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Abstract—The vapor phase addition of methanol to iso-butylene was studied in a differential flow reactor
with macroreticular resin catalysts-Amberlyst 15. Reaction rate datas were analyzed by nonlinear regression
method. The best fitting Langmuir-Hinshelwood-Hougen-Watson(LHHW) kinetic model is expressed as fol-
lows:

= kKKu(PPy— P:/K)
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The rate determining step of the mechanism seems to be the surface reaction between the molecularly
adsorbed methanol on one active center and the isobutylene adsorbed on the other one. The reaction requires
an adjacent empty active center. The activation energy of MTBE synthesis was estimated as 8.941 kcal/mole.
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Fig. 1. Schematic diagram of experimental apparatus.
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Helium cylinder 13.

Electric furance

2. Hydrogen cylinder 14. Temperature

3. Isobutylene cylinder controller

4. Nitrogen cylinder 15. Temperature

5. Capillary flow meter recorder

6. Needle valve 16. Heating system
7. Moisture trap 17. Sampling valve
8. Aspirator 18. Three way cock
9. Four way cock 19. Cold trap

10. Syringe pump 20. Gas chromatograph
11. Evaporator 21. Data processor
12. Reactor 22. Compressor
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Table 1. Effect of particle size on MTBE reaction rate

Particle Reaction rate
Catalyst diameter(mm) (mole/gr-cat. hr)
Amberlyst 0.287-0.370 0.2545
15 0.370-0.408 0.2559
0.542-0.833 0.2654
0.833-0.991 0.2778
3. dat % @
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Fig. 2. Demonstration of differential reactor operation.
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Fig. 3. Reaction rate versus isobutylene partial pressure
at different pressures of methanol.
Reaction temperature: 60C
Catalys-t: Amberlyst-15
Py 0.190 atm (@), 0.230 atm (O), 0.300 atm (2)
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Fig. 4. Reaction rate versus isobutylene partial pressure
at different pressures of methanol.
Reaction temperature: 70C
Catalyst: Amberlyst-15
Pa: 0.190 atm (@), 0.230 atm (Q), 0.300 atm (A)
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Fig. 5. Reaction rate versus isobutylene partial pressure
at different pressures of methanol.
Reaction temperature: 80T
Catalyst: Amberlyst-15
Py: 0.190 atm (@), 0.230 atm (O), 0.300 atm (&)
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Fig. 6. Reaction rate versus methanol partial pressure at
different pressures of isobutylene.
Reaction temperature: 60C
Catalyst: Amberlyst-15
P;: 0120 atm (»), 0.159 atm (O), 0.200 atm (@)
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Fig. 7. Reaction rate versus methanol partial pressure at
different pressures of isobutylene.
Reaction temperature: 70T
Catalyst: Amberlyst-15
P;: 0.120 atm (»), 0.159 atm (O), 0.200 atm (@)
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Fig. 8. Reaction rate versus methanol partial pressure at
different pressures of isobutylene.
Reaction temperature: 80T
Catalyst: Amberlyst-15
Pr: 0.120 atm (»), 0.159 atm (O), 0.200 atm (@)
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Kinetic model 1: Surface reaction control

= KKKy (PPy—Pe/K)

(1+KP;+ KuPy+KePg)?’

_ kKKnPioPuo
(1+KPw+KuPuo)?

(4)

Iy

Table 2. Mechanisms proposed to explain the reaction for MTBE formation reaction[9]

