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Abstract—Alkylation of toluene with ethylene over H-ZSM-5 catalyst was carried out in a fixed-bed differen-
tial reactor at 300-330C under atmospheric pressure. A typical Langmuir-Hinshelwood-Hougen-Watson
(LHHW) kinetic expression was postulated, and the kinetic parameters were estimated by a nonlinear regres-
sion method. The results of model discrimination by using initial rate and thermodynamic criteria indicate
that a noncompetitive adsorption model with surface reaction control scheme is the most suitable one for
this reaction.
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Fig. 1. Schematic diagram of toluene alkylation unit.

1. Ethylene 10. Metering pump
. Hydrogen 11. Reactor
. Helium 12. Heating block
. 3-way ball valve 13. 6-port switching
. Oxy/Moisture trap valve
Filter 14. Liquid collector
Mass flow controller 15. Bubble flow meter
. Vaporizer 16. Column
. Toluene reservoir 17. TCD
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Model 1A : Adsorption of E control
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Table 1. Values of the kinetic parameters in competitive and noncompetitive adsorption models obtained from nonlinear

regression
Model I II
assumption competitive adsorption, surface reaction control noncompetitive adsorption, surface reaction control
rate equation = kKeKiPpoPro ro= kKeK7PuoPro
(1+ KgPro+ K7Pr)? (14 KePgo) (1 +KyPro)
Temperature k Ke Ky k Ke Kr
T (umol/g*s) (atm™1) (atm~?) (umol/g-s) (atm™1) (atm™1)
300 28.67 44.08 11.25 991 20.32 7.73
310 61.57 1142 3.21 1942 11.69 5.13
320 115.7 6.42 1.74 35.03 8.67 3.02
330 195.2 4.11 1.17 63.68 5.67 1.97
ks Py~ Po/KPr) ry= b A R BTN 2AFEI} B AL BEE
CIHEORYP) KR KR LK gop gl el 49 A0 slelstel 2bsleh)
D et as welAd 1 37 S0 42 4 S
Model 1B : Adsorption of T control sdct. webd whEEe] 271e = (Dl 1342 v
& 8} A} £33k adsorption control model& ¥ u}-g-2]
_ ky (Pr—Pe/KPy) __kiPn rd A Agsix] och g B dFel Tuul
1+ KePet (Ki/K) (Pe/P) T KiPe” ' 1+ Kby < #5942 sk= md(Model 2, surface reaction
2 control model) & oM} EFalo] Zvjael] A=
Model 2 : Surface reaction control AAMeg FAshe A9(Tablel, 23 D} w73
o FAtsles 7 9(Table 1, 29 1D tatef zhzh
KKK (PePr—Pe/K) A g-sto] WEHLA S parameter 5 F3he] HIv.
(1+KePs+ KrPr+KePe)® | Parameter& 73}7] #1841 = Levenberg-Marquardt
- ko, KeK7PeoPry @) aolgOFithm[SE'i o]-g-3h wA¥ 3R ‘“ﬂiﬂ:}ﬁ-%}ﬁ
T (14 KePr + KiPp)? o], 7} whg-2xo) a4 F& parameterzh-g Table
1] =23tgch. F Lo A 3 parameter k, K,
Method 3 : Desorption of R control K= 25 o] 78 Holm = oot ebdido] 1A=L}
B kK (PsPr—Py/K) . g 71Fell ste] 2 elFAS Flstodof 7
T A+ KePe+ KrPr+ KeKP:Py) s
Zo]Al 2] parameterd] LEAbr kob F3 =
ro= kikPesPro (@  FF Ke £xd @524 des} Lol EAlw
(1+KgPso+ KiPry+ KeKPioP70)
ki=ki exp(—E./RT) (5)
7|4 Pg, Pr, Pe& 7t2} ol"all, 5, o EF
CIESERSEREN EX-CLE aw % Ke. Kr, Ki=Koexp( ~AH/RT) ®
Ke2 &3 F34 ke ke §% 245 ko2 329 9 Aol A Fabel] BASEE Ko 5% ey W
PSS AT, ke TF FRATE HERIc (standard adsorption entropy change), AS’, } t}h-&-3}
HE ZSM5 Zu)e) A ook AHE ML ae mae ol
free spaceS A5 channel intersectionol] = 7 \
o2 4 glrh welr EFelE g Fapule] of 7)o Ko=exp(AS',/R) (7
FAte) 7hssbm, obA] A A 2o Aol Aot e AS", =8, S, (8)
AAA F3 2ok ohe} o dllw} EFde] 77} &
siteof] & 23l= ¥] 73 A& F-=(noncompetitive adsorp- g7l 4 S0k S e AR 19 BF deaday 47t
tion) 8] Z-$%= ztsledol & Aol Zuf Flof uho] Fatxl AleolAle} 17]3} 7)Aol 419

)k APAAS i HgHos Auid A e yelich Table 1) HA 32 Arrhenius plotdl®
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Fig. 2. Reactor assembly made of VCR coupling.

