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Abstract

In this paper, the adsorption equilibrium constants, dispersion coefficients, and kinetic parameters were obtained for the liquid phase
reversible reaction of methanol with acetic acid catalyzed by Amberlyst 15. The adsorption and kinetic parameters are determined corresponding
to two different mobile phases, methanol and water. Such parameters are required for three different applications of the model reaction: namely,
synthesis of methyl acetate, removal of dilute acetic acid from wastewater, and hydrolysis of methyl acetate. Experiments were conducted in
a packed bed reactor in the temperature range 313-323 K using a rectangular pulse input. A mathematical model for a quasi-homogeneous
kinetics was developed. The adsorption and kinetic parameters together with their dependence on temperature were determined by tuning
the simulation results to fit the experimentally measured breakthrough curves of acetic acid, water (or methanol) and methyl acetate using a
state-of-the-art optimization technique, the genetic algorithm. The mathematical model was further validated using the tuned parameters to
predict experimental results at different feed concentrations and flow rates. The kinetics reported in this study was obtained under conditions
free of both external and internal mass transfer resistance. The computed parameters were found to predict experimental elution profiles for
both batch and plug flow reactors reasonably well.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction The hydrolysis of methyl acetate is also of importance be-
cause, in the synthesis of polyvinyl alcohol, methyl acetate
Methyl acetate synthesis by esterification of acetic acid is formed as byproduct, and acetic acid and methanol can
with methanol and the backward reaction, the hydrolysis be recycled in the proceg8]. In addition to the synthesis
of methyl acetate, have been considered as model reac{l1,2] and hydrolysis of methyl acetafd], the above reac-
tions for reactive distillatiofl]and simulated moving bed tion finds application in the recovery of dilute acetic acid
(SMB) reactor[2]. Methyl acetate is used as solvent for from wastewater, particularly in processes involving acetic
the production of coating materials, nitro-cellulose, cellu- anhydride[5,6] in which the dilute acetic acid should be
lose acetate, cellulose ethers, and celluloid. It is also usedremoved before discharging the wastewater. In the latter,
with a wide variety of resins, plasticizers, lacquers and methanol is added to convert acetic acid to methyl acetate,
certain fats. Methyl acetate (MeOAc) is produced by the which can be recovered easily from water. In this case,
liquid-phase reactioin of acetic acid (HOAc) and methanol the synthesis reaction takes place in the presence of excess
(MeOH) catalyzed by sulphuric acid or a sulphonic acid water instead of excess methanol as used for normal ester
ion-exchange resin in the temperature range of 310-325 Ksynthesis. Reactive distillatiojt—9] has been found to be

and at atmospheric pressure. The reaction is suitable for the methyl acetate reaction system for the three
different processes mentioned above, namely, synthesis and
CH3COOH+ CH3OH = CHzCOOCH; + H20 1) hydrolysis of methyl acetate and recovery of acetic acid.

Like reactive distillation, SMB technologj?] can provide

economic benefit for the above reversible reaction. In-situ
* Corresponding author. Tel-65-6874-8049; fax:+65-6779-1936. separation of the products at the site of chemical reaction in
E-mail address: cheakr@nus.edu.sg (A.K. Ray). the SMB reactor (SMBR) facilitates the reversible reaction
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Nomenclature

A acetic acid

C liquid phase concentration (mol/l)

D apparent axial dispersion coefficient4fs)
E E methyl acetate, activation energy (kJ/mol)
F objective function (maVI?)

AG®  change in Gibbs free energy (kJ/mol)

H height equivalent theoretical plate (m)

AH° change in enthalpy (kJ/mol)
HOAc acetic acid

k reaction rate constant<(, I/mol's)

K equilibrium constant (adsorption or reaction
(I/mol)

L length of the packed bed reactor (m)

M methanol

MeOAc methyl acetate
MeOH methanol

N number of theoretical plates

P purity

q concentration in polymer phase (mol/l)
r reaction rate (mol/l s)

R radius, gas constant (m, J/mol K)

AS change in entropy (J/mol K)

t time (min)

T temperature (K)

u superficial fluid phase flow rate (cm/min)
w weight fraction

W, W water, weight (g)

x, X vector of fitted parameters, conversion
Y yield

z axial coordinate

Greek letters

e void fraction

v stoichiometric coefficient of component
0 density

Subscripts

ap apparent

A acetic acid

b backward

e equilibrium

exp experiment

E methyl acetate

f feed, forward

h hydrolysis

[ component (A, E, M or W)

] data pointjth application

k mobile phase (M or W)

m model, number of data points

M methanol

p width of rectangular pulse

r recovery

R reaction

S synthesis
W water
Superscript

0 initial

to completion beyond thermodynamic equilibrium and at the
same time obtaining products of high purity. SMBR-15]

has recently received growing interest as an alternative for
reactive distillation, especially in some fine chemical and
pharmaceutical applications when the chemical species in-
volved in the process are non-volatile or temperature sensi-
tive. In order to investigate the performance of the SMBR for
the above three different applications of the model reaction
(Eq. (1) catalyzed by ion exchange resin (Amberlyst 15),
methanol or water has to be used as mobile phase depending
on the applications. In this work, the adsorption equilibrium
constants, dispersion coefficients and kinetic parameters
have been determined for the three different application pro-
cesses of the methyl acetate reaction system, corresponding
to the different mobile phases, methanol or water.

