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Abstract

The effects of temperature (323-353 K) and the molar ratio of the reagents methanol/isoamylenes (0.3—3.0) on the formation
rates oftert-amyl methyl ether (TAME) were measured with different Amberlyst 16 (A16) particle sizes in a continuous stirred
tank reactor. The effect of catalyst swelling was studied with several mixtures of reagents (MeOH and 1A) and product (TAME)
on Amberlyst 16. The particle size influenced the steady state reaction rates most notably at higher temperatures and with
substoichiometric feed of the reagents (methanol/isoamylenes), i.e. when the reaction rate should be fast. The estimated
effectiveness factors (0.5-1.0) decreased with increasing particle size and increasing temperature. At nonstoichiometric
feed ratios of the reagents the value of the estimated effectiveness factor decreased more when methanol was fed in excess
Recalculations of the earlier results of TAME-synthesis demonstrated that when modifying the rate constants obtained from the
batch reactor experiments by dividing them by the effectiveness factors, the R-squared values of the regression analysis against
temperature increased (improved fit for Arrhenius-type dependency) and the activation energies increased by about 9 kJ mol
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the degree of crosslinking and the rigidness of the
structure, i.e. the more DVB in the catalyst, the more
The reformulated gasoline component TAME rigid the resin and its macroporous structure. Resin
(tert-amyl methyl ether, 2-methoxy-2-methylbutane) catalysts have, however, a bidisperse structure with a
is commercially manufactured in liquid phase using microporous gel phase also present. The resins swell
strongly acidic macroporous ion-exchange resins as in polar solvents: those with less DVB swell more
the catalyst. Conventional ion-exchange resins are than the ones with more DVB. The number of sulfonic
copolymers of divinylbenzene (DVB) and styrene, acid groups can typically vary from 4.8 mmoty
sulfonic acid being the active site (Brgnsted acidity). (e.g. conventionally sulfonated Amberlyst 15) to
Lewis acidity (free electron pairs of oxygen) has also 5.2mmolg? (e.g. hypersulfonated Amberlyst 35). In
been proposefl]. The amount of divinylbenzene can addition to sulfonic acid content, the catalytic activ-
vary from 12 to 20wt.%, and it directly determines ity of the resins is determined by the polarity of the
reaction medium and also by resin struct{2p

"+ Corresponding author. Tel+358-9-4512666: Several authors.ha\./e studied the mtrqpar_tlcle mass-
fax: +358-9-4512622. transfer effects with ion-exchange resins in various
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Nomenclature

a; activity of a componeni = y;x;

C concentration (mol md)

D molecular diffusion (bulk diffusion)
coefficient (crd s™1)

De effective diffusion coefficient
(cmés™1

Ea activation energy (J mof)

F; molar flow of component (mols~1)

[HT] acid capacity of the catalyst
(molkg™1)

k rate constant (molkgts1 or s71)

K; adsorption equilibrium constant for
component

K; reaction equilibrium constant for
reactionj, j = 1-3

ot total flow (kgs1)

M; molar mass of component

r; rate of reaction for component
(molkgtstors?

R radius of the particle (mm)

R2 regression= 1 — 3", (Yexp — Yesd?/

Zn()’exp - )_’)2

S under surface conditions

T temperature (K)

\% molar volume of the component
(cm®*mol—Y)

Weat catalyst mass (kg)

w; weight fraction of componerit

X; molar fraction of componerit

Abbreviations

2M1B 2-methyl-1-butene

2M2B 2-methyl-2-butene

Al6 Amberlyst 16 (Rohm&Haas)

DvB divinylbenzene

1A isoamylenes mixture
(93 wt.% 2M2B, 7 wt.% 2M1B)

MeOH methanol

TAME tert-amyl methyl ether,
2-methoxy-2-methylbutane

Greek letters

Vi activity coefficient for componerit

&

porosity

n effectiveness factor

m viscosity (Pas)

Pp density of a catalyst particle dry/swollen
(kg dmi3)