Mechanism  Isobutylene adsorption Methanol adsorption Surface reaction MTBE desorption
1 I+ »2* M+ *2M.* L*+M*2E*+« E*2E ++*
2 I+ »21* M+ *2Ms+* [*+M*+*2E x4 2+ E*s2E+»
3 I+ *21* M+ 2+22M;0.* L2+ Mp*2E.*+ 2% Es2E+»
4 I+ *2I1+* M+ 2+22M, 5% [#24 M, *22E1/2%+* 2E\p*E+2*
5 I+ 21+ M+ *2M,» 2L+ My *22E %+ * E*2E++
6 I+ *2L+ M+ *2M,* 2L+ M, *2E, 4 2+ E;*22E +*
7 [+2+22];0.* M+ *»2M=* 214+ MA2E >+ 2% Es2E++*
8 [+ 2+22[,,.% M+ s2Ms=* 2L p ¥+ MA22E, 5 x4 * 2E p*2E+ 2*
9 21+ *&l,* M+ *2M=+ L*+2M+22E*+* E+*2E++
10 21+ *2L* M+ *2M.= L*+2Ms2E, *+2* E,*22E +*
11 20+ *2L* M+ *2M,.* L*+M*2E,*+# Ey*22E +*
12 [+2*21.%, M+ »2Mx L*+Ms*s2E*2+* E*QE+ 2+
13 [+ 2+21.%, M+ *2M.+ L% +M*2E*+2* EAr2E+*
14 [+ *2I% M+2+2M.*, L*+M*,2E*2+* E*2E+2=*
15 [+ *2L» M+2*2M.*, L*+M*%2E*+2* E*2E+*
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Table 3. Residual sum of squares for proposed kinetic models

MTBE formation reaction

Kinetic

model = SdX10°k, K;, K
60T 70T 80t
1 3.8400(+, +, +) 8.6400(+, +, +) 112614(+, +, +)
2 11.7600(+, +, +) 9.2256(+, +, +) 5.3016(+, +, +)
3 1L1794(+, +, +) 15.3600(+, +, +) 58214(+, +, +)
4 111794(+, +, +) 15.3600(+, +, +) 58214(+, +, +)
5 08438(+, +, +) 8.3544(+, +, +) 7.3926(+, +, +)
6 - - _
7 0.8438(+, +, +) 8.3544(+, +, +) 7.3926(+, +, +)
8 L7174(+, +, +) 102182(+, +, +) 6.9984(+, +, +)
9 L7174(+, +, +) 102182(+, +, +) 6.9984(+, +, +)
10 - - -
1 2.0534(+, +, +) 19.6566(+, +, +) 0.3038(+, +, +)
12 20534(+, +, +) 19.6566(+, +, +) 0.3038(+, +, +)
13 - - 31974(+, +, +)
14 - 162.8646(—, +, —) 115094(—, +, +)
15 - 162.8646(—, +, —) 115094(—, +, +)
16 - - -
17 - 10584(+, —, —) -
18 - LO584(+, —, —) -

—: k, K, Kuzt9) #3, Sd: Residual Sum of Squares

Kinetic model 2: Surface reaction control

KKKy (PPy—P/K)

(14 KP+KuPy+KePp)? '
kKKuProPuo

(1+KPpo+ KyPuo)®

&)

| (5

Kinetic model 8: Surface reaction control

KKKy (PPy—Ps/K)
[1+ (KP) 2+ KyPu+KePs]*
KKKuyProPuo
[1+ (KPr) "+ KuPuol®

r=

(6

o=

Kinetic model 9: Surface reaction control

_ KKKu(PPy—Py/K)

©[14 (KP) 2+ Ky Py + (KePp) 23
KK KuP0oPuo

[1+ (KPio) 2+ KyPuo ?

N
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Table 4. Optimum regression parameters for kinetic mod-
els 1, 2, 8 and 9

Kinetic Temp. k K, Ku

model (C) (mole/g-cathr) (atm™1) (atm™Y
1 60 6565.5282 0.0081 407.5061
70 9980.9055 0.0020 93.3299