2. Reaction kinetics and adsorption isotherm

Most reactions catalyzed by ion exchange resins can
be classified either as quasi-homogeneous or as quasi-
heterogeneous. The kinetics of this model reaction cat-
alyzed by Amberlyst 15 has also been described in past
investigations both with a quasi-homogeneous and a quasi-
heterogeneous model. Xu and Chugbd deduced a ki-
netic equation in the form of a power law model from
the Langmuir—Hinshelwood model for the methyl acetate
system, by assuming that the adsorption is weak for all
the components. They concluded that, although the resin
is not completely swollen and the active polymer-bound
group (-SQ@H) is not totally dissociated from the car-
rier, the reaction can still be considered as homogeneous
as long as all the chemicals involved in the process are
weakly adsorbed. Mazzotti et dl13] proposed a quasi-
homogeneous kinetic model for a similar reaction system,
esterification of acetic acid to ethyl acetate in the presence
of Amberlyst 15 ion exchange resin catalyst. They assumed
that the reaction occurs only in the polymer phase, and
that the bulk liquid and polymer phases are in constant
equilibrium conditions. Instead of calculating the concen-
trations of adsorbed components by the Langmuir type
adsorption isotherm, they used a phase equilibrium model
by equating the activities of the involved components in
both liquid and polymer phases to relate the component
concentrations in the polymer phase to those in the bulk
liquid phase. The activities were estimated using UNIFAC
for the liquid phase and the extended Flory—Huggins model
for the polymer phase. The parameters were fitted to the
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adsorption equilibrium experimental results of four binary andky, are the forward and backward reaction rate constant
systems where no reactions were involved. However, their respectivelyKe is the reaction equilibrium constant, and the
phase equilibrium model is impractical for most adsorption second subscript, s, h or r, stands for synthesis, hydrolysis
systems, since non-reactive binary mixtures are scarce. Theor recovery. The concentration of the adsorbed companent
model also involves complexity and inconvenience in com- (g;) in the polymer phase is computed by assuming that the
putation. Hence, their method is not suitable in predicting liquid and polymer phase are in constant equilibrium. One
a phase equilibrium of reacting system and is not used in then uses a linear adsorption isotherm (Henry's law), which
the present study. Song et §1.6] developed a heteroge- is expressed as
neous Langmuir-Hinshelwood—-Hougen—Watson (LHHW)
. . qi = Klj Ci (5)

type reaction rate model for the synthesis of methyl acetate.
They considered that adsorption effects must be taken intowhereK;; represents the adsorption equilibrium constant of
account to describe the reaction catalyzed by ion exchangecomponent (A, E, M or W) for thejth application (synthe-
resins, because more than 95% of the protons are inside thesis, hydrolysis or recovery). The linear adsorption isotherm
micro-spheres and are only accessible to chemical speciess only valid when the concentrations of the adsorbed species
which are able to diffuse into the polymer matrix. Ppken are dilute in the bulk liquid phase, as is the case in this study.
et al. [17] reported power law type reaction kinetics and When the concentrations of the reactants and products are
chemical equilibrium of the above reaction using activities not sufficiently low, non-linear adsorption models, such as
instead of mole fractions by performing experiments in a Langmuir model, should be adopted in order to describe ad-
batch reactor. sorption behavior accurately.

In this work, methanol (or water) is present in large excess
concentration corresponding to different applications men-
tioned before. The polymer resin is initially saturated with 3. Experimental details
methanol (or water), and therefore, it is assumed that the
ion exchange resin in contact with polar solvent (methanol 3.1. Chemicals
or water) is completely swollen, the active sulfonic acid
group is totally dissociated, and the solvated protons are Methanol (purity >99.9wt.%) and acetic acid (purity
evenly distributed in the polymer phase. This enables the >99.8 wt.%) were obtained from Merck. Methyl acetate
chemical species participating in the reaction to penetrate (purity >99 wt.%) was obtained from Riedel-de-Haén. They
the network of cross-linked polymer chains easily, and to were used without further purification.
come in contact with the solvated protons. Therefore, the
guasi-homogeneous model can be applied to describe this3.2. Catalyst
reaction in this study. However, when the concentration of
methanol (or water) decreases, the polymer phase deviates The macro-porous sulfonic ion-exchange acid resin
much from the ideal homogenous state; in such a case,Amberlyst 15 Dry purchased from Rohm and Haas Com-
an adsorption-based heterogeneous model would be morgany was chosen as the catalyst in this work. These are
suitable. cross-linked three-dimensional structures of polymeric ma-

As the reaction is carried out in a large excess of methanol terial obtained by sulfonation of a copolymer of polystyrene
(or water) in this study, the concentration of methanol (or wa- and divinyl benzene. These resin are heat-sensitive and lose
ter) can be assumed to remain essentially unchanged in theactivity above 393 K. Macro-porous resins are better cata-
course of the reaction. Based on the above assumptions, thédysts than micro-porous resins, particularly in non-aqueous
guasi-homogeneous kinetic models applicable to this work media where the latter resins do not swell appreciably.

can be written as The main properties of the ion exchange resin are listed in
qEqW _ Table 1 For the methyl acetate synthesis study in which
rs = kts [QA - } (for the synthesis of MeOAc methanol is used as solvent, the catalyst was dried under
es

vacuum at 363K for 8h before usage. Drying at higher
temperatures runs the risk of losing catalyst capacity due to
gradual desulfonation.