T tortuosity

¢ Thiele modulus

@ Weisz—Prater criterion

chemical reaction and diffusion rate parameters for
the hydration of liquid isobutylene tdert-butanol
with a gellular Dowex 50W (8% DVB) as the cat-
alyst. High reaction rates were found to result from
a high diffusivity of isobutylene within the resin
catalyst. Both the high value for diffusivity and its
negative temperature coefficient were interpreted to
be evidence of the transport mechanism within the
resin, this being the surface diffusion of isobutylene
in an adsorbed state. Velo et pl] studied the hydra-
tion of isobutylene with Amberlyst 15 (DVB 20%).
Intraparticle diffusivity was found to increase with
temperature and decrease with increasenttbutanol
concentration. Apparent values for the tortuosity fac-
tor changed from 1.3 (at high temperature in pure
water) to about 4.5 (at low temperature in TBA-rich
solutions). Their calculations were based on the de-
viations of the grouDeu from the Stokes—Einstein
equation relating solvent viscosity and molecular dif-
fusion (Du/T = constant). lhm et al[5] used two
different types of macroreticular resin catalysts in the
hydration of isobutylene: Amberlyst XN-1010 (DVB
85%) and Amberlyst 15. The diffusion-limited reac-
tion was interpreted with a two-phase model in which
the internal active sites (inside gel microspheres)
were assumed to be more active than the external
ones (those on the gel microparticles). Berg and Har-
ris [6] considered the general problem of accounting
for multicomponent diffusion effects in liquid-filled
heterogeneous catalysts and applied the procedure
for MTBE-synthesis. They described the molecular
diffusion processes within the catalyst using gener-
alised Maxwell-Stefan (GMS) equations. The result-
ing species conservation equations were reduced to a
single ordinary differential equation through apply-
ing invariant solutions, i.e. assuming that the relative
changes in the molar fractions of the reacting species
are linearly related for a constant product of liquid
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molar density and of a matrix of modified Fick diffu- was controlled by a liquid mass flow controller. A
sion coefficients. GMS equations taking the chemical Mettler PM 6000 balance was used to measure the
potential gradients as real driving forces were also actual flow at the outlet of the reactor system. The
applied to MTBE-synthesis by Sundmacher and Hoff- composition of the feed and the reactor effluent were
mann[7]. Recently, a dusty-fluid model (DFM) was analysed on-line with a gas chromatograph using an
applied to the synthesis of ETBJB] and of MTBE automated liquid sampling valve.

and TAME[9]. DFM incorporates ordinary diffusion

and matrix diffusion (Knudsen for gases) accounting 2.2. Analysis

for friction between species and porous medium, as

well as convection. Pla et glL0] estimated effective- Products were analysed with a Hewlett-Packard gas
ness factors theoretically for the synthesis of MTBE in  chromatograph 5890 Series Il, equipped with a flame
the liquid-phase. At the usual operation conditions in jonisation detector using a HP 3396A integrator. The
industrial reactors, effectiveness factor ranging from compounds were separated in a glass capillary column
0.7 to 1.0 were found. In this study, we present the HP-1 (length 60 m, thickness 1u0n, column diameter

results of TAME-synthesis with different particle size  0.254 mm; Hewlett-Packard). Response factors were
fractions of Amberlyst 16 as the catalyst. Practical determined with calibration solutions.

calculations of the effectiveness factors are presented

and earlier results of TAME-synthesis with unsieved 2.3, Chemicals and catalyst

Amberlyst 16 as the catalygt1,12] are recalculated

to demonstrate that mass-transfer effects also have The following reagents were used in the exper-

to be taken into account in TAME-synthesis, even jments: a mixture of isoamylenes (2M2B 93 wt.%,
though the reaction rate is an order of magnitude op\1B 7wt.%, Fluka Chemika) and methanol
slower than that of MTBE-synthes|S]. (>99.8 Wt.%, Riedel-de Haén). The ether used for the
GC calibration solutions was TAME (>98.5wt.%,
supplied by Fortum Ltd.). A commercial macroporous
cation ion-exchange resin in hydrogen form, Am-
berlyst 16, was used as the catalyst. The properties
of the catalyst are summarisedTable 1 Before the
experiments, the catalyst was treated with methanol at
room temperature to remove the water from the cata-
lyst structure. The catalyst was stored in methanol.

2. Experimental

The effects of temperature and the molar ratio of
the reagents on the formation rates of TAME were
measured with different Amberlyst 16 particle sizes.
The effect of catalyst swelling was studied with sev-
eral mixtures of reagents (MeOH and IA) and product
(TAME) on Amberlyst 16.

