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Abstract—The synthesis of ethyl tert-butyl ether (ETBE) from aliquid phase reaction between tert-butyl alcohol
(TBA) and ethanol (EtOH) in reactive digtillation has been studied. 3-Zeolite catalysts with three compositions (Si/
Al ratio=13, 36 and 55) were compared by testing the reaction in a semi-batch reactor. Although they showed dmost
the same performance, the one with Si/Al ratio of 55 was sdected for the kinetic and reactive didtillation studies becauise
itis commercially available and present in a ready-to-use form. The kinetic parameters of the reaction determined by
fitting parameters with the experimental results at temperature in the range of 343-363 K were used in an ASPEN
PLUS smulator. Experimenta results of the reactive didtillation at a standard condition were used to vdidate arigorous
reective didtillation moded of the ASPEN PLUS used in a smulation study. The effects of various operating parameters
such as condenser temperature, feed molar flow rate, reflux ratio, heat duty and mole ratio of H,O : EtOH on the
reactive digtillation performance were then investigated via smulation using the ASPEN PLUS program. The results
were compared between two reactive distillation columns: one packed with 3-zeolite and the other with conventional
Amberlyst-15. It was found that the effect of various operating parameters for both types of catalysts follows the same
trend; however, the column packed with 3-zeolite outperforms that with Amberlyst-15 catalyst due to the higher selec-

tivity of the catalyst.
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INTRODUCTION

Currently, there are pending legidations on the use of methyl tert-
butyl ether (MTBE) in anumber of datesin the US because MTBE
has a tendency to pallute underground weter. Ethyl tert-butyl ether
(ETBE) can beapotentia dternative sinceit has been found to out-
peform MTBE. ETBE haslower blend Reid Vgpor Pressure (4 ps)
than MTBE (8-10 ps), which dlows ETBE to be used successfully
in obtaining gasoline with less blend Reid Vapor Pressure than 7.8
ps asrequired in some hot places during summer [Cunill et d., 1993).
From the environmenta viewpoint, ETBE is derived from ethanol
(EtOH), which can be obtained from renewable resources like bio-
mass[Chang et d., 1998].

Reactive didillation, a promising process for eguilibrium-limited
reactions, has been gpplied to many edterification reactions such as
the production of MTBE, ETBE and TAME [Seo et d., 1999]. Al-
though there are a number of researchers consdering the synthesis
of ETBE in reactive didtillation, mogt of them focus on the use of
EtOH and isobutylene (I1B) as the reactants [Sneesby et d., 1999;
Bisowarno and Tade, 2000; Tade and Tian, 2000]. tert-Butyl dco-
hal (TBA), a mgor byproduct of propylene oxide production in
the ARCO process, can be an dterndtive reactant [Norris and Rigby,
1932]. ETBE can be produced from TBA either by direct or indirect
methods. In the indirect method, TBA is dehydrated to IB in afirg
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reactor and then reacts with EtOH to produce ETBE in a second
reector. In the direct method, TBA and EtOH react directly to form
ETBE in onereactor. Various catdyds have been tested for the direct
route. They are, for example, Amberlyst-15 [Quitain et d., 19994,
heteropoly add [Yin & d., 1995], patassum hydrogen sulphate [Ma-
ouq e d., 1996], S54 and D-72 [Yang & d., 2000] and [3-zeolite
[Assabumrungrat et d., 2002].

There are alimited number of works focusing on the direct syn-
thesis of ETBE from EtOH and TBA in reective didtillation. Yang
and Goto [1997] conddered batch reactive didillation usng Am-
berlys-15 as a catdys with and without pervgporation. The use of
pervgporation heped to remove water from the residue, and ahigher
fraction of ETBE was obtained as atop product. Quitain et . [19994]
used Amberlyst-15 as a cadyg in a reective didtillaion column
with continuous operation. The conversion of TBA and the sdec-
tivity of ETBE were 99.9 and 35.9%, respectively. The didtillate
was further purified by a solvent extraction with the bottom prod-
uct, resulting in the product with 95 mol% ETBE. Later, the same
authors proposed a process for indudrid production of ETBE by
usng ASPEN PLUS program [Quitain et d., 1999b]. Another reec-
tive ditillation column with high pressure was introduced to con-
vert the by-product IB to ETBE. Yang et d. [2001] developed a
methematical modd of the continuous reactive didtillation and com-
pared their smulaion resultswith those of Quitain et d. [19994)].