Table 2. Values of the kinetic parameters obtained from
Arrhenius plot

Model (compd 1) 1 It
ko(umol/g-s) 1.526X 10 1.361X 10V
E.(kcal/mol) 43.80 4230
AS®,(cal/mol-K) E —85.26 —43.50
T —34.38 —51.34
AH,(kcal/mol) E —52.90 —2831
T —50.86 —31.78

ko(preexponential factor), E,{activation energy), AS’,
(standard adsorption entropy change), AH,i(heat of ad-
sorption) 8] z+-& A (5)-(8) %€ +& 4 sith Fig. 2
= zd (7444 F2 29d)d gt Arrhenius plot
o], Table 2% Arrhenius plotell 4 7§ 471g 2 ¥
52| & F53 Aolth

Table 28] 38 ©)4-3lH Mears¢} Boudart[9], =
2] 3 Vannice £[10]¢] AAIg 14 Fofjubge) do
& criteria®] H4o] 7h5dlty 250 AAF crite-

riat chg ek

Criterion 1:0<—AS’,<S’; (9)

Criterion 2: 10<—AS’ <122—0.0014AH,; (10)

ol#)g A =34 criteriat= Yl v a2l ¥ F(nondis-
sociative adsorption) ¢]2h= 71 skl ¥ Aol At
[9] &fle]& 2H(dissociative adsorption)°li, + ¢ &
24 (dual site) Q] A$olx HLEE Ao walzA
[10] 714 Zvhub-gol de] A 4-Hch o] ¥ criterion
12 A Fal A 7|F 02 o] 7iFef Hui=d AR

BB MBI H3E 19934 68

Table 3. Model discrimination by thermodynamic crite-

ria

Model (compd 1) I 11

AS®, *(cal/mol-K) E —85.3 —435
T —344 —513

12.2-0.0014AH,; E 86.3 51.8
T 834 56.7

criterion 1** E (=) (+)
T (+) (+)

criterion 2** E (+) (+)
T (=) (+)

* At 500K, S';=5898 cal/mol-K, S’;;=93.13 cal/mol-
K, at 600K, S;=61.92cal/mol'K, S’,;=101.08 cal/
mol-K

** Criterion fulfilled=(+); not fulfilled=(-)
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Fig. 3. Arrhenius plots for toluene alkylation over HZSM-
5.

mechanism-& Langmuir 733 24e0) o] E]3 9
u]7} 9129 criterion 25 AWA Q] 7]EL oz <
A%l W 9lolt}, 44| criteriacl o8 Rd-& HEZ A
Table 30 H.9) u}e} o] =&l [ criterion 13} 29]
2% gulsle] Hitelal ¢don 24 17} & 4kl
2 §hgt 2l ¢l2 A A3k 9ot &, Fulj ol = F 7HA
Fa o) Ealste] Bl o] v]ARHLE F
atgh ¥ wrgo] AYPE 1 3 WSSl 59
Atz B F slvkes Aelth

Fig.3 9 4% uh$E9] Hgbol o whg&re W
32 Al e} AAY 2d Mol 73 (A
e Zle g v A Fa Y ukg 2459
71ARE mdo] B AgAstel A AdXdn AFE
Az}, o] mdle] ] 7 whg-o] FA st 42.

fu

w



HZSM-5 & ol 4] olealo] o3 E5als) dU3 Wesx

1}15?‘ a

@

y o

Q

(]

§1OI‘ . B

g [ ]

3

~ (]

2 o

[ 5[-

g a

2 0 300°C

g e 310°C

© 0 320°C

o w 330°C
0 L L L 1

000 020 040 0.0 0.80 1.00

Toluene partial pressure, Py (atm)

Fig. 4. Effect of ethylene partial pressure on initial reac-
tion rates at various temperatures(solid lines; cal-
culated values); Pr=0.6550 atm.
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E. :activation energy [kcal/mol]

AH,; : heat of adsorption of component i [kcal/mol]
K : thermodynamic equilibrium constant [atm™!]
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: adsorption equilibrium constant of ethylene
[atm™']

: adsorption equilibrium constant of ethyltoluene
[atm™']

: adsorption equilibrium constant of toluene
[atm™!]

: desorption rate constant of ethyltoluene
[umol/g-s]

: adsorption rate constant of ethylene [umol/g-s]

: surface reaction rate constant [umol/g-s]

: adsorption rate constant of toluene [pmol/g-s]

: partial pressure of ethylene [atm]

: initial partial pressure of ethylene [atm]

: partial pressure of ethyltoluene [atm]

: partial pressure of toluene [atm]

: initial partial pressure of toluene [atm]

: gas constant [cal/mol-K]

: reaction rate [pmol/g-s]

: initial rate of reaction [umol/g-s]

: standard adsorption entropy change of compo-
nent i [cal/mol-K]

: absolute temperature [K]

1

oEH

. Dwyer, F.G., Lewis, P.]. and Schneider, F. M.:

Chem. Eng, 83(1), 90(1976).

. Kaeding, W. W. and Young, L. B.: U.S. Patent 4,094,

921(1978).

. Kaeding, W.W.,, Young, L.B. and Prapas, A.G.:

Chemtech., Sept., 556(1982).

. Anderson, R. ], Foger, K., Mole, T., Rajadhyaksha,

R. A. and Sanders, J.V.:J Catal, 58, 114(1979).

. Kaeding, W.W,, Chu, C,, Young, L.B., Weinstein,

B. and Butter, S.A.:J. Catal, 67, 159(1981).

. Chandawar, K. H., Kulkarni, S. B. and Ratnasamy,

P.. Appl. Catal., 4, 287(1982).

. Lee, B.-J. and Wang, L.: Ind. Eng. Chem. Prod. Res.

Dev., 24, 201(1985).

. Marquardt, D. W.:J. Soc. Ind. Appl. Math., 11(2),

431(1963).

. Mears, D.E. and Boudart, M.: AICKRE ], 12(2),

313(1966).
Vannice, M. A, Hyun, S.H, Kalpakci, B. and Liauh,
W.C.:J Catal, 56, 358(1979).

HWAHAK KONGHAK Vol 31, No. 3, June, 1993