80 11025.0588 0.0005 11.4545

2 60 5235.8547 0.0017 11.9290
70 9340.2586 0.0014 9.9921

80 11387.3294 0.0009 4.5763

89 60 18404.4825 0.0007 13.0560
70 21673.3009 0.0006 11.3508

80 27288.3503 0.0003 47134
Ao A Askct A4 HeEe 24 1, 2, 8

2 99 WE7|FE FEEW e Pk

(N BEEE wd 18, ¢ GHPAA AEe]
FAHL, E e YN olapede) FAIm,
oold FAE oMz ¥A4E AMss] AN FR%
Wgest §39 oladae Euwigol Uolhw
heol MTBES) @ite] alelych. o A% 45247
A Edubgelnt

(543 W35E 24 2e

24 24 19 o
&e3} o)Aayddle] FA BE

2
! MTBE 93& Zou}
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Table 5. Optimum values for activation energy, adsorption enthalpy and adsorption entropy for kinetic model 1,

2, 8 and 9
Constant Kinetic model 1 model 2 model 8,9
K; AH,? —31.986 kcal/mol —7.293 kcal/mol —9,706 kcal/mol
AS? —105.600 cal/mol-K —34.319 cal/mol-K —43.038 cal/mol-K
Ky AH. —41.0901 kcal/mol —10.975 kcal/mol —11.667 cal/mol
AS° —110.785 cal/mol-K —27.437 cal/mol-K —29.187 cal/mol-K
k E 5.968 kcal/mol 8.941 kcal/mol 4.520 kcal/mol

Table 6. Boudart’s rule[22]

Rule 1 AS,°<0

Rule 2 |ASI<AS?

Rule 3 |AS,%| 210 entropy units
Rule 4 |AS,%] <12.2-0.0014 AH,°

AH,: the chemisorption enthalpy

Euold A2e 844 shisl o Aote Ewg
20) 4% AAWA |k

(6)A)) WHEEE vl 82, ¢ SHHNA vjghLol
FALYT, 5 BYYA AR o]y Fas
of, ¥49 oz 245 447 A4 39
B3 F2E o) £ %el o) Eaibgo] Youn), o]oiA]
MTBE7} 93dc}. o] #$E Egitige] &= 23
Aol c}.

(DA e4E 2 9eliE R o 2
Ao Fahe oL T v 87 23, o] Wl e F3Y
A =aas B4s] A% F4Y e F39
Slargs] Etgo) S8 LAl

23, 27]EEE el P4 eln BEEE
e M4 S 24 83499 Aehr} UATE % 7 slck

@9, d9stHo uy LydHE FAYYA
e e%s} Z7hbl e zhastelol sha, W U

Table 7. Verification of Boudart’s rules®

SEHEATE 257} 371w} Fr1steof jch
Table 4] MTBE H4utse] Ans%e oozl 45
249 1, 2, 8(PDell A&k Ko} Kyt 5S FE3d=l
o]5 e Hd dFF 93y 7Fdd Fistng
4223 ndz e slsAe AUz dck

olaflalzn) vekgo] dldael JEZIAEL 77t
o) F3t 8 Abref) th3le] van't Hoff 4] (8) 3} 4] (10)
& olfsled Ay AFHoR Fay, At
Ae v-3& Aol g3t Arrhenius 4 (9)F &
sted A3 3R oR Tt

K=K, exp(AH%/RT) ®

ki = kil] exp( - Ea, O/RT) (9)

Ko=exp(ASo/RT) (10)

o] & ujsf7t-2 Table 50 4=23}gich

=g Aoz ey WSS E B F2
E29(S,,) el 3l Table 6o 2% Boudart’s rule
o] mtE oo} 3l FRALT = 2 gholofof ik
[22,23].