The am of this paper is to sudy the reactive didtillation for the
direct synthess of ETBE from EtOH and TBA using 3-zedlite cat-
ayg, which wasfound in our previous work to offer high sdectiv-
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ity [Asssbumrungrat et d., 2002]. Experimentsin a semi-betch reec-
tor are performed to find a suitable composition of B-zeolite and
the reaction rate parameters for Smulaion sudiesin ASPEN PLUS
program. A rigorous didtillation modd (RADFRAC module) which
is verified by the reactive didtillation experiment at sandard condi-
tion, are chasen for the prediction of the reactive didtillation behav-
ior. The effects of various operating parameters such as hegt duty,
molar ratio of H,O : EtOH and reflux ratio, on the reactive didtilla
tion performance are further sudied using the ASPEN PLUS Sm-
ulator. The smulaion results are compared between two reective
didtillation columns: one packed with 3-zeolite and the other with
commercid Amberlys-15.

EXPERIMENTAL

1. Preparation of Supported Catalyst

Supported 3-zeolite was prepared by cutting Cordierite mono-
lith (400 cdll/ir?) into smal cubes (0.5x0.5x0.5 ). They were
weighted, soaked in 2.5 wt% acetic acid solution for 2 min, washed
by didtilled water severd times and then dried in an oven a 383K
overnight. 3-Zeolites with three compodgtions (S/AI=13.5, 36 and
55) were used in the sudy. The zeodlites with S/AI=135 and 55
were supplied by Tasoh Company, Japan, wheress the other was
synthesized by the method described in our previous work [Ass-
abumrungrat et d., 2002]. To prepare the supported catalys, zeolite
powder was added into 2.5wt% acetic acid solution to give 30-
50%wt/volume washcoat. The monalith supports were dipped into
the prepared washcoat for 15 min and followed by drying at 383K
overnight in the oven. The supports were repestedly dipped in the
washcoat 2-3 times and caldned a 773K for 35h in ar amo-
gphere. The amount of catalyst was cdculated from the increased
weight of the mondlith.
2. Preparation of Packing Material for Reactive Didillation

Stanless-gted deves (30 meshes) with 0.7x0.7 o’ size in sad-
dle-like shape were used as packing materias in didillation sections
in the reective didtillation column. Before they were packed in the
column, they were washed with boiled toluene twice to removere-
Sduds. Then they were dried in the oven a 383 K overnight.
3. Catalyst Sdlection Study

Catdys performance was sudied in a semi-batch reactor. Pow-
der catdyst was weighted and Ieft in an oven & 363 K overnight to
remove moidure from the catayst. A desired amount of ethanol
and TBA was mixed and placed into a 25x10* m® three-necked
flask. The mixture containing 1 mol of TBA and 1 mol of EtOH
was dirred and hested to a desired temperature (T=333K) by cir-
culating hot weter through the jacket. The reaction was sarted by
adding 10 g of catdys into the reaction mixture. Liquid samples of
1.0 o were taken to messure concentrations of H,O, EtOH, TBA,
IB and ETBE at different reection timesfor 7 h. They were andyzed
by TCD gas chromatography with acolumn packed with Gaskuro-
pack 54.
4. Kingtic Study

In the kinetic study, the supported 3-zeolite was packed in a spe-
cid-design basket-type reactor as described in our previous work
[Asssbumrungret et d., 2002]. A frame of four catayst baskets was
mounted to a rotating shaft driven by a motor via an inverter con-
troller to determine the accurate start-up time in a semi-batch reec-
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tor. The cylindrical baskets were made of sainless sted tubes with
awall made of stainless sed mesh. The frame was held above the
liquid level by upper hooks. When the temperature was maintained
a adesired vaue, the reaction was Sarted by changing the direc-
tion of agitation 0 that the frame of baskets dropped into the liquid
mixture. The lower hooks were securely connected with dots on
the disk turbine and the frame was rotated without dip. A liquid
sample (1 cm®) was taken every hour to anayze its composition by
usng TCD gas chromatography with a Gaskuropack 54 packed
column.
5. Reactive Digtillation Study