)

rh = kph |:qE — qI/;qM } (for the hydrolysis of MeOAE
e 3) 3.3. Experimental set-up
gE ) ] The experiments were conducted in a 0.25m long HPLC
rr = kir [quM - K_er] (for the recovery of acetic acid column of inner diameter 0.0094 m packed with Amberlyst
@) 15. The column was immersed in a water bath filled with

a 1:1 mixture of ethylene glycol and water, together with a
wherer denotes the reaction ratg; is the concentration  temperature controller to obtain desirable constant temper-
of component (A, E, M or W) in the polymer phasek; atures. A binary, series 200 LC pump from Perkin-Elmer
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Table 1 ' ' _ ture of acetic acid and methanol was fed to the column in the
Typical properties of Amberlyst 15 dry ion-exchange resin reactive breakthrough experiments. When water is used as
Appearance Hard, dry, spherical particles mobile phase, a binary mixture of methanol (or acetic acid)
Typical particle size distribution Retained on US standard screens (%) dissolved in W?'ter 1S Use‘?' as feed for th_e non-reactive break-
16 mesh 2-5 through experiments, while for the reactive breakthrough ex-
16-20 mesh 20-30 periments, a mixture of acetic acid and methanol dissolved in
20-30 mesh 45-55 water or a binary mixture of methyl acetate and water was fed
4318:;8 mzzﬂ 51(2)5 to the reactor. The elution (breakthrough) profiles of the vari-
Through 50 mesh 1.0 ous components from the exit of the column were monitored

continuously. The samples were taken at 2 min intervals from

mgtﬂfgig Ebg{gi)t) 68685 s than 1% the outlet_ of the co!umn and the breakthrough curves of com-

Hydrogen ion concentration 4.7 ponents involved in the process were obtained by plotting
(meg./g dry) the concentration of each component with elution time.

Surface area (Rig) 50

Porosity (ml pore/ml bead) 0.36

Average pore diameter (A) 240

4. Development of mathematical model

A mathematical model based on a quasi-homogeneous ki-
netics was developed. The model assumes the reaction in
the polymer phase to be homogeneous considering the large
excess of methanol (or water) used in the reaction mixture.
) The behavior of reactants and products in the fixed bed re-
3.4. Analysis actor was described by a kinetic model, which assumes that

the mobile and the stationary phases are always in equi-

A HP 6890 gas chromatography equipped with 7683 |iprium, and is put forward for convenience in our current
Automatic Injector and FID was used to determine the stydies, which use a simulated countercurrent moving bed
concentration of the liquid samples of methanol, methyl chromatographic reactor.
acetate, and acetic acid. A 30x0.53mmx 1um OV-1 The mass balance equations can be written based on the
fused silica capillary column was used to separate the re-gqujlibrium-dispersive model, which assumes that the con-
action mixture. Water concentration was measured using tributions of all the non-equilibrium effects are lumped into
a volumetric Karl Fischer titrator with model 100-titration g, apparent axial dispersion coefficiedt,and the apparent

was connected to the column to provide a rectangular pulse
input of widtht,. Effluent from the exit of the column was
collected manually at fixed time intervals.

controller from Denver Instrument. dispersion coefficients of the solutes remain constant, inde-
pendent of the concentration of the components. Therefore,
3.5. Experimental procedure the mass balance equation of comporiefar the reactive

breakthrough system can be expressed as follows:

Experiments were conducted at three different tempera-
tures (313, 318 and 323K), feed concentrations and flow 9Ci + (1_ 8) 99i + uoci _ (1_ 5) ir
rates. The column was washed with mobile phase (methanol 9 € o € 0z € o
or water) until the effluent liquid was colorless to ensure 92C;
removal of impurities when fresh catalyst was used. In the = Dik? (6)
subsequent runs, the column was washed with methanol (or o - )
water) for about 30 min before feeding. The feed (a rect- ' "€ initial and boundary conditions are given by
angular pulse input of width 5-10 min) was introduced to ¢;[s = 0] = c? )
the packed bed reactor by switching on the LC pump con-
nected with the feed reservoir. Afterwards, pure methanol

(or water) was continuously fed to the column to wash off Ci [0<t<tp],_o=Chi (8)
the chemicals adsorbed on the catalyst. Cilt> tp) —0 ©)
Two types of experiments (non-reactive as well as reac- ' Plz=0

with either methanol or water as mobile phase at three differ- } =0 (10)
ent temperatures. Adsorption parameters were determine 2=0
from the non-reactive experiments while kinetic parame- whereu is the superficial mobile phase velocity, which is
ters were evaluated from the reactive experiments. Whenassumed to be constant, and the subscriptsA (HOAC),
methanol is used as a carrier, a mixture of methyl acetateM (MeOH), E (MeOAc) or W (BO), j = s (synthesis), h
and water dissolved in methanol is used as feed for the (hydrolysis) or r (recovery), and = M or W for mobile

non-reactive breakthrough experiments, while a binary mix- phaseEq. (6)is the overall mass balance equation of each

tive) were carried out in a single column packed bed reactorq[ aC; (1)
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component in a single packed column in which the firsttwo determined by tuning the model predicted values to the ex-
terms denote the unsteady state term in the fluid and solidperimental breakthrough curves were obtained by minimiz-
phase respectively, the third term represents the convectiveing the error functionk, using a state-of-the-art optimization
term, the fourth term stands for the reaction term, while technique, the genetic algorithm (GA). GA is a search tech-
the last term designates the diffusion term. In the case of nique developed by Hollarf@0] based on the mechanics of
the non-reactive breakthrough system, the fourth term in natural selection and natural genetics, and has become very
the mass balance equation was set to zero. The apparenpopular in recent years because of its superiority over tra-
dispersion coefficienD;, which is related to the HETP for  ditional optimization algorithm and its potentiality to solve

the corresponding compounds (8] complex engineering optimization problems. A further un-
H Lu derstanding of genetic algorithm can be obtained elsewhere
Dy = 2% — 1)  [20-22]
' 2 2Ngp;

In linear chromatography, HETP is related to the axial dis-

persion, adsorption equilibrium and the coefficients of re- 6. Resultsand discussion

sistance to mass transfer as described by Van Deemter et al.