Table 7& V5@ W4 wdl 1, 2, 8 3 9414
A4S ol aRdaz) wWekge] F3 dEZ e} F3
dletule] it Boudart’s rule2] 348 RolFch

Kinetic model

Substance

1 2 8,9
Isobutylene —105.602<0 —34.319<0 —43.038<0
| —105.602/>73.116 | —34.319/<73.166 | —43.038/<73.166
| —105.602| >10 | —34.319/>10 | —43.038/>10
| —105.602{>12.2— | —34.319[>12.2— | —43.038/>122—
0.0014(—31985.836) 0.0014(—7292.671) 0.0014(—9706.000)
—110.785<0 —27437<0 —29.187<0
Methanol | ~110.785|>58.765 | —27.437|<58.765 | ~29.187] <58.765
[ —110.785/>10 [—27437|>10 |—29.187|>10
| —110.785/>12.2— |—274371>122— 1—29.187|>122—

0.0014(—41090.924)

0.0014(—10975.321) 0.0014(— 11666.819)

7 Absolute entropies at mean temperature(343 °K) are S,/°=

sistaet G33A x1E 1995 23

73.166 cal/mol-K and S;4°=58.765 cal/mol- K[10].
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w4 E 2d 2,8 Y 9ol oledg3} o)A R-Eao
FaeZ g WA, AL AHA FHE 25
A7l wete] vpHA AL WSS s 1Y 2
o At vigkge] FAANEZ S WFAIc)

olAte) AxHE F3shd, 60719 =24 Rl 2R E
uhS-E s e £33 3P4 R A Fg1 S TS
13} A9g 4782 =d Fo)| 4 Boudart’s ruled w1
Al 2Ye & A4 F349 vivked o ¥
Aol F35 ojaydalo] TS ¥ ) ol & FH
B4 9ol A T AN w1l A HrlE=
524 27} MTBE §Aub-5-9] £ x24 s 7} A
gslck Az
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Amberlyst-15 =20 & 313 233 A {54
A2 E ol &3l ojaidale] HutEE 7| AFIIAIA
MTBES €48 o & £584 datad 2WAY
As g3 2 4EL Ik

(1) MTBE 7|4+3HAdubg-& gt & -d &2 o
ghes o2 B FH3 olafdalle] FAH o
g2 #2112 44 e E4F shdst ArtsEle
FEdukgo] £ % FAAdAel Langmuir-Hinshelwood-
Hougen-Watson(LHHW) ulg- 7|3+& wl2& 7log
vhepstct

(2) WFS-2E 60-80C WelolA] MTBE 7)4rgtant
S99 £x4e g5 o] EAIF F gt

- KKKy (PPy— Ps/K)

(1+KP+KyPu+ KeP:)?
_ kKKnPioPuo
~ (1+KPo+ KuPuo)?

To
(3) SEAFS} o 2 DA & o FHIY IS
#e oo Zel BAY F UL,

In k=22.137—4499.762/T
In K,=—17.357—3670.202/T
In Ky= —14.007—5523.56/T

Fuiukgo] A3t A= 8941 kcal/molo] e}

TN

B A7 e oA 2FFA Felrle A7
€] (Research Center for Catalytic Technology, RCCT)
2| Aol A=yt

ARRY|12

: methyl tertiary butyl ether [MTBE]

: activation energy [kcal/mole]

: molar flow rate of compound i [mole/hr]

: isobutylene

: reaction rate constant [g-cat.hr/mole]

: equilibrium constant for the reaction [atm™!]
: adsorption equilibrium constant of substance
i [atm™1]

: methanol

: partial pressure of the substance i [atm]

: initial partial pressure of the substance i [atm]
: reaction rate [mole/g-cathr] of MTBE
:initial reaction rate [mole/g-cat.hr] of MTBE
: residual sum of squares ’

: absolute temperature [K]

: weight of catalyst [g]

W/F; : reciprocal space velocity [g-cat.hr/mole]

X; :degree of conversion of reactant i

x; :molar fraction of substance i in exhaust ga-
ses

AR T T

=

LN

b : active center

AH, :adsorption enthalpy [kcal/mole]

AS,: adsorption entropy of substance i [cal/mole:K]

AS,?: adsorption entropy of gaseous states in compo-
nent i [cal/mole-K]

SFM XL

E  :methyl tert-butyl ether(MTBE)
g : vapor phase

I : isobutylene

M :methanol
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