Table 1
2.1. Apparatus Properties of the studied catalyst A16
Crosslink level (% DVB) 12
Reaction rates were measured in a continuous gz‘r’;i’;ggrg;“’(%‘gz)(mmor@) 355"@
stirred tank reactor (CSTR, 55.6 énstainless steel), Average pore diameter (A) 200

where the reaction mixture was magnetically stirred. porosity 0.25
The stirrer speed was set to 950 rpm to eliminate the

. . . . Particle size (mm)
influence of external diffusion control on the reaction

fraction (1) 0.50-0.59
rates[13]. The catalyst (0.1856-0.31869 dry) was fraction (II) 0.59-0.71
placed in a metal gauze basket (60 mesh). The temper- fraction (Ill) >0.71
ature (323-353K) was controlled withi#t0.2 K by Exchange capacity (mmotd)
immersing the reactor in a thermostatically controlled  fraction (1) 4.8
water bath. The pressure was kept constant at 0.7 MPa fraction (Il) 4.9
to ensure liquid-phase operation at all temperatures. _fraction (il 49

The pulse-free flow rate (58-65gH of the feed aMeasured by the manufacturer.
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2.4. Swelling experiments with Amberlyst 16 In order to calculate the characterising parameters
of mass-transfer, the reaction rate to TAME {swas

The catalyst was dried in an oven (8D) and also calculated by further dividirigg. (2)with the acid

3cm? of dried resin was placed into a byrett. The capacity (molkg?) of the studied catalyst according

specific mixture was added into the byrett until the to Eq. (3}

swelling was complete and the colour of the cata-

lyst had changed (from dark brown to light brown). robs=

The percentage of swelling at room temperature was

calculated according tBq. (1)

FT,out N U)T,outmtot
WealHT) M7 Wea(HT)

®3)

swollen volumacmd) 3. Results and discussion

swelling(%) = 3om?

x 100% (1)

3.1. The effect of resin particle size
2.5. Experiments with different A16 particle sizes The results of the steady state reaction rates with dif-
ferent methanol/isoamylene feed ratios and with dif-

The Amberlyst 16 catalyst was sieved as wet into ferent particle size fractions are presenteBim 1a—c

three fractions, in such a way that the catalyst was im- The figures indicate that particle size influences the
mersed in methanol, thus being in the swollen state. yeaction rate most notably at higher temperatures and
The obtained size fractions were (I) 0.50-0.59mm, \yhen the alkenes are fed in excess, i.e. when the re-
(1) 0.59-0.71mm and (lll) >0.71mm of swollen  action rate should be fast. The influence of particle
diameter. We did not grind the resins, although this gjze on reaction rates is also noticed in stoichiometric
way the particle size range could have been widened. conditions and in a less visible way when methanol is
This was because our aim was to study the size rangefeq in excess. The latter is a consequence of the low
used industrially. The sulfonic acid content of the yeaction rates, so that the rates with different particle
fractions were measured by fitratigh4]. The acid  gjzes are almost indistinguishable. Qualitatively, we
capacity values are presentedTiable 1and as ob-  ¢an therefore conclude that the diffusion rate of the

served, they are quite equal. The reaction rates 10 reagents in the pores of the cation-exchange resin has

ratios of the reagents (methanol/isoamylene) (0.3, 1.0
and 3.0) at three different temperatures (323, 343 and
353K).

During the experiments, the effects of the molar ra-
tio of the reagents were studied in a random sequence
and in each set of different mixtures the temperature

was varied randomly. The catalyst was changed af- . .
Y y g account the “true” radiusR) of the particle. The ef-

ter each set of mixtures. The stability of the catalysts focti di lculated f th li
was checked by repeating the experiment at the first leclive radius was calcuiated Irom e SWeting exper-

temperature after the experiments at the other temper-'ments' Thgge experiments are pre_senteﬁalnie 2
atures had been carried out. The catalyst showed no Ag] empirical equation cprrelatmg the aomounts
deactivation. Depending on the temperature intervals, (_Wt' %) of the comp.onents with the swelling (%) was
it took about 2—4 h to attain a steady state. fitted to these data:

The catalyst weight based reaction ratgps
(molkgeat *s™1) to the product TAME was calcu-
lated from the measured amounts of TAME (g) in the + 0.7 x wTAME (4)
product stream according tq. (2}

3.2. Calculation of the Weisz—Prater criterion

The next step was to assess how severe the intra-
‘particle mass-transfer limitations are. In calculation of
the well-known Weisz—Prater criterion, we took into

swelling(%) = 1.3 x wmeoH + 0.7 x wia

wherew; are the weight proportions (%) of the com-
Frout  Wrouthtot 5 ponents in the solution. However, it must be pointed
Weat = My Weat (2) out that this equation is a very rough estimate of the

Tobs =
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Fig. 1. () The effect of temperature on the reaction rates with different particle size fractions of Amberly$t)18.50—0.59 mm; [(J)
0.59-0.71mm; A) >0.71 mm). Feed ratio of the reagents MeOH4d& 1. (b) The effect of temperature on the reaction rates with different
particle size fractions of Amberlyst 1688() 0.50-0.59 mm; [(J) 0.59-0.71mm; A) >0.712 mm; (O) unsieved catalyst. Feed ratio of the
reagents MeOH:1A= 1:1. (c) The effect of temperature on the reaction rates with different particle size frac#®n®.§0-0.59 mm;[(J)
0.59-0.71mm; A) >0.71 mm) of Amberlyst 16. Feed ratio of the reagents MeOH:IA:3.
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Fig. 1. Continued).

experiments presented able 2 The correlation of

the equation with the experimental observations is
0.45275 R?) and six experiments out of nine are pre-
dicted more or less satisfactorily with tEe). (4) This

is because the experimental method itself is rather
imprecise. Despite this, because there exists no other

The “true” radius was therefore calculated by

_ swelling(%) by Eq (4)
| swelling in pure methan¢=113 %
x mean radius of the fractiongll /Il|

®)

applicable data eitherEq. (4) will be applied in \here the mean radius is the mean value of frac-
following Eq. (5)

Table 2

The swelling experiment results with Amberlyst 16

MeOH (wt.%) IA (Wt.%) TAME Swelling (%)
(Wt.%) (& 5%)

100 113
100 20
100 63
32 68 120
82 18 117
4 96 110
8 16 76 83
75 4 21 113
1 82 17 50

tions: (1) 0.273 mm; (I1) 0.325 mm and (Ill) 0.453 mm
(swollen state). We also measured the density of the
different particle size fractions by placing catalyst to a
byrette filled with methanol and measuring the swollen
volume, after which catalyst was dried and weighed.
The obtained densities were: (I) 301, (Il) 296 and
(Il) 285 (g dry cat/swollen in methanol ctp The
reason for varying densities is attributed to the mea-
suring method. Smaller particles take less space in a
byrette and thus the obtained density is greater. For
Weisz—Prater criterion the density of a catalyst parti-
cle is needed. Volume of a cube whose side equals
the mean diameter of a particle 0.545mm (fraction
) is 1.9 times the volume of sphere whose mean ra-
dius is of 0.273 mm. Based on the results presented
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above, pp can be approximated to be 2 300 = was chosen because it is particularly suitable for

600 kg dnT3. alcohol-hydrocarbon mixturg¢21]. Because the stud-
For the Weisz—Prater criterion an estimate of the ef- ied reaction forms a ternary system (MeOH, isoamy-

fective diffusion coefficient is needed. We chose the lene, TAME), the equation by Kooijman and Taylor

Scheibel-methodil5] corrected to liquid-phase activ- [24] was further applied to estimate the diffusion

ities with the Vignes-equatiofil6] to calculate the coefficients in the multicomponent mixture:

bulk liquid diffusion coefficients. The accuracy of the

n
Scheibel-method was found to B£20% in the study o PONXi PO\ Xi 0 10\ X;/2
of Li and Carr[17] and they recommend its use over Dij = (D)™ (D) kl—_jl.[ (DicDjo ©
the Wilke-Chang-method if measured diffusion coef- ki, j
ficients are not available, as in our case. The Scheibel ) ) ]
equation for infinite dilution is: In this way, we obtained the isoamylene bulk
diffusion coefficients in methanol and TAME, or