[19]. However, determination of the value of the height The first set of experiments was carried out with methanol

equivalent to theoretical platel;, or the apparent plate num- ~ @s mobile phase. Adsorption parameters were determined

ber,Nap;, is a tedious lengthy process. Hence, in this work, from the non-reactive experiments, while kinetic parameters

Djx values are obtained by fitting the experimental elution Were evaluated from the reactive experiments.

profiles for each component to the solution of the above

model equationsHgs. (2)—(10). Due to experimental limi- ~ 6.1. Determination of adsorption and kinetic parameters

tations, we made an additional assumption that the apparentVith methanol as mobile phase

dispersion coefficient of acetic acid is equal to that of methyl

acetate. The adsorption equilibrium constants and dispersion co-
The PDE inEq. (6)together with the initial and boundary efficients of methyl acetate and water were obtained by fit-

conditions Eqs. (7)—(10), kinetic equationsHgs. (2)—(4) ting the non-reactive breakthrough curves predicted by the

and adsorption equilibriumeg. (5) was solved using the model to those measured experimentally when a rectangular

Method of Lines. In this technique, the PDE is first dis- Pulse input of binary mixture of methyl acetate and water

cretized in space using the finite difference method (FDM) dissolved in methanol was fed to the column. The error

to convert it into a set of several-coupled ordinary differ- function FinEq. (12)was minimized by tuning four pa-

ential equation (ODE)-initial value problems (IVPs). The rametersy, namelyKes, Kws, Dem andDww to match the

numerical method of lines combines a numerical method Model predicted values to the experimental breakthrough

for the IVPs of ODEs and a numerical method for the curves. The single objective function optimization problem

boundary value problems (BVPS). In this work, the resul- involving minimization of the error function was solved us-

tant stiff ODEs of the initial value kind was solved using ing the genetic algorithm. A gene pool of 50 chromosomes

the subroutine DIVPAG (which is based on Gear's method) Was considered and GA operations were carried out for

in the IMSL library. The breakthrough curves predicted by 50 generations, subsequent to which it was observed that

the model describing the concentration profiles of reactants@ll 50 chromosomes converged to a single global optimum
and products are discussed later. point. The CPU time required for 50 generations were about

600 min on the CRAY J916 supercomputer.
Fig. 1 shows the experimental curves as well as the
5. Regression of breakthrough curves model-predicted breakthrough curves at three different tem-
perature (313, 318 and 323 K) values. Separation of the two
In order to determine the kinetic and adsorption param- components takes place due to the difference in their affin-
eters, an error function was defined as the sum of square'ty towards the adsorbent, and each component elutes from

deviations of the component concentrations predicted by thethe column at a different time. The figure shows that methyl
model from the experimentally measured values. It is writ- 2cetate has less affinity towards the resin than water and

ten as there is some band broadening. However, the model pre-
0 om dicts quite well the experimentally measured breakthrough
) . .
Flx) = ZZ [Cij.exp— Cijm] (12) curves. The_ reasons for th_e br_oaden_lng are manifold. Mass
i1 transfer resistance and axial dispersion are among the most

important factors. These were lumped into one parameter,
where C;; is the concentration ofth component forjth namely, the apparent axial dispersion coefficiéng, The
data pointx is the vector of the parameters tuned, and the adsorption and dispersion parameters of methyl acetate
subscripts exp and m denote experimentally measured andand water for the synthesis reaction at different tempera-
model predicted values respectively. Parameters need to bedures together with the error function values are given in
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C, mol/l

C, mol/l

(b) t, min

C, mol/l

(©)

Fig. 1. Effect of temperature on reactive breakthrough curve of the MeOg@-dystem. Symbols: experiment¥] E; (O) W); lines: model prediction.
Experimental conditionsQ = 1 ml/min, [E} = 0.89 mol/l, [W} = 0.81mol/l, 7, = 5 min, solvent: MeOH. (ay’ = 313K, (b) T = 318K, (c)T = 323K.

Table 2 The numerical value of adsorption equilibrium In order to investigate the validity of the computed pa-
constant of water is much greater (seven to eight times) rameters, the non-reactive breakthrough experiments were
than that of methyl acetate, which is expected since the conducted at different total feed compositions. The exper-
polarity of water is much stronger than that of methyl ac- imental as well as model-predicted (using the parameter
etate towards the resin and is also observed experimentallyvalues listed inTable 29 breakthrough curves of methyl
Moreover, the calculated adsorption constants of water andacetate and water showed very good agreement when exper-
methyl acetate decrease with the increase of temperatureiments were carried out either at same feed concentration
which is also expected since adsorption is an exothermic of Fig. 1 but for varying lengths of pulse inputy} or at
process. different feed concentratioj23]. The breakthrough curves
calculated by the model were in good agreement with the
experimental results for MeOAc. The prediction fop®
Table 2 was not very good due to the tailing effect and possibly a
Adsorption equilibrium constants gnd apparent disp_ersion coefficients for non-linear adsorption isotherm should be used.
MeOAc and HO when methanol is used as a mobile phase In order to investigate the adsorption equilibrium con-
T(K) Kes Kws Dem Dwwm F (moP/1? stant of acetic acidKxs), the forward reaction rate con-
(x10P°m?s)  (x1Pm?/s) stant k), and the reaction equilibrium constartef) for
313 040 3.08 5.01 14.58 0.004 the synthesis reaction at three different temperatures (313,
318 038 294 388 117 0.008 318 and 323 K), we conducted reactive breakthrough exper-
323 036 2.78 3.46 11.03 0.013 ; : S .
iments by using acetic acid dissolved in methanol as a pulse
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0.8
0.6