Fig. 1 shows the schemdtic diagram of the reective didtillation
experimentd set-up. Thehaght and diameter of the columnare 0.7 m
and 0.035m, repectively. The upper section of the column was
filled with 0.7x0.7 cn* of Sainless-sted packing materids The mid-
dle section of the column wasfilled with the supported catdyst (459
of B-zedlite). Like the upper section, the lower section of the col-
umn was packed with the same packing materids. The heights of
the sectionswere 0.21, 0.18, 0.21 m, respectively.

The top of the column was connected with a condenser where a
coolant (T=288 K) was dirculated to condense vgpor from the reac-
tive ditillation column. The condensate was passed into a solenoid
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Fig. 1. Schematic diagram of the reactive didtillation system.



Production of Ethyl tert-Butyl Ether from tert-Butyl Alcohol and Ethanol Catalyzed by 3-Zeolite in Reactive Distillation 1141

vave A multi-timer was usad as areflux ratio controller. The bot-
tom of the column was connected to a reboiler filled with the reac-
tant mixture of goproximately 4.2x10* . The bottom product
levd intherebailer was contralled by aMagterflex pump. Heat supply
required for the reboiler was regulaed by a varidble transformer
(ds0 known as avariac) via adjudtable voltage. In continuous opera:
tion, feed was introduced to the column a the lower part of the cat-
ays bed. The reaction was carried out until reeching Seady date.
Top and bottom products were sampled and their flow rates were
measured every 05 h.

SIMULATION

Smulation sudies were carried out by using the ASPEN PLUS
program, asequentid modular Smulaion software package for var-
ious chemicd enginesring applications The RADFRAC module,
arigorous mode for mulating al types of multisage vapor-liquid
fractionation operations, was sdlected for smulation of the reective
didillation column. A property option set PSRK based on the pre-
dictive Soave-Redlich-Kwong equation of date was sdected for
the prediction of thermodynamic properties of this system [Sneeby
ed. 1997].

Fig. 2 shows the column configuration used in the Smulation. It
condgts of 16 gages induding a partia reboiler (Stage 16) and a
partid condenser (2age 1). The reaction section in the middle of
the column is represented by Sx reective Sages (dage 6-11). Ac-
cording to our previous work and results from the preliminary runs
for this work, this column configuration has proven to be a good
representative for the column used for actud experiments. The reec-
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Fig. 2. Cdumn configuration for smulation of reactive digtillation.

tion is assumed to teke place in the liquid phase. The feed isintro-
duced & the stage 10. The Smulation inputsto the program are main-
ly based on experimenta operating conditions. However, the reflux
ratio defined in the ASPEN PLUS is the reflux liquid flow (L1)
from the condenser (Sage 1) divided by the totd didtillate flow (D=
LD+VD), L1/D. This definition is different from the experimental
reflux ratio (L1/LD) because the liquid flow from the condenser is
distributed into L1 and LD with amultitimer.

The RADFRAC smulation requires two more input parameters
which can be chosen from the following four parameters: heat duty
a rebailer (Q), condenser temperaure (T,), raio of totd didtillate
flow to feed (D/F) and ratio of vapor didillaetototd ditillate (VD/
D). It should be noted thet the two parameters, the condenser tem-
perature and heat duty, are chosen in thiswork becauseit is difficult
to control the values of D/F and VVD/D in practical operation.