0 ) 82x10°8T 3V \ %2 vice-versa the methanol bulk diffusion coefficients in

D, g(cm®/s) = B Ve 1 <V_A> isoamylene and TAME. They were further converted
BVA

to effective diffusion coefficients by assuming the
(6) tortuosity () to be 4 as recommended by Satterfield
[25] for ion-exchange resins and knowing the dry
state porosityd) of Amberlyst 16 to be of 0.25 (mea-

ity (CP) andT the temperature (K). The molar volumes sured by the manufacturer) so that the swollen state

and the viscosities of the components (at temperature porosity_ could be ass_umed to .be about do.uble.S
298.15K) are presented fFable 3 (on basis of the swelling experimenigble 2:

where A and B denote the solute and solvent, respec-
tively, V the molar volume (cthmol—1), i the viscos-

The viscosities were extrapolated to the studied tem- Dos — D £ (10a)
peratures with the equation of Reid et [@1]: elA = HIAMTT

_ _ T — Tk P
g 0.2661 _ MKO'2661+ —33 @) Dey = DM,IA,T; (10b)

whereu is a known value al. The isoamylene and methanol concentrations were

As already mentioned, the infinite dilution diffusion 50 jjated from the measured amounts at the outlet
coefficients were corrected to liquid-phase activities (molh~1) and the estimated densities of the whole

according to the Vignes equation as proposed by Re- ixires (kgnt3). The liquid densities of the prod-
hfinger and Hoffmani22] for MTBE: uct streams were calculated with FLOWBAT by

po \X Ina applying the model of Aalto et al26]. Although
Dag = (%) (—) Dg B (10) the model was originally developed for hydrocarbon
Das Inx mixtures, the authors tested it against liquid density

h data for alcohol-hydrocarbon mixtures. The average
absolute deviation was found to be less than 5%, a
level of accuracy adequate for our purposes since the
concentrations are used only for the Weisz—Prater
criterion, which is a very rough estimate. This con-
ventional textbook method to unconventional catalyst
has also been applied by Yadav and Thathdga}

The liquid-phase activities were calculated wit
the formerly determined binary interaction parame-
ters of the Wilson metho{3]. The Wilson method

Table 3
Molar volumes and viscosities of the components

Molar vollime Viscosity Reference in esterification of maleic acid with ethanol over
(cnPmol™)  (mPas at 25C) cation-exchange resin catalysts.

MeOH  40.73 0.553 (18] Finally the Weisz—Prater criterion,

2M1B  107.8 0.203 Assumed (2M2B)

2M2B 1059 0.203 [19] o R2

TAME 1335 0.438 [20] d = TTobsOp Tt (11a)

De)aCia
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Fig. 2. The calculated Weisz—Prater criterion under different experimental conditions.
- —ropspR? (11b) The Thiele modulus can be calculated from the cor-

"~ DemCu relation by Aris[28] for a second-order Langmuir—

- o o Hinshelwood type kinetics:
states that diffusion does not limit the reaction if the

value ofEq. (11)is much less than FEig. 2shows the (rr)*(Kpm/(De )
results of our calculations under different experimental R +Kia/(Dein) — K1/(De1))
conditions. The figure indicates that the mass-transfer ¢ = = 7 (13)
severely limits the reaction rate at higher tempera-
tures (343 K) and under conditions of high methanol Where,
concentration. The calculations are presented in 2 14k
Table 4 M=(1+«k) [— {(80—2/{) In
1+ ¢o
- i 1+ 2c—g9)1Y?
3.3. Calculation of the effectiveness factors T ” (14)
The second step was to calculate the Thiele modulus gnd
for the experimental runs. In an earlier stydg], we s s s
found out that a Langmuir—Hinshelwood type model ¥ = Kmdy + Kiaaja + Kray (15)
described our rate data from batch reactor experiments
best:
(Y = ki(K1p/Km)ama,(1 — ar/Kiapai,) + k3(Kap/Ky)amazs(1 — ar /Koapazp) (12)

(Kr/Kmar +am + K1p/ K arp + Kop/ Ky azp)?
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Table 4

Calculations of the Weisz-criterion and the effectiveness factors

Fraction number Feed MeOH/IA Swelling (%) R (cm) Rate (mol/(kg cats)) WEISZ ks (1/s) 10} n