0.4 4

C, mol/l

(c)

t, min

Fig. 2. Effect of temperature on reactive breakthrough curve of the HOAc-MeOARB-dystem. Symbols: experimenty) A; (<) E; (O) W); lines:
model prediction. Experimental conditiong: = 2 ml/min, [A]f = 0.95mol/l, 7, = 5min, solvent: MeOH. (aY = 313K, (b) T = 318K, (c) T = 323K.

input. The three parametets4s, ks, Kes) were tuned while
keeping the other parameteksys, Kes, Dwm, Dem), deter-

In the heterogeneous reaction sequence, mass transfer of
reactants first takes place from the bulk fluid to the external

mined from the non-reactive breakthrough results, constantsurface of the pellet. The reactants then diffuse from the

at the values listed imable 2 so that the error function
in Eq. (12)is a minimum.Fig. 2 shows the experimental

external surface into and through the pores within the pellet.
In order to determine intrinsic kinetic parameters, the effect

as well as model-predicted results, while the tuned valuesof bulk diffusion resistance and pore diffusion resistance

of the three parameter& s, kis, Keg at different temper-
atures are listed ifable 3 The equilibrium conversion of
HOAc, and yield and purity of MeOAc for three different
temperatures are also reportedTiable 3 Once again, the

must be estimated first.

6.1.1. Estimation of bulk (external) diffusion resistance
The Mear’s criteriorf24], which uses the measured rate

proposed model can predict the experimental breakthroughof reaction, helps to determine if external diffusion is lim-

curves reasonably well.

Table 3
Adsorption equilibrium constankas, and kinetic parametergss andKes
for the synthesis of MeOAc when methanol is used as mobile phase

T(K) Kas kis Kes F (moP/12) Xa Ye Pe
(x1%s™1)  (molfl) (%) (%) (%)
313  0.48 1.42 349 0.042 98.57 98.57 49.64
318 043 1.77 334 0.052 98.49 98.49 49.62
323  0.38 2.40 325 0.026 98.43 98.43 49.60

@ Calculation is based on [A]= 2.0mol/l; Xa = 1 — [A] out/[Al 0;
Ye = [E]Oul/[A] 0, Pe= [E]Oul/([E]out + [A] out + [\N] out)-

iting the reaction. Mear’s criterion states that external mass
transfer can be neglected if

(—rppp)RN

< 0.15
chA

(13)

where(—rj pp) is the measured rate of reaction (mot/s),

R the average radius of catalyst particles7&8x 10~% m),

n the order of reactionCa the bulk concentration of the
reactant (HOAc) (mol/rf), andk. is the mass transfer co-
efficient (m/s). The measured initial rate of reaction can
be determined fronEq. (2) as 4.08 mol/r-cat beds, and
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the mass transfer coefficienks, can be estimated from observable effect of particle size on the forward (synthesis)
Dwidevi—-Upadhyay mass transfer correlat[@b] as 413 x or backward (hydrolysis) reaction kinetics.

10-°m/s, which results in a Mear's criterion parameter value ~ The tuned adsorption and kinetic parameters of the three
of 3.79 x 103, which is less than 0.15. Therefore, bulk components at three different temperatures were used next
diffusion can be neglected. Details of the above calculation to verify the validity of the model by checking whether it can
are very similar to those reported by Zhang et[26] and correctly predict experimental reactive breakthrough curves
are not repeated here. It should also be noted that estimateaf the three components when experiments were performed
kinetic parameters as reported Tiable 3can predict the  at different flow rates and feed concentrations. It was ob-
breakthrough curves very well when experiments were per- served that, when adsorption and kinetic parameter values
formed at different flow rates (see later), confirming further given in Tables 2 and Zre used, the model could predict

that external mass transfer resistance is negligible. quite adequately the experimental breakthrough curves at
different flow rates and feed concentrations of all three com-
6.1.2. Estimation of pore diffusion resistance ponents. The figures are not shown here for brevity but are

The Weisz—Prater criterion is used to determine whether available elsewherf23]. It was observed that, when a re-
internal mass transfer is limiting the reaction. This action occurs, broadening of the elution peaks was less sig-
Weisz—Prater criteriofi27] states that internal pore diffu- nificant, because the overall rate was controlled by kinetics

sion is negligible if (rate determining step) rather than by axial dispersion. The
[— pb]obsL.2 main reason for the slight error was believed to be due to
ITaPblobs™ (14) the fact that we have neglected the varied degree to which

DeChs the resin gets swollen when concentration changes inside
whereCas is the concentration of HOAc on the resin surface, the packed bed reactor. As a result, the local voidage will
which can be taken a8 (=1000 mol/n3) since bulk dif- change, which subsequently changes the interfacial flow ve-
fusion is negligible D is the effective diffusivity of HOAc locity. However, considering the low concentration range
in MeOH, and is given byd/t]Daw, Wheree is particle adopted in this work, the concentration change was rela-
porosity 0.36, Table 1), t is the tortuosity factor taken tively small, and the error caused was insignificant.
as 1.3[27], andDaw is taken as 5¢< 106 m?/s (Table 2,
the same as the value Bey stated beforel for a spher- ~ 6.2. Effect of temperature on the adsorption and kinetic
ical pellet is given byR/3, whereR is the average radius Pparameters
(3.75x 10~*m) of the resin particles. The Weisz—Prater pa- ]
rameter calculated for the given system vyields a value of 1he dependence of adsorption constaHiss, Kws and
4.6 x 1075 signifying that internal pore diffusion is also Kas, On temperature can be determined from the equation:
negligible. Details of the above calculation are very simi-
lar to the one reported by Zhang et f16] and are not re-
peated here. To further ascertain that the internal diffusion
effect is negligible, we screened commercial Amberlyst 15 where - AH) is the heat of adsorption. The valueﬂdi and
into several different particle sizes, and we conducted ex- (—AH;s) were obtained for each component (E, W and A)
periments at 323 K by using different sieved fractions of the by least squares fit &q. (15)to the data reported ifables 2
catalyst particles in a batch reactbig. 3 clearly shows no  and 3are given inTable 4 The heat of adsorption-AH;s)