RESULTS AND DISCUSSION

1. Catalyst Characterization

Various techniques were employed to characterize 3-zeolite cat-
dyds X-Ray Diffraction (XRD), X-Ray Huorescence spectrome-
ter (XRF), Scanning Electron Microscope (SEM), BET surface area
measurement via nitrogen adsorption and Temperature Programmed
Desorption (TPD). To confirm the Sructure of 3-zeolite, the XRD
pattern of the synthesized catdys (shown in Fg. 3) was compared
with that of astandard 3-zedlite published in the literature [Borade
and Clearfidd, 1992]. The same diffraction patterns are observed
and, hence, it is confirmed that the synthesized catdyst was a
zeolite. The compositions of the zedlite were messured with an X-
ray fluorescence spectrometer (XRFmodd Fision) which shows
S/AI=36 for the synthesized zedlite and S/AI=13.5 and 54.9 for
the commercid zedlites. They arein good agreement with their oec-
ifications. Uniformity of the catayst digtribution on monalith sup-
port was examined by measuring digtribution of Al usng ascanning
electron micrascope-energy dispersive X-ray pectrometer (SEM-
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Fig. 3. X-ray diffraction pattern of syntheszed catalys (S/AI=36).

Table 1. BET surface areasof 3-zeolite

B-zeolite BET surface area (m%kg of 3-zeolite)
H-Beta (Si/Al1=13.5) 6.35x10°
H-Beta (Si/Al=36) 6.18x10°
H-Beta (Si/AI=55) 6.28x10°

Korean J. Chem. Eng.(Val. 21, No. 6)
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Fig. 4. TPD prdfile showing acidity and add strength of Bzedlite

with different S/Al ratio (8) S/AI=135 (b) S/AI=36 and
(c) SI/AI=55.

EDX). It wasfound thet the catdyst waswel digpersed on the mono-
lith surface.

Table 1 shows BET surface area of the 3-zeolites. They are d-
mogt the same regardless of the different vaues of the SI/AI ratio.
The temperature programmed desorption technique (TPD) was em-
ployed to characterize the acid properties of the catay<t. The re-
aults shown in Fig. 4 reved that the higher the S/AI ratio, the lower
the acid strength and the acidiity. These properties are observed from
the pesk height and the area of pesk, respectively.

2. Catalyst Sdection

The performance of 3-zeolite with three S/AI ratios was inves-
tigated in the semi-batch reactor. The reection-taking place in the
reactor can be summarized asfollows

EtOH,,+TBAy === ETBE,+H,0, @
TBAy == By +H,0y @
EtOH,,+IB, = ETBE,, ©)

Under the operating pressure in this sudy (101.3 kPa), the ma-
jority of IB isin the gas phase, while other species arein theliquid
phase. Reections involving 1B are then limited by the liquid-gas
contact. Hence, by comparing with the main reaction in Eq. (1),
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Fig. 5. The performance of B-zeolite with difference S/Al ratio.
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the reverse reection in Eq. (2) and the reaction in Eq. (3) are con
Sdered as minor Sde reactions and neglected in this work. Only
the forward reaction of Eq. (2) is conddered as a Sde reaction of
thisreaction system.

Fig. 5 shows the effect of S/AI ratio on the reaction converson
and sdectivity of ETBE, displayed as dashed lines. It was observed
that both of them are not sgnificantly affected by the changein the
S/Al rétio. Although the acid properties and the surface area of cat-
ayd are reported as main parameters affecting the reection perfor-
mance [Matouq et d., 1996], the range of the acid propertiesin this
udy does not sgnificantly influence the catdyst performance. There-
fore, the B-zeolite with the S/AI ratio of 55 was used in dl subse
guent sudies, asit iscommercidly available and present in areedy-
to-use form unlike those with other ratios which reguire a second
cdcination to convert the NH,-form to the H*-form.

3. Kingtic Study

Mathemeticd descriptions were developed for concentration-
based modd to follow the requirement of the ASPEN PLUS pro-
gram. Since the solubility of IB in the liquid mixture is low under
amospheric condiition, the reaction of 1B with EtOH or H,O isneg-
ligible Asareault, the rate laws of the reactions (1) and (2) can be
expressed in terms of concentrations as

(CreaCeion ~ CereeCi,o/ K 1) @
1+KuCho

r.=k,

—_ CTBA
P _k21+KWCHZO ©®
where k;, G, K, and K, are the reaction rate congtants of reaction j
(=1, 2), the concentration of sediesi, the equilibrium congant and
the water inhibition parameter, respectively. The expresson of K,
can be expressed asfollows[Quitain et d., 1999b]
K, =exp(—1.23+944/T) ©®)

By performing a materid badance for a semi-batch reactor, the
following expressons are obtained.