323K

| 1/1 86 0.0249 0.0077 0.64 0.046 0.4 0.95
3/1 102 0.0263 0.0048 2.22 0.033 0.6 0.85
1/3 75 0.0238 0.0082 0.54 0.045 0.2 1.00

1] 1/1 85 0.0295 0.0074 0.84 0.043 0.4 0.95
3/1 102 0.0314 0.0034 2.27 0.023 0.6 0.85
3/1 102 0.0314 0.0034 2.29 0.023 0.6 0.85
1/3 74 0.0283 0.0070 0.67 0.038 0.2 1.00

1l 1/1 85 0.0389 0.0049 1.00 0.029 0.5 0.90
3/1 102 0.0413 0.0044 5.09 0.030 0.8 0.78
1/3 75 0.0374 0.0068 1.09 0.037 0.3 0.98

343K

| 1/1 84 0.0246 0.0487 2.50 0.440 0.7 0.90
3/1 101 0.0263 0.0308 10.29 0.335 1.1 0.71
3/1 101 0.0263 0.0242 7.85 0.255 1.0 0.73
1/3 73 0.0236 0.0606 2.90 0.487 0.4 0.95

1l 11 84 0.0294 0.0483 3.56 0.440 0.8 0.78
1/1 85 0.0295 0.0457 3.46 0.414 0.8 0.78
3/1 101 0.0314 0.0272 12.65 0.283 1.3 0.67
1/3 73 0.0281 0.0479 3.32 0.377 0.4 0.95
1/3 73 0.0282 0.0482 3.30 0.384 0.4 0.95

1 1/1 85 0.0388 0.0320 4.29 0.279 0.9 0.76
1/1 85 0.0388 0.0325 4.41 0.281 1.0 0.73
3/1 102 0.0413 0.0266 23.09 0.284 1.7 0.55
1/3 73 0.0370 0.0468 5.55 0.370 0.6 0.85

353K

| 1/1 83 0.0246 0.0926 3.98 1.108 0.8 0.80
3/1 101 0.0262 0.0532 15.46 0.751 1.3 0.67
1/3 71 0.0234 0.1338 6.22 1.358 0.5 0.90
1/3 72 0.0234 0.1266 5.77 1.278 0.5 0.90

1 1/1 84 0.0294 0.0873 5.62 1.043 1.0 0.73
3/1 101 0.0313 0.0502 19.61 0.676 15 0.60
1/3 71 0.0279 0.1036 6.90 0.973 0.5 0.90

1] 1/1 84 0.0387 0.0680 7.58 0.724 1.2 0.70
3/1 100 0.0411 0.0630 40.92 0.836 2.2 0.48
3/1 100 0.0411 0.0491 31.58 0.627 2.0 0.50
1/3 73 0.0369 0.0948 9.89 0.928 0.7 0.82

and K> = exp (—8.24371+ M) (18)

(DE,IA)afA
=——""1A_3 (16)

&0 = 5
(De.m)ay The relative adsorption equilibrium constants were
The activities of the components were calculated calculated from the study by Oktar et §9]:
with the Wilson method23]. The equilibrium com-
positions have been published by Rihko-Struckmann Ku»
et al.[23]. The temperature dependencies of the equi- Ky
librium constants are presentedtis. (17) and (18)

K 1852525
4142069 2 _
K1= exp<—8.74435+ T) 17) = exp(—9-22212+ T) (20)

(19)

3171451
=exp <—13.0304+ —>
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Kr _ exp (—7.32796 4 1050648) (21) 3.4. Combining the reaction and the
Kwm mass-transfer
The effective radius R) and the effective dif- In the earlier study11], we presented the results

fusion coefficients were calculated as previously of the batch reactor experiments where the effect
(Egs. (5), (6)-(1Q) respectively). Knowing the  of temperature (333-353K) and reagents feed mo-
Thiele modulus we could further estimate the mag- lar ratio (MeOHIA = 0.2-20) on the synthesis of
nitude of the effectiveness facton)(of the exper- TAME were measured with Amberlyst 16 as catalyst.
imental runs from the generalised graphs of Aris A kinetic model of Eley—Rideal type was proposed in
[28]. that paper. Later on we carried out additional experi-
The graphically estimated values of the effective- ments at 333K with pure 2M1B as reagent, varying
ness factor are presentedTiable 4 The value of the  the reagents initial molar ratio (MeQEM1B =
effectiveness factor varies between 0.5 and 1. The de-0.2—4.0). The aim was to study the isomerisation
termined effectiveness factors for rate paramiejare reaction more deeply and further kinetic modelling
presented iffrig. 3. The effectiveness factor decreases was also carried out. A revised kinetic model of
with increasing particle size and increasing tempera- Langmuir—Hinshelwood type was presented in that
ture. The decreasing effects of temperature and par-later papef12]. However, because unsieved catalyst
ticle size are more significant with excess alcohol in had been used in most of those experiments, we could
the feed. not be sure whether our kinetic results were truly

