice for obtain- reaction.

ing low cost plasticisers of good performance from  Traditionally, homogeneous acidic catalysts (e.g.

natural and renewable sources such as vegetable oilssulfuric acid) have been used to facilitate the forma-

Cost constrictions dictate the use of inexpensive per- tion of peracetic acid by reacting acetic acid (AA)

acetic acid (PAA) as the active reagent, while safety and hydrogen peroxide (HP):

concerns demand an in situ preparation of the reagent,

to avoid the handling of a pre-formed concentrated CH3COOH + H20, ) HY N CH3COOOH + H20

peracid. The in situ process involves a heterogeneous (AA) (HP) (PAA) (W)

system, as epoxidation reaction occurs in the organic

phase whereas the formation of PAA takes place Hydrogen peroxide (an oxygen source) reacts with

acetic acid (an oxygen carrier) in the agueous phase
in the presence of the acidic catalyst (solvated pro-
fax: +54.342-4550044. tons) to give peracetic_ acid (PAA). Thg latter, in turn,
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reaction:
R1CH=CHR, CH3COOOH
(VO) (PAA)
R R;CHOCHR, @ CH3COOH
(EVO) (AA)

The co-produced AA returns to the aqueous phase to
close the sequence and re-start the production cycle.

Mass and heat transfer limitations may impose
severe process constraints (epoxidations are highly
exothermic) or may lead to undesirable side reac-
tions. So, numerous workers have studied the epoxi-
dation reaction pathway and a qualitative picture of
it was agreed upon in the past decades [1-3]. The
rate-limiting step of the in situ process is the forma-
tion of PAA in the aqueous phase. However, quan-
titative determination of the kinetic parameters was
lacking, and only for two-phase epoxidations using
homogeneous mineral acids more rigorous kinetic
models had begun to emerge in the recent past [4,5].

As mentioned, secondary (acid-catalyzed) side re-
actions do appear. Invariably, they involve an opening
of the oxirane ring and, consequently, lower yields of
epoxidized vegetable oil [5]:

RiCHOCHR, 4+ CH3COOH
H R,CH(OH)CH(OOCHs)R,

RiCHOCHR, + CH;COOOH
M. R1CH(OH)CH(OOOCCH)R,

R,CHOCHR."S R,COCHR,
RyCHOCHR, + H,0™ R; CH(OH)CH(OH)R,

RyCHOCHR, + H20,™ R; CH(OH)CH(OOH)R;

Heterogeneous catalysts such as functionalized micro-
reticular ion-exchange resins (IER) can be advanta-
geously used instead, since only the small carboxylic
acid molecules can enter into their gel-like structure,
while the bulky epoxidized triglyceride molecules
cannot. The oxirane ring can thence be protected
from the attack of the protons which are confined
inside the gel matrix and, as a result, further ring
decomposition is prevented. Also, catalyst recovery
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and/or regeneration is much easier then. Several such
strongly acidic sulfonic IER (e.g. Dowex 50; Am-
berlite IR 120, Chempro C20) have been reported to
contribute to minimizing oxirane ring opening [6-9].
Three phases are present in the in situ processes cat-
alyzed by IER: (1) a polymer phase, whose behavior
(notably its swelling properties) is highly dependent
on the physicochemical properties of the system, to-
gether with (2) an aqueous phase, immiscible with (3)
the organic phase. A heterogeneous kinetic model of
this three-phase system using IER has not been pre-

. sented so far. We are presently developing a complete

study of the epoxidation process, uncoupling the reac-
tion and transport system into sub-systems of increas-
ing complexity to allow a better quantification of the
relevant process parameters.