AH;
Kis:K?seXp[—Wls}, i=A, EorwW (15)

2.5 7
2 -
|
, ]
= 1.5 -
]
g | [ |
@] 0|
| 5 - a
0.5 1 - =
o
0 . T T T T T T 1
0 10 20 30 40 50 60 70
t, min

Fig. 3. Effect of particle size on the reaction kinetics of synthesis of MeOAc and hydrolysis reaction. Synbplg £ 0.42-0.60 mm; £)
d = 0.85-1.00 mm; open symbols: synthesis reaction; closed symbols: hydrolysis reaction. Experimental coffdi#id323 K; for synthesis reaction:
initial molar ratio of HOAc:MeOH= 0.25:4.80, mass of dry catalyst 5g; for hydrolysis reaction: initial molar ratio of MeOAc;©® = 0.70:10.50,
mass of dry catalyst 20g.C = [MeOAc] (for synthesis); [HOAc] (for hydrolysis).
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Table 4

Heat of adsorption, heat of reaction, activation energy and other thermodynamic values for the synthesis of MeOAc when methanol is used asemobile phas

K2 —AH;s (kJ/mol) K (s7) Ets (kJ/mol) ASg ¢ (JImol K) —AHY ¢ (kJ/mol)
from Eqg. (16 from Eqg. (16 from Eq. (17 from Eq. (17

A E W A E W ( g. (16) ( g. (16)  ( g. (17) ( g. (17)

253x 104 0012 0116 19.64 9.10 853 3.3610° 44.2 30 5.83

was found to be positive as it is an exothermic process; 6.4. Determination of kinetic parameters for recovery
therefore,K;s decreases with the increase of temperature. of dilute acetic acid from wastewater

It was also observed that the effect of temperature is not

significant in the temperature range under study.
The dependence of forward reaction rate constanon
temperature was determined from Arrhenius equation:

E
kts = k exp[—ﬁ} (16)

RT

The reaction equilibrium constarigg, is related by

kis k2 Ets— E AG?
Kes = Kfs _ *s exp[— fs bs:| _ exp[— R,s]

ks kS, RT RT
ASR < AHY o
=e = | exp| — : 17

The values of activation energiss, and pre-exponential
factor, k?s were obtained from least square fit Bf. (16)
to the data given inTable 3 and the computed val-
ues are given inTable 4 The values of ASgp [ =
RIn(kY/kJ)landAH} [= (Ets— Eps)] were also obtained
by least square fit oEqg. (17)and the values are given in
Table 4

6.3. Determination of adsorption and kinetic parameters
with water as mobile phase

The non-reactive breakthrough experiments were carried
out at three different temperatures (313, 318, and 323 K) us-

The adsorption constant of methyl acetate, the forward
reaction rate constant for conversion of acetic acid to methyl
acetate, and the reaction equilibrium constant were ob-
tained by fitting the reactive breakthrough curves predicted
by the model to the experimental results when a binary
mixture of methanol and acetic acid dissolved in water was
fed as pulse input with water as mobile phase. In order
to solve the model equations for the reactive breakthrough
experiments, the parametery;, Kar, Dmw, Daw) de-
termined from the non-reactive breakthrough experiments
(seeTable § were used together with the assumption that
Dew is equal toDaw. The reactive breakthrough experi-
ments were carried out at three different temperatures (313,
318, and 323K), and the experimental results were fitted
with the model described ikqg. (6) with the kinetic ex-
pression given b¥g. (4) by minimizing the error function
defined inEg. (12) The experimental and model-predicted
elution profiles at these three temperatures are shown in
Fig. 5 while the computed parameterkg, ki and Kegy)
are listed inTable 6 Once again the reactive breakthrough
experiments were conducted at different flow rates and feed
concentrations in order to verify the robustness of the com-
puted parameters. It was found that the model could predict
experimental results at different initial concentrations and
flow rates for three different temperatures reasonably well
[23].

ing acetic acid or methanol dissolved in water as a pulse 6-5- Détermination of kinetic parameters for
input. The experimental and model-predicted breakthrough the hydrolysis reaction

curves at these three temperatures are showkign4 for

methanol. The figure for acetic acid is not shown here for

brevity but is available elsewhef@3]. The computed ad-

The adsorption constant of methyl acetat&H), the
backward reaction rate constariy), and the reaction

sorption and dispersion parameters of methanol as well as€quilibrium constant Ken) were obtained by fitting the

acetic acid at different temperatures are tabulatéthlrie 5

reactive breakthrough curves predicted by the model to

and the figures show that the model predicts quite well the the experimental results when methyl acetate dissolved in

experimental results.