Particle size (mm)
1,00 E0.50-0.59

m0.59-0.71

0,90 -
O0>0.71

0,80

0,70 4

0,60

0,50 1

0,40

effectiveness factor

0,30

0,20 4 -

0,10 -

0,00 -

3230.3 343 0.3 35303 323 1.0 343 1.0 353 1.0 3233.0 3433.0 3533.0
Temperature / K and Molar Feed Ratio (MeOH/IA)

Fig. 3. The calculated effectiveness factor of rate paranietemder different experimental conditions.
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Fig. 4. The estimated values of the rate parameiterdl) andks (O) and their confidence limits (--= 4 standard error) at 333K as a
function of reagents (MeOH/IA) initial molar ratio (for experimental, $&#]).

“intrinsic” or not. We found out that the values of

It is possible to make a simple recalculation from

the rate parameters were strongly dependent on thethose batch reactor resul{§1,12] The measured

reagents initial molar ratio. IrFig. 4, the values
of the etherification rate parameters obtained with
the basic Langmuir—-Hinshelwood type model, as-
suming that the adsorption of alcohol is dominant
(Eq. (22), are presented as a function of feed molar
ratio:

(22)

rates with unsieved catalyst correspond to measured
rates with fraction Ill of this study, e.g. séég. 1b
where the measured reaction rates with unsieved
catalyst under stoichiometric conditions (circles) are
presented. The effectiveness factors of those earlier
batch reactor experimenf$l1,12] under different in-
termediate experimental conditions (feed molar ratio
(0.5-2.0) and temperature (333—-353K)) can be inter-
polated from the results presentedTiable 4 When
modifying the rate constants obtained from the batch
reactor experimentg11,12] by dividing them by

the effectiveness factors estimated in this study, the

Even though the nonideality of the system has been R-squared values of the regression analysis against

taken into account by calculating the liquid-phase ac-

tivities of the components with the Wilson method, the

temperature increase (better fit for Arrhenius-type de-
pendency). The activation energies increase by about

rate parameter values are not constant. The confidenceéd kJmol? to 82kJmot?! for the etherification of

values of the parameters are presente&im 4 and
neither they explain the variations. Explanation could

2M1B and to 95kJmoai! for the etherification of
2M2B. The results of the calculations are presented in

be mass-transfer effects as shown earlier in this paper.Table 5
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Table 5
Recalculation of earlier resulfd1,12]
Feed MeOH/IA Temperature (K) ki ks n ki/n ka/n
2 333.15 0.019 0.007 0.75 0.025 0.009
1 333.15 0.030 0.011 0.83 0.036 0.014
0.5 333.15 0.028 0.009 0.89 0.032 0.010
2 338.15 0.027 0.011 0.70 0.039 0.016
1 338.15 0.044 0.020 0.80 0.055 0.025
0.5 338.15 0.046 0.021 0.86 0.053 0.025
2 343.15 0.044 0.019 0.66 0.067 0.029
1 343.15 0.070 0.032 0.76 0.092 0.042
0.5 343.15 0.063 0.018 0.82 0.076 0.022
2 353.15 0.098 0.041 0.59 0.166 0.070
1 353.15 0.105 0.061 0.70 0.151 0.088
0.5 353.15 0.132 0.068 0.79 0.168 0.087
0.88% 0.872 0.956 0.92¢
72800 86700 81500 95400

aRegression valueRf).
b Activation energy,Eqct (J mold).