_dmyg, _dmyo _

dt - dt _W(r1+r2) (7)
_dmgoy =deTBE —

o oa W ®

where m and W represent the number of mole of gpeciesi and the
catayst weight, respectively. It should be noted that the number of
moles in the liquid phase a any time is constant because IB can
only dightly dissolve in the liquid phase. In addition, the summa-
tion of stoichiometric coefficients for both sides of the reaction is
equivdentin dl reactions.

A st of experiments was carried out &t three temperatures: 323,
333 and 343 K. Arrhenius and Van't Hoff plots were then obtained,
asshown in Fg. 6. By usng the method described in our previous
work [Asssbumrungrat et d., 2002, the following expressons are
consequently obtained.

k,=exp(7.286— 10785/T) ©
k,=exp(19.227- 12196/T) (10)
K =exp(-45.37+7003/T) (11)
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Fig. 6. Arrheniusand Van't Hoff plots.

4. Reactive Didtillation Study
4-1. Parformance of Reactive Didlillation &t Standard Condition

An experiment was carried out a the standard condiition as given
in Table2. The male fraction profiles for both the resdue and the
didillate are shownin FHg. 7. Solid markers represent didtillate, while
empty markers represent residue. After approximately 4 hours of
operation, the column reached a steady Sate condition. It was found
that water was the main component of the bottom product, wherees
the didtillate contained 18.2mol% ETBE, 324 mol% TBA, 194
mol% EtOH and 28.3 mol% H,0.

Theterms* converson of TBA (X.g,)" and “sdectivity of ETBE
(Seree)” defined by the following expressions are used to represent
the performance of the reactive didtillation.

X ron = Molar flow rate of TBA reacted
Feed molar flow rate of TBA
_Molar flow rate of ETBE in liquid distillate
TeET Molar flow rate of TBA reacted

x100%

x100%

The corresponding conversion and selectivity obtained experimen-
telly from the sandard condition are 60.5% and 27.7%, respectively.

The ASPEN PLUS program using a rigorous didtillation model
(RADFRAC module) was usad to smulate the reective didtillation.
The religbility of the model prediction was verified by comparing
its result with that obtained from the experiment, asshownin Fg. 7.
It was found that the Smulation results (shown by the dashed lines)
agreed wdl with the experimentd results. Due to the limitation of

Table 2. Standar d oper ating condition

1 =
N
0.8
S 0.6
5 | ]
o
P 04 [TBAlp
o 4 -
= |\t 8051
EtOH
0.2 :.:::E?Lt.--lg: .........
[ETBE]p (EtOHIr
0 > Vo Zes = = = >
0 2 4 8
Time (h)

Fig. 7. Concentration prdfiles of digtillate and residue at sandard
operating condition (Catalyst=f-zeolite with S/AI=55, cat-
alyst weight=0.040kg, feed flow rate=2.7x10° mol/s, reflux
ratio=15: 1, and molar ratioof TBA : EtOH : H,0=1:1:
39).

the equipment, only the smulaions using ASPEN PLUS were fur-
ther studied in the following section in order to investigate the effects
of various operating parameters such as condenser temperature, feed
flow rate, reflux ratio, heat duty and molar ratio of H,O: EtOH in
feed on the performance of the reactive didtillation column. These
provide useful informetion for improving an operation and design-
ing of the reactive didtillation. Furthermore, the resullts from the col-
umn packed with [3-zeolite were aso compared to ones from the
column packed with the commercid Amberlys-15 catdyd. It is
noted that the kinetic parameters of the commercid Amberlys-15
are obtained from Quitain et d. [1999].
4-2. Effects of Operating Parameters
4-2-1. Effect of the Condenser Temperature

The effect of the condenser temperature (T,) was investigated in
the range of 303to 333 K. Fig. 8 shows that the condenser temper-
ature afects only the sdlectivity of ETBE, whileit has no effect on
the conversion of TBA. The sdectivity obtained from the experi-
ment in the previous section (27.7%) can be improved to 43.1%
by reducing the condenser temperature from 333 to 303K. Theim-
proved sdectivity is due to the increased condensation of ETBE
from vapor didtillate a lower condenser temperature. On the other
hand, no significant effect of the condenser temperature on the con-
verson of TBA isfound because the mgority of the reections take