This piece of work presents the modeling of one
of these sub-systems whose understanding is crucial:
the kinetics of formation of PAA in the heteroge-
neous aqueous phase-polymer (acidic catalyst) phase
system. For this, the partition of each component
between the two phases, as well as the swelling ra-
tio (relative increase of the volume of the resin) are
first quantified. Selective sorption/swelling leads to
values of the relative compositions in the reaction
locus (i.e. the polymer resin) and of the reactants’
polymer-phase concentration which are different from
those in the liquid phase. Both aspects are taken
into account in the modeling. Then, the chemical
equilibrium constant and kinetic parameters are esti-
mated from the equilibrium and kinetics experimental
data, respectively, using operating conditions typical
of the industrial process. Lastly, the activation en-
ergy of the acid-catalyzed reaction is estimated from
non-isothermal experimental data. The appropriate-
ness of managing the kinetic equations in terms of
activities, rather than concentrations, and mass of dry
resin, rather than its volume, are discussed.

2. Experimental

2.1. Activation and conditioning of the ion-exchange
resin

Rohm & Haas Amberlite IR-120 microreticular
gel-type resin, DVB-styrene matrix, 8% cross-linking,
d, (dry)=215-775%m (54.5%<530um; 75.3%<
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600um; 94.8%<670wm), functionalized with
sulfonic groups, was used throughout this work. As
IER is commercially available in sodium form, hy-
drochloric acid (10% w/w) was used to fully activate
it in successive ion-exchange steps (7 in total), with
further washing (1:10 w/w) using distilled demineral-
ized water until complete elimination of the residual
salinity. Lastly, glacial acetic acid (purity: >99.7%
w/w) was used to replace water inside the ion ex-
change resin.
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ing representative liquid-resin samples of the reacting
system. An internal cooling coil (OD: 1/4316SS),
combined with an external cylindrical heating mantle
(400W) linked to a PID temperature controller, en-
sured operating withia0.1 K.

In a typical experiment, glacial AA and pre-activated
IER were added to the empty reactor and slowly
heated to the reaction temperature under stirring. Si-
multaneously, the desired volume of a solution of HP
(30% wi/w) was also heated to that temperature, under

The exchange capacity of the resin, as determined reflux, and then added, at once, to the reactor (zero

by titration using conventional volumetric tech-
niques, was: [F]°=4.507 meqg/g (dry basis). The dry

time of the reaction). Samples were periodically taken
and immediately filtered to separate the resin and stop

polymer density, as measured by pycnometry using the reaction. Next, aliquots of the filtrates (1¥m

n-heptane [10], was 1.437 kgAnA portion of the dry

were diluted in ethanol (100 cthand refrigerated for

resin was crushed and sieved; successive washing andurther analysis by GLC.

decantation in distilled demineralized water allowed

the removal of undesired fines adhered to the crushed

particles. Two fractions,<53 and >59m, were

used to evaluate the possible impact of mass-transfer

resistances on the process rate.

2.2. Determination of phase equilibrium partitioning
of reactants between the aqueous and polymeric
phases

Different dilutions of either acetic acid or hydro-
gen peroxide in water (40g) were added to the dry
resin (15g). The system was kept at 333 K with occa-
sional stirring until physicochemical equilibrium was
achieved in about 4h. The equilibrium composition
of the liquid phase was measured by volumetric tech-
nigues (see below). A portion of the swollen resin was
centrifuged at 2000 g for 5 min to eliminate any resid-
ual interstitial liquid [10]. The amount of sorbed lig-
uid retained by the resin was found by weighting the
centrifuged resin before and after drying in a stove at
378K for 12h [11].

2.3. Reactor and experimental procedures

The rate of formation of PAA was studied in exper-
imental runs conducted in a 1000¢rlosed cylin-
drical Pyrex reactor, furnished with a variable speed
(0—1000 rpm) mechanical stirrer. The device had four
teflon baffles to eliminate vorticity, an overhead re-
flux condenser and a fast-sampling device for collect-

2.4. Analytical techniques

The concentration of AA and HP were measured by
volumetric titration, using NaOH (0.IN) and KMnQO
(0.1 N), respectively. The contents of PAA acid in
the reaction samples was determined by GLC after a
previous derivatization with methy-tolyl sulphide;
n-octadecane was used as internal standard [12]. A
glass column (5092 mm) packed with 3% FFAP on
Chromosorb W AW DMCS (80-100 mesh) was em-
ployed.