Table 5

Adsorption equilibrium constants and apparent dispersion coefficients for

HOAc and MeOH when water is used as mobile phase

water was fed as pulse input with water as mobile phase.
The parametersKir, Kar, Dvw, Daw) determined from

Table 6
Adsorption equilibrium constankg,, and kinetic parameterg; andKer
for the recovery of acetic acid when water is used as mobile phase

T(K)  Kar Kmr  Daw Dvw F (mol/12)

(x1Pm%s)  (x10P m2fs) T (K) Ker 10* ki (I/mols) Ker (I/mol) F (mol?/12)
313 0.74 1.02 7.09 6.30 0.001 313 0.55 1.33 0.265 0.091
318 0.72 0.96 6.11 6.49 0.005 318 0.53 1.67 0.253 0.085
323 0.65 0.93 6.07 6.30 0.002 323 0.50 2.33 0.248 0.080
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Fig. 4. Effect of temperature on non-reactive breakthrough curve of MeOH. Symbols: experiment; lines: model prediction. Experimental conditions:
Q0 = 1ml/min, [M]f = 1.79 mol/l, r, = 5min, solvent: water. (a] = 313 K, (b) T = 318K, (c) T = 323K.

the non-reactive breakthrough experiments with water asflow rates and feed concentrations in order to verify the
mobile phase (se@able § were used, together with the robustness of the computed parameters; it was found that
assumption thaDgy is equal toDaw. The reactive break-  the model could predict experimental results quite well
through experiments were carried out at three different [23].

temperatures (313, 318, and 323K); the experimental re- The adsorption constant of methyl acetate in the hydroly-
sults were fitted with the model describedHi. (6) with sis reactionKgp, is slightly higher than that in the recovery
the kinetic expression given tq. (3)and minimizing the of dilute acetic acid reaction system, namély;. This is
error function defined irEq. (12) The experimental and  most likely due to the fact that methyl acetate molecules are
model predicted elution profiles at these three temperaturesmore easily accessible to the adsorbent active sites in the
are shown inFig. 6, while the computed parametetsg, hydrolysis of methyl acetate reaction than in the case of re-
kin and Kep) are listed inTable 7 Once again the reac- covery of dilute acetate from wastewater. For when methyl
tive breakthrough experiments were conducted at different acetate was fed to the column in the hydrolysis reaction,

Table 7

Adsorption equilibrium constanKgp, and kinetic parameter&s, and Kep, for the hydrolysis of methyl acetate when water is used as mobile phase
T (K) Ken kin (x10°s™1) Ken (mol/l) F (mol?/I12) Xe (%) Y (%) Py (%)
313 0.705 1.25 8.89 0.025 90.25 90.25 47.44
318 0.690 1.87 9.36 0.010 91.25 91.15 47.69
323 0.686 2.57 9.54 0.026 92.16 92.16 47.96

& Calculation is based on [E}= 1.0mol/l; Xg = 1 — [E]out/[Elo; Ym = [Mlowt/[Elo; Pm = [M]out/ ([Elout + [Al out + [M] out).-
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C, mol/l

0 10 20 30 40 50
() t, min

Fig. 5. Effect of temperature on reactive breakthrough curve of the HOAc-MeOH-MeOAc system. Symbols: expedipekit (©) E; ((J) M);

lines: model prediction. Experimental conditiong:= 1 ml/min, [A]s = 2.03mol/l, [M]s = 2.10 mol/l, #, = 5min, solvent: water. (ay = 313K, (b)
T = 318K, (c) T = 323K.

there are no other competitive components adsorbed on thesf k9, (— AH;n), K2, and (- AHg) are given irTables 8-9

. A in’ ’
catalyst except water. The reaction eqU|I|br|um constant of Once again1 the heat of adsorption was found to be positi\/e
the hydrolysis of methyl acetate increases with the increase(—AH; > 0), as it is an exothermic process, and therefore
of temperature, since the backward reaction is an endother-;,, andK;, decrease with the increase of temperature. It was

mic process. observed that the effect of temperature is also not signifi-
cant in the temperature range under study for the hydrolysis
and recovery reaction. The dependence of reaction rate con-
stantkp, andks; on temperature was determined from the
Arrhenius equationEq. (16) and the reaction equilibrium
The dependence of adsorption constalig,, Kvh, Ken constantsKen andKer, were determined froriq. (17) The
andKg, on temperature were determined by a least squarevalues of activation energipn andEs,, and pre-exponential
fit of Eq. (15)to the data reported iables 5-7The values  factor, k3, andk were obtained from the least square fit

6.6. Effect of temperature on the determined adsorption
and kinetic parameters

Table 8

Heat of adsorption, heat of reaction, activation energy and other thermodynamic values for the hydrolysis of MeOAc when water is used as mobile phase
K9, —AH;h (kJ/mol) & s Epnh (kJ/mol) ASg, (J/molK) —AHY, (kd/mol)

A M E A M E (from Eq. (16) (from Eq. (16) (from Eq. (17) (from Eq. (17)

0.0130 0.053 0.039 10.54 7.685 6.897 1.663.0° 60.62 37.1 —-5.91
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(©) t, min

Fig. 6. Effect of temperature on reactive breakthrough curve of the hydrolysis reaction. Symbols: experimpet () E; ((J) M); lines: model
prediction. Experimental conditiong2 = 1 ml/min, [E} = 0.99 mol/l, r, = 10 min, solvent: water. (aJ = 313K, (b) T = 318K, (c) T = 323K.

of Eqg. (16) while the values oSy |, AHR \, ASk ., and difference between the two types of Amberlyst 15 when ex-
AHp . were obtained by a least square fitE. (17) The periments were conducted with wet Amberlyst 15 and that

values are also given ihables 8-9 vacuum dried for 10 h at 353 K.