Feed condition Column specification
Temperature [K] 298 Rectification stages 5
Flow ratex10° [mol/s] 271 Reaction stages 6
Molar ratio (TBA : EtOH : H,0) 1:1:38 Stripping stages 5
Composition [% mol] Total stages 16
EtOH 25 Catalyst weight per stage [Kg] 0.065
TBA 25 Pressure [kPa) 101.3
H,O 95 Reflux ratio [L1/D] 15
Pressure [kPa] 101.3 Condenser temperature [K] 333
Heat duty [W] 26.3

Korean J. Chem. Eng.(Val. 21, No. 6)
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place in the reaction stages in the column, which are not congder-
ably affected by the condenser temperature. It is noted thet the con-
denser temperaure is akey parameter controlling the performance
of the reective didtillation. However, dueto the limitation of the eouip-
ment, we could not perform actud experiments a the favorable con-
dition. Thevaue of T, a 303 K will be used throughout the rest of
the amulationsin the following sudies.
4-2-2. Effect of Feed How Rate

Hg. 9 showsthe effect of feed flow rate on the converdon of TBA
and the sdectivity of ETBE. It can be seen that thereis an optimum
totd feed molar flow rate that offersthe maximum converson. From
the optimum va ue, increasing feed flow rate decreases the conver-
son aswell asthe sdedtivity. Asthe amount of catdyd, reflux ratio
and heat duty are fixed, an increase of the feed flow rate resuitsin
a decrease in the resdence time and column temperature, thus re-
ducing the converson. According to the rate parameters shown in
Egs (9) to (11), the decrease in the column temperature should affect
the sde reection, Eq. (2), more intensvely than the main reection,
Eq. (1). Thus, the higher sdlectivity of ETBE should be expected.
Nevertheless, the opposite trend is observed, which isin agreement
with an observation reported by Quitain et d. [1999b]. This behav-
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ior can be explained by the fact thet the evgporation of ETBE isde-
creased by the decrease in column temperature. On the other hand,
athough the evaporation of TBA is dso affected by the decrease
in the column temperature, the effect is not as rong as ETBE, shce
TBA is more voldile than ETBE. The more ETBE presented in
liquid phase, the less the main reection, Eq. (1), can proceed, which
resultsin lower sdectivity of ETBE. It is noted that decreasing the
feed flow rate from the optimum vaue decreases the conversion
because the reactants could be easily vaporized and present in the
didtillate as the unconverted reactants
4-2-3. Effect of Reflux Ratio

Fig. 10 shows the converson and sdectivity as afunction of the
reflux ratio. Increasing the reflux ratio from 1.0 to 3.0 increases the
converson but decreases the sdectivity. It is obvious thet the res-
dencetime of the reactantsis increased with high reflux ratio. Con-
sequently, the converson becomes higher. It should be noted that
an operdion at high reflux ratio is economicaly unattractive dueto
the high energy consumption. It was aso found in this system that
increasng the reflux retio causes the lower sdlectivity of ETBE.
This can beexplained by the higher H,O concentration in liquid phese
in the column when the reflux ratio is increased. Since H,0O is the
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Fig. 10. Smulation resultsfor the effect of reflux ratio on conver-
sion of TBA and sdlectivity of ETBE.
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Fig. 11. Smulation results for the effect of heat duty on conver-
sion of TBA and sdectivity of ETBE.
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Fig. 12. Smulation results for the effect of molar ratio of H,O :
EtOH on conversion of sdectivity of ETBE.

leest valatile spediesin the system, the badkward reaction of the main
reection (Eq. (1)) becomes sgnificant compared to thet of the sde
reaction (Eqg. (2)), resulting in the decrease of the selectivity.
4-2-4, Effect of Heat Duty