3. Results and discussion

3.1. Intra- and extra-particle mass-transfer
resistances

The absence of intra-particle mass-transfer resis-
tances to any significant extent was experimentally
corroborated using two widely differing particle sizes
of the resin: >595 ane:53um, under typical reaction
conditions of the well-stirred mixture (375 rpm). Both
runs gave identical results as is shown in Fig. 1. Also,
the ratio of initial rates was close to unity even though
particle diameters differed by more than 10-fold.
Hence, extra-particle mass-transfer resistances are
of no concern either and, thus, the commercial un-
crushed IER beads were used to perform the kinetic
study.
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Fig. 1. Influence of particle size of the ion-exchange resin (Amberlite IR-120) on the reaction rate and final concentration of PAA at 333K
(reactants molar ratio: #0,/HOAc=1.1/0.5). The full line corresponds to model predictions.

3.2. Kinetic model of polar components in minor amounts. If the resin
operates into a strongly polar solvent such as water,
As we have pointed out in Section 1, the selec- the sulphonic groups are fully dissociated and the free
tive sorption and swelling of the resin can have a Solvated protons catalyze the reaction through ionic
strong influence on the observable reaction rate of this mechanisms of protonation. In many such situations,
two-phase system, even though no change in the se-specially if just small amounts of resin are used, a
guence of involved reaction steps (as compared to the pseudohomogenous model describing the reaction rate
homogeneous reaction) is to be expected for a strongly in terms of power-law kinetics suffices, as it does in
acidic material being the active catalyst. Then, a pseu- homogeneous catalysis.
dohomogeneous kinetic model such as the following:  However, none of these models takes into account
the selective sorption and swelling of the resin, which
[CHPCAA _ i CPAACWi| 1) leads tp values of the react_ants’ polymfa_r-phase con-
centration and of the relative composition of both
reactants and products in the polymer phase (i.e. the
reaction locus) that are different from those in the
liquid phase. A second approach is then needed, to ex-
plicitly differentiate the compositions of the aqueous
and polymer phases whenever a significant amount
of resin is used as a catalyst. For such purposes, the
overall system can be considered as a two-phase sys-
tem composed of a highly viscous multicomponent
fluid phase containindl+I species (with the swollen
polymer as K+1)th species,) in physicochemical
equilibrium with theN-component liquid phase, since
the characteristic time for reaching phase-equilibrium
conditions between them is usually of the order of a
few minutes [18].

dECPAA = k1CiEr
t

which considers IER merely as a source of protons in
the multicomponent liquid mixture would be certainly
insufficient. In fact, for the set of experimental runs
summarized in Table 2, every attempt we made to get
satisfactory data fittings by means of a non-linear re-
gression algorithm was unacceptable. So, a new model
was developed to include explicitly the presence of the
polymer phase.