The above treatment shows that intraparticle diffu- ence between the models. ly. (22) the adsorption
sion influences the reaction rate in TAME-synthesis, equilibrium constants are lumped with the rate coef-
and that a significant improvement for the correlation ficients k; and k5 and this results in lower apparent
between the kinetic model and the experiments can activation energies.
be obtained, if effectiveness factors are taken into ac- The comparison of activation energiegable §

count. does not indicate strong diffusion limitations. In a
recent study by Jin et al30] the kinetics of the syn-
3.5. Comparison of activation energies thesis of TAME in an internal recycle gradient-less

reactor with an ion-exchange resin NKC-9 as a cat-
alyst has been studied. The authors found that the
Langmuir—Hinshelwood type model was particu-

larly appropriate and derived activation energies of

The activation energies of rate consti(Eq. (12)
of the kinetic experiments with the different parti-

cle sizes and feed conditions presented in this study 1 e
are summarised ifable 6 Table 6shows that the  20-/8kJmoat™ for the etherification of 2M1B and

1 e
activation energies with different particle size frac- 102_'4 i_(‘] mot fqr the etherification of 2M2B. O_ur
tions (100-108kJmofl) calculated with the more activation energies (100-108kJmo) presented in
precise model Eq. (12) are higher than the value Table 6are thus in satisfactory agreement with the
(95 kI motY) obtained from the recalculated batch latter value. However, in conditions of excess alkenes
reactor experiment$l1,12] with the basic model in the feed (MeOH : 1A= 1 : 3) the activation energy

(Eq. (22). The difference is attributed to the differ- is lower with larger particles of A16. This is because
the reaction rate is faster, so that it becomes diffusion

limited in a more visible way. Under other conditions,
a similar trend cannot be observed: the activation
energy varies randomly due to experimental error.

Table 6
Activation energies with different catalyst fractions

Feed ratio MeOH:IA Activation energies (kJ mol)

| I Il 4. Conclusions

11 101 102 102
31 101 108 105 The mass-transfer of the reacting components inside
1:3 108 103 102

the pores of the cationic ion-exchange resin Amberlyst
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16 was estimated from experiments with differentresin  [6] D.A. Berg, T.J. Harris, Ind. Eng. Chem. Res. 32 (1993) 2147.
particle sizes. The measured steady state reaction rates[7] K. Sundmacher, U. Hoffmann, Chem. Eng. Sci. 49 (1994)

decreased with increasing particle size most notably at 3077.
[8] F.H. Syed, R. Datta, Ind. Eng. Chem. Res. 41 (2002) 1754.

higher temperatures and Wlth subst0|ch|(_)metr|c feed [9] A. Higler, R. Krishna, R. Taylor, Ind. Eng. Chem. Res. 39
of the reagents (methanol/isoamylenes), i.e. when the = (2000) 1596.

reaction rate should be fast. The estimated effective- [10] R. Pla, J. Tejero, F. Cunill, J.F. Izquierdo, M. Iborra, C. Fité,
ness factors decreased with increasing particle size and ~ Stud. Surf. Sci. Catal. 130 (2000) 2609.

increasing temperature. The decreasing effects of tem-[11] L.K. Rihko, P.K. Kiviranta-Paakkonen, A.O.I. Krause, Ind.
rature and particle size on the effectiveness factors Eng. Chem. Res. 36 (1997) 614.
pe P [12] P. Kiviranta-Pa&ékkonen, A.O.l. Krause, Chem. Eng. Technol.,

under nonstoichiometric conditions were more signif- in press.
icant with excess alcohol in the feed. The batch re- [13] LK. Rihko, A.O.I. Krause, Ind. Eng. Chem. Res. 34 (1995)
actor results of the previous studies were recalculated 1172

by dividing the rate constants of the TAME-synthesis [14] ASTM D 2187, 1991.
[15] E.G. Scheibel, Ind. Eng. Chem. 46 (1954) 2007.

by the effectiveness factors obtalne_d from the p_resent [16] A. Vignes, I&EC Fundamentals 5 (1966) 189.
study. The recalculations resulted in a better fit and [17] 5. Li, P. carr, Anal. Chem. 69 (1997) 2530.
the obtained activation energies increased by about[18] TRC Thermodynamic Tables, Thermodynamic Research
okJ mol‘ly thus being in a more acceptable range of Center, Texas A&M University, College Station, TX, 1998.
intrinsic values. [19] CRC Handbook of Chemistry and Physics, 63rd ed., CRC
Press, USA, 1984.
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