Fig. 11 shows the effect of heat duty on the performance of the
reactive ditillation. An optimum heat duty, which provides the max-
imum conversion, was obsarved. Increasing the heat duty increases
the column temperature and, aso, the extent of the reection. However,
a high heat duty, sgnificant vapor load can gppear in the column
and the effect of reactant 10ss becomes important. Consequently,
the decrease in converson is noticed. It is interesting thet the in-
creasing sdectivity is found dthough the increasing column tem-
perature should decrease the vaue. This is just the opposte from
the case when the column temperature is decreased by increasing
the feed flow rate.
4-2-5. Effect of Molar Retio of H,O : EtOH

EtOH derived from fermentation usudly contains a significant
amount of H,O. Fg. 12 shows the effect of H,O concentration in
feed expressed asthe malar ratio of H,O to BtOH. Fve different va-
uesof 18:1,28:138:1,48:1and 58: 1 wereinvedtigated. The
moler rtio of TBA : EtOH was dwayskept a 1. It was found that
when the molar ratio of H,O to EtOH was increased, the conver-
son increased initidly and then dropped, whereas the sdectivity
dightly decreasad initidly and then increased. Since the reactant con-
centrations and reectant feed flow rate decrease with the increesing
molar ratio, the former tends to decrease the rate of reection, while
the latter tends to improve the reaction extent. Thus, these complet-
ing effects lead to the observed conversion results The improved
sHectivity is because the column temperature is lowered a higher
molar ratio of H,O : EtOH.
4-2-6. Effect of Type of Cadyds

The results shown in Fgs 8-12 dso compare the performance
of the reactive ditillation columns with different types of catayds.
It was found that dthough the effects of various operating parame-
tersfor both cataysts follow the same trend, the reactive didtillation
column packed with 3-zeolite shows better performance than that
packed with the commercid Amberlys-15. It is obvioudy due to
the better performance of 3-zedlite as reported by our previous work
[Asssbumrungret et d., 2002].

CONCLUSON

The synthesis of ethyl tert-butyl ether (ETBE) from the liquid
phase reection between ethand (EtOH) and tert-butyl dcohal (TBA)
was investigated in thiswork. The performance of three 3-zeolites
with different S/AI ratio was compared. No sgnificant change of
the catdyst performance was observed. However, the one with S/
Al ratio of 55 was selected for further study due to the availability
in the commerdd market and the presencein the ready-to-use form.
The ASPEN PLUS smulation results using a RADFRAC reactive
didillation modd was in good agreement with the experimenta
results & a andard condition. The ASPEN PLUS program was
then employed to invegtigate the effects of various operating pa
rameters on the performance of two reactive didtillaion columns
one packed with commercid Amberlys-15 and the other with 3+
zedlite. It was reveded thet the performance of the reactive didilla
tion column with B-zeolite was superior to thet with Amberlys-15.
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NOMENCLATURE
C : concentration of speciesi [mol/m?
D :tota didillate flow [mol/g]
F  :feedflow rate [mol/s]
k, :reactionrateconstant of reactionin Eq. (1) [m*%(mol -kg-9)]

k, :reaction rate constant of reaction in Eq. (2) [m*/(kg-s)]
K. :equilibrium congtant of reactionin Eq. (1) [-]

Kw :water inhibition parameter [m%mol]

L1 :reflux liquid flow rate [mol/s]

LD :liquid distillate flow rate [mol/g]

m; : number of mole of speciesi [mal]

Q  :rebailer heat duty [kW]

f; : reaction rate of reaction j [mol/(kg-9)]

R :residueflow rate[mol/s]
Scree ¢ SHectivity of ETBE [-]
t (time[g

T :temperature[K]
T, :condenser temperature [K]

V  :dvapour distillate flow rate [mol/g]

W catalyst weight [kg]

X :molefraction of speciesi inliquid mixture[-]
Xiea . conversonof TBA [-]

Abbreviations

EtOH : ethanol

ETBE: ethyl tert-butyl ether
H,O :water

MTBE : methyl tert-butyl ether
IB :isobutylene

TAME : tert-amyl methyl ether
TBA : tert-butyl alcohol

Subscript
Korean J. Chem. Eng.(Val. 21, No. 6)
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0] sinitial valueat t=0
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