Two approaches can be followed to solve this hur-
dle. The first one focuses exclusively on the catalytic
reaction pathway at the reaction locus, where two ex-
treme situations are recognizable according to whether
slightly dissociated sulphonic groups or free solvated
protons are the catalytic agents [13—15]. The first case
applies whenever the resin is imbedded into a slightly
polar medium; the classic LHHW formalism can then 3.3. Activities of the species in the liquid phase
be applied to model the reaction kinetics [16,17]. Here,
the inclusion of adsorption parameters is both justifi- A predictive model is needed to compute the ac-
able and flexible enough so as to fit up any observ- tivity of the four species in the aqueous phase, rather
able changes in catalytic activity due to the presence than a correlative one, due to the scant information
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available in the open literature about this reacting between components@ndj. The latter parameters are
system. For these components, just a pair of binary known to be temperature-dependent [24].
data is available: water—hydrogen peroxide [19] and  According to Eq. (2), 11 adjustable parameters
water—acetic acid [20]. Then, the UNIFAC group con- would have to be determined for calculating the set
tribution method [21] is a suitable tool, as it does not of aiP of the four species in the polymer phageand
involve any adjustable parameter. The central con- 10 molecular interaction parameters, four of them
cept of the method rests on considering any mixture corresponding to interactions between the polymer
as a solution of functional groups interacting among and the other specieg {p) and six binary interaction
themselves. Most of the extensions and refinement parameters among the liquid phase component9,(
of the original concept have rested on finding new since x;;=yx;; and x;;=0 (see Ref. [18] for a full
procedures for calculating the molecular interaction discussion on the subject).
parameters between components, which initially came  The elasticity parameter and five of the binary
from vapor-liquid equilibrium data (UNIFAC VLE). interaction parameters were found independently
Later, a new set of interaction parameters has been(i.e. uncoupled), from the sorption equilibria of the
derived from the liquid—liquid equilibrium data (UNI-  water—acetic acid and water—hydrogen peroxide bi-
FAC LLE) for making predictions related to these nary mixtures in contact with the resin. For this
systems [22]. More recently, the dependence of the purpose, the activities of each pair of components in
interaction parameters with temperature has also beenthe aqueous phase were calculated using the UNIFAC
included, in the Modified UNIFAC method [23]. LLE routine, which does not involve any adjustable
We used each of these methods to predict the activ- parameter. Next, as in thermodynamic equilibrium
ities in the aqueous phase. The UNIFAC LLE method ; P
. : : a; =a; (3)
was found to give the closest fit when a comparison of ! !
model predictions with experimental data taken from Eg. (2) was used for each binary mixture, using the
the available vapor—liquid equilibria was made. It was Levemberg—Marquardt algorithm, to estimate the cor-
then adopted for further use in our calculations. responding interaction parameters.
Fig. 2 shows representative sets of tie lines, in
3.4. Activities of the species in the polymer phase ~ adsorbent-free mass coordinathis=g dry resin/g ad-
sorbate), obtained experimentally at 333 K. These data
The activitya” of theith species of a multicompo- clearly indicate that water is more strongly sorbed
nent polymeric solution can be evaluated in the frame- than €ither acetic acid or hydrogen peroxide, and that

work of the extended Flory—Huggins model [25]: the resin swelling is much higher in water than in
acetic acid. It is also apparent that the polymer beads
N+1 N+1 can expand even more (albeit slightly) with higher
In aip =1+1Inv — Zmijvj + ZXijUj concentration of hydrogen peroxide.
j=1 j=1 Fig. 3 re-plots the experimental data (tie lines)
N+1j-1 shown in Fig. 2, as molar fractions in the polymer
_sz vivixri + 0V [§v1/3_zv } and liquid phases, for the water—acetic acid and
ikVjVk Xkj nvi P P
i—1k=1 3 6 water—hydrogen peroxide binary pairs, together with
) model predictions using the calculated parameters

(the latter are included in Table 1). The agreement is
whereN is the number of components excluding the satisfactory.
polymer, which is theN+I)th speciesy andvp are the The experimental determination of the partition
volume fractions of théh species and of the polymer of PAA was not made owing to the obvious experi-
in the polymer phase, respectively;; is the ratio of mental difficulties and hazards involved in handling
molar volumes of thdth andjth species r; p=0); a highly concentrated peracid. Instead, the heuristic
V; is the molar volume ofth species; represents  assumption was made that in the polymer phase the
the number of moles of active elastic chains per unit analogs—carboxylic acids (acetic and peracetic)—
volume andy;; represents the molecular interaction can be assumed to behave as identical molecules, as
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Fig. 2. Binary sorption and phase partition equilibria on Amberlite IR-120 of (a) water—acetic acid and (b) water—hydrogen peroxide binary
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Fig. 3. Comparison of experimental data and model predictions
for the water—acetic acid (a) and water—hydrogen (b) binary pairs
shown in Fig. 2 (333K).

far as their molecular interactions are concerned, and
S0 xaa—paa=0. Likewise, an uncoupled estimation
of the interaction parameters of the reactive binary
pairs, PAA—-water and acetic acid—hydrogen peroxide
cannot be made, for obvious reasons. Nevertheless
under the previous hypothesisy—_paa is identical to
Xw-Aa . Lastly, the remaining interaction parameter
can be estimated from chemical equilibrium data us-

Table 1
Estimated values of the interaction parameters of the extended
Flory—Huggins model [Eqg. (2)], at 333K.