In order to compare the adsorption equilibrium constants
6.7. Comparison of the adsorption and kinetic parameters of ours with literature reported values, the optimum values
with those reported in literature of dispersion coefficients for the literature reported adsorp-

tion constants were first obtained by fitting the non-reactive
The adsorption and rate parameters calculated in our studyexperimental breakthrough curves with our model using ge-
do not match well with the results reported in the literature netic algorithm.Table 10compares the adsorption equilib-
[16,17] In order to find out whether the discrepancy of re- rium constants reported in the literature with those obtained
sults are due to use of different types of Amberlyst 15, dry in this work together with the computed optimum dispersion
and wet, we carried out a reactive breakthrough experimentcoefficients. In our computed values, the adsorption constant
to compare the performance of Amberlyst 15 (dry) and Am- of water was found to be about 7.7 times greater than that
berlyst 15 (wet). It was found out that there is no significant of methyl acetate and 6.4 times greater than that of acetic

Table 9
Heat of adsorption, heat of reaction, activation energy and other thermodynamic values for the recovery of HOAc when water is used as mobile phase

K2 —AHer (kJ/mol) K (Vmols) Er (kJ/mol) ASg, (JImolK) —AHg, (kdimol)

0.29 2.303 9.386¢ 10° 47.1 —28.92 5.58
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Table 10

Comparison of the computed adsorption equilibrium constants reported in the literature with those obtained in this Btad318tK

Parameters Song et 4l.6] Popken et al[17] This work
Kes 0.82 4.15 0.40
Kws 10.50 5.24 3.08
Kas 3.18 3.15 0.48
Dem (x10° m?/s) 23.52 166.59 5.01
Dwm (x10° m?/s) 166.7 53.22 14.58

acid. All our experimental studies showed that methyl ac- our experimental study is based on a plug flow reactor. In
etate and acetic acid have very similar affinity towards the order to compare the adsorption and kinetic parameters ob-
resin, while water strongly adsorbs on resin. However, the tained in this study from the plug flow reactor experiments
reported adsorption equilibrium values of Pépken eflal] with the batch reactor experimental results reported by Pop-
reveal that the values of all three components are of similar ken et al.[17], two representative kinetic experiments of
magnitudes while Song et dlL6] state that the adsorption Pdpken et al[17], run number 32 and 42 (see Table 8 of
constant of acetic acid is 3.9 times that of the methyl ac- [17]), were repeated by us in a batch reackg. 8 com-
etate Fig. 7 shows the comparison of the model predictions pares the experimental results obtained by us with the ex-
of our experimental results with our model using three dif- perimental results reported by thd¥], together with our
ferent sets of parameter values listedable 10 The figure model-predicted results. The figure shows that our kinetic
clearly shows that the model predicted breakthrough curvesmodel with the kinetic parameters obtained from a packed
using the adsorption constants in literature are not in good bed plug flow reactor can predict the experimental acetic

agreement with the experimental results. acid concentration profile from a batch reactor reasonably
It is not possible to compare directly the kinetic param- well. Hence, the computed adsorption and kinetic parame-
eters obtained in this work with that of P6pken et[alr] ters obtained from the model described in this work could

due to the use of two different kinetic models. P6pken et al. predict both batch and plug flow reactor experimental elution
[17] reported their results based on a batch reactor while curves.

C, mol/l

(@)

0.4 1
0.3 1

C, mol/l

(b) t, min

Fig. 7. Comparison of model predicted results with experimental results for non-reactive breakthrough curves of (a) MeOAc aad 8ynithols:
experiment (©) E; (O) W); lines: model prediction (normal line: this work; bold line: Song et[6]; dotted line: Popken et aJ17]). Experimental
conditions: Q = 1 ml/min, T = 313 K, #, = 5min, solvent: MeOH. (a) [E]= 0.89 mol/l, (b) [W} = 0.81 mol/l.
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Fig. 8. Comparison of experimental results of HOAc elution profile reported by P&pken[&7With our experimental and model predicted results in a
batch reactor. Symbols: experimentj(this work; (O) Pépken et al[17]); lines: our model prediction. Experimental conditions: (a) synthesis reaction,
T = 323K, mass of dry catalyst¥ = 5.02 g, initial molar ratio of HOAc:MeOH= 0.25:4.76; (b) hydrolysis reactiorf, = 318K, mass of dry catalyst,

W = 20.73 g, initial molar ratio of MeOAc:HO = 0.90:9.36.

7. Conclusions it was observed that the model could predict experimental
results at different feed concentrations and flow rates quite

Reliable adsorption and kinetic parameters are very im- well. It was found that, with the increase of temperature, ad-
portant for the design of reactors. In this work, the adsorption sorption constants decrease, both the forward and backward
equilibrium constants, dispersion coefficients and kinetic reaction rate constants increase, and the reaction equilib-
parameters were obtained for the three different applica- rium constants for the forward reaction decrease while that
tions of the reversible reaction of acetic acid and methanol for the backward reactions increase. The computed adsorp-
catalyzed by Amberlyst 15 ion exchange resins, namely, tion and kinetic parameters were also compared with those
the synthesis of methyl acetate, the recovery of dilute aceticreported in the literature. It was found that the breakthrough
acid from wastewater, and the hydrolysis of methyl acetate. curves predicted using the adsorption and kinetic constants
The quasi-homogeneous kinetic model and linear adsorp-reported in literature from batch reactor study could not
tion isotherm are applicable in this study, since the solvent, predict our experimental results from packed bed plug flow
methanol or water is present at a large excess concentrationreactor. However, our computed parameters obtained from
A mathematic model was developed to predict the elution a packed bed reactor can predict the experimental concen-
profiles of the components in breakthrough experiments. tration profiles from a batch reactor reasonably well.
The breakthrough curves of the reactants and products were
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