Xij ]
i

AA HP Water PAA Resin
AA 0 —0.0088 0.3390 0 0.1592
HP —0.0036 0 —1.9670 —0.0036 0.8809
Water 0.1039 -1.4886 0 0.1039 -0.6673
PAA 0 —0.0088 0.3390 0 0.1592

ing asymptotic compositions (i.e. after long enough
contact times) of the experimental runs. The proce-
dure is described below, in Section 3.5.

Asis shownin Table 1, the complete setgf inter-
action parameters indicates relatively low interaction
between acetic acid, PAA and hydrogen peroxide, and
moderate interactions of these with water and of the
four liquid components with resin. The value obtained
for the elasticity parameter wag:=0.022 mol/crd,
which is about one order of magnitude higher than
the theoretical one. However, by imposing progres-
sively lower values to this parameter there is worse
agreement between model predictions and experimen-
tal data results, owing to the tight correlation among
the parameters in Eq. (2). This problem has been dis-
cussed in a recent work on the kinetics of liquid-phase
esterification of acetic acid with ethanol using Am-
berlyst 15, where about two orders of magnitude dif-
ferences were encountered [18].

Despite these shortcomings of presently available
phase partition equilibrium models, they allow one to
reproduce rather satisfactorily the experimental data
and seem sufficient to help in describing the kinetic
behavior of these systems under reaction conditions.

3.5. Chemical equilibrium

By solving the set of multicomponent sorption equi-
librium equations, Eq. (3), together with the mass bal-
ances of each of thigh species:

(4)

L P_ 0
ny +n; =n; +vié
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Table 2

Initial loading and operating conditions of the batch experimental runs

Run Temp (K) AA (moles) HP (moles) Water (moles) Resin mass (g)
1 333 1329 2.734 11.470 447

2 333 1345 3.480 15.205 867

3 333 2783 2.734 11.94 226

4 333 5497 2.734 11.947 820

5 333 10945 2.734 11.947 616

6 333 Q768 2.734 11.947 1993

7 333 Q0574 2.734 11.947 2375

8 323 1329 2.734 11.947 447

9 343 1329 2.734 11.947 447

and the condition of chemical equilibrium: 3.6. Kinetic equation

K = (agAAa\Z /a/anﬁP)eq (5) From Eq. (4) it is straightforward to recognize that

in the well-mixed isothermal batch reactor the time
it is possible to jointly estimate the interaction param- rate of change of the observable degree of advance-
eters for the reactive couple acetic acid—hydrogen per- Ment of the reactions( is sufficient to fully describe
oxide and the equilibrium constar, Indeed, owing the reaction process whenever equilibrium conditions
to a lack of reliable data, it was impossible to estimate Petween the bulk liquid and the polymer phase hold.
K from AG? data, as the standard free energy of the Also, because the catalyzed reaction proceeds only in-

formation of PAA is known within broad uncertainty ~ Side the polymer phase:

limits. The calculated value ofnp—aa IS given in d

Table 1. At 333K the equilibrium constant was found o § = wPR” (6)
1

to beK=2.18.

Values ranging from 0.7 to 5, which were found to whereW?” indicates mass of dry resin placed in the
be dependent both on the initial molar ratio of reac- system (an invariable property) aRf is the specific
tants and on the catalyst concentration, calculated from reaction rate (dry weight basis). Another choice, which
the equilibrium concentrations, have been reported by is to write Eq. (6) in terms of a volumetric reaction
Rangarajan et al. [5]. With our approach, for the broad rate, leads to awkward rate ‘constants’, as the volume
set of experimental conditions given in Table 2, a good of the polymer phase continuously changes during the
fit of the data could be achieved using a single value reaction owing to the swelling properties of the resin.

of K, as is shown in Fig. 4. In addition, as the system is highly non-ideal, the

The values oK at 323 and 343K, obtained exper- kinetic equation describing the reaction rate has to be
imentally, were 1.911 and 2.778, respectively. written in terms of activities [26], accounting for the

5 0.6 o

2L

2 _ 04

§d

g

£~ 0.2

;’ Peracetic acid 0,2 Peracetic acid Peracetic acid

A T=333K T=333 K T=333K

= o.or‘J 0,00 : . . 0,00 .

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time (min) (a) time (min) (b) time (min) (c)

Fig. 4. Experimental and calculated concentrations of PAA in liquid phase at equilibrium conditions (333 K).
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Fig. 5. Concentration of PAA in the liquid phase as a function of time for various values of the initial composition of the reacting mixture:
(a) Run 7; (b) Run 6; (c) Run 3. Full lines represent model predictions.

chemical equilibrium as well (Eq. (5)). The simplest in homogeneous systems, might be due to the steric
expression which satisfies these requirements is theconstraints imposed on the acid-catalyzed bimolecu-
following: lar rds of the reaction [3,4] by the microreticular resin
rather than an incomplete degree of solvation [27].

Figs. 5 and 6 compare experimental results and
model predictions which are fair. Additional fittings
were made using empirical kinetic expressions for: (a)
the specific reaction rate (dry weight basis) in terms
of molar concentrations instead of activities of the re-
actants, and (b) the volumetric reaction rate in terms
of activities of the components, factorized by the resin
volume. In both such cases the new predictions were
poorer than the one using the more sound Eg. (7), as
the residual sum of squares were 58 and 238% higher,
respectively.

@)

wherek [mols~1 (g dry resiny 1]=k0 [H+]°. Its value
was estimated by means of the Marquardt-Levemberg
algorithm, solving for Egs. (2), (3), (5)-(7) and using
the experimental data from the runs indicated in Table
2, all of them obtained in the absence of mass-transfer
limitations. The previous calculation of the interaction
parameters and of the chemical equilibrium constants
at each temperature allowed the uncoupled estimation
of k. The values of the interaction parameters at 323
and 343 K were obtained from those at 333 K using the
well-tested derivation of Flory [24]x (T)T=x(T)T.

The estimated values of the pre-exponential factor
and activation energy dfare (8.48&1.16) x 10 mol st
(g dry resiny! and 48.4-0.47 kJ mot 1, respectively,
for a 95% confidence level. Given that the absence of A two-phase model has been proposed to describe
mass transfer constraints was corroborated, this some-the catalyzed reaction of the formation of PAA from
what lowEact value, as compared with the one reported acetic acid and hydrogen peroxide under a broad

P _ ol P 1P P, P P
R" = kappappll — K™ “apapaw/apa aiip)

4, Conclusions

1.5 1.5

c
kel
o 1.2 1.2
£ [m)
8 z 0.9 0.9
gz o .

o]
S E
Q7 06 0.6
2
% 0.3 Peracetic acid 0.3 Peracetic acid 0.3 Peracetic acid
5 T=323 K T=333 K T=343K
g oo . . . 0.0} . . 0.0 .

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time (min) (b) time (min) ©)

time (min) (@)

Fig. 6. Concentration of PAA in the liquid phase as a function of time for various values of the reaction temperature: (a) Run 8; (b) Run
1; (c) Run 9. Full lines represent model predictions.
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range of conditions, using a sulphonated ion-exchange CONICET, ANPCyT (PD No. 019) and JICA is grate-
resin acting as both a sorbent and a heterogeneoudully acknowledged.

catalyst. The developed model incorporates relevant
aspects with regard to the different affinities of the
reactive species toward the liquid and resin phases.
The selective partitioning of each component be-

tween the two phases and the relatve ncrease of e [, G ool poce s Gamo L
volume of the resin (i.e. its swelling ratio) with vary- (1958) 1685.

ing composition were corroborated, quantified and [3] M. Abraham, R. Benenati, AIChE J. 18 (4) (1972) 807.
taken into account in kinetic modelling. These fea- [4] T. Chou T, J. Chang, Chem. Eng. Commun. 41 (1986) 253.
tures, which have adequate literature support, had not [5] B. Rangarajan, A. Havey, E. Grulke, P.D. Culnan, JAOCS

. : : . . 72 (10) (1995) 1161.
been previously considered for this particular reactive [6] R. Gall, F. Greenspan, JAOCS 34 (1957) 161.
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