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Abstract

The effects of operating conditions on conversion and selectivity for toluene disproportionation
reaction in a packed-bed reactor were investigated with the catalyst which is prepared by treating
natural zeolite mined in Kuryongpo, Kyungsang-bukdo with hydrochloric acid solutions. The
experimental results showed that toluene conversion increased with an increase in the reaction
temperature or space time. Xylene selectivity decreased with an increase in space time. Deactivation
by coke deposition decreased with an increase in hydrogen to toluene mole ratio. Regeneration of
spent catalysts resulted in a slight decrease in the initial activity and a marked improvement in

deactivation characteristics.

* Present address; Chemical Process Development Laboratory I, Korea Institute of Science and Technology,
Seoul 132, Korea.
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Introduction

Toluene is usually converted to produce various
derivatives of industrial importance because of
its low economic value and restricted uses.
Dealkylation and disproportionation of toluene
are two major industrial processes for the
production of benzene, the latter having
preeminence.

Disportionation reaction is a kind of isomeri-
zation reaction by alkyl transfer. The main
reaction of disproportionation reaction is as
follows:

|CHg CHj,

AN N N
20l = [0O]| + |O--CH,
N NSNS
Side reactions may occur;

[CH;; CH; CH;

A\ AN
2 (O--CHy == (O] + [OJ-(CHy),
N NSNS

!CH3

AN AN
O] +He =10/ + CH,
NS NS

Disproportionation process is more advantage-
ous than dealkylation process because it involves
milder operating conditions and xylene is
produced instead of less valuable methane?.

A number of disproportionation processes have
been developed using acid-site catalysts such as
silica-alumina, and synthetic or natural zeolites
28, Mordenite is one of the suitable catalysts
for the reaction because of its high thermal
stability and catalytic activity”. Natural zeolite
of partial mordenite structure mined in Kuryon-

gpo, Kyungsang-bukdo was used as catalyst in
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the present study.

The product conversion and xylene selectivity
in a fixed-bed reactor packed with acid treated
natural zeolite were observed at various operating
conditions. The reaction kinetics of the reaction
was studied by integral analysis of packed-bed
reaction data.

Theory

The reaction mechanism of toluene dispropor-
tionation may be written as follows:

T T
| K, I
2-T+—S—S5— ? — S — S —(adsorption)

B X

—S—S —? — S —S8 — (surface reaction)

s

B X
| KKy L]
—8—S$-——— B+X+—S—S—
K"u(K'0) (desorption)

2 - Toluene == Benzene-+ Xylene (over all)

where B, T, X,

toluene, xylene, and vacant active sites on the

and S represent benzene,

surface of a catalyst, respectively.

Under the assumption of surface phenomenon
control, the net rate depends on three processes,
namely adsorption, surface reaction and desor-
ption.

The rates of individual processes are:

Adsorption P rg=kapCo—k,/C, 6}
Surface reaction: r,=(k/’C,—%,/C,C,)/C. (2)
Desorption 2 ra=kCo— k' piCo 3

rg= kxcx—kz’pxcv (4)
If the surface reaction is the controlling step,
and hydrogen adsorption effect is considered,

the overall reaction rate becomes:
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ro= kscs<Kazpt2—Kbepbpz/Ks) (5) _“i____ z dx (8)
T (14 Kape+ Kopp+ Ko po+ Kipr) F o r
Assuming that the reaction is irreversible and Substitution of equation (6) to equation (8)
only the adsorption equilibrium constant K,, is gives:
considered significant being, W (= Q+K.p)? ©
o REEPE © F o K22 **
o A+Kap)? where
Where k: k,C, ' . Pt:PtO (1__X) (10)
Uuder the plug flow assumption, the reaction Combining equation (9) and (10), and an
rate for an isothermal flxed-bed reactor can be integration results as,
written as follows: W2 1 X 210
o Lz - b k= K7 1=% —~K;~ln(1-—X)
aw +p:0°X an
or Equation (11) was used to obtain values of %
_
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Fig. 1. Flow diagram of the packed-bed reaction system.

C: Condenser, C-1:0, Eliminator, C-2, 3: Drier, E: Evaporator F-1: Rotameter, F-2: Capillary flow
meter, F-3: Bubble flow meter, HT-1: Constant head tank, HT-2: Toluene storage tank HT-3: Gas and
liquid separator, NV: Needle valve, R: Reactor and furnace, T-1, 2: Proportional temperature controller,
T-3: Transformer, TC: Thermocouple, V:On-off valve, V-1: Three way valve,
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and K, by a least-squares technique.
The rate constant k should vary with tempe-
rature according to Arrhenius equation:

dink _ —AE
a0 TR (12)

The adsorption equilibrium constant K, should

follow the analogous form:

dinK, @ 4H

Experimental

The schematic flow diagram of the packed-bed
reaction system is shown in Fig 1. The detailed
reactor geometry is described in Fig 2. The
reactor was fabricated with a stainless steel pipe,
1.1cm in I D. and 80cm in height. A thermo-
couple well of 3mm O.D. was inserted to the
center of the reactor for temperature measurement

at various axial positions.

CA thermocouple
thermocouple protection
el Az 0

thermccouple well
(3mm CD x 45cm)

products ocutlet
thermocouple for contro—._/
ller 1

hermocouple for
controller 2

3
r2v)

outlet part
Lto controller 2) 58

330 watts
4

H

stainless reactor
tub ca 1D

reaction part
(o controller 1)

700 watte

— catalyst bed

heating pipe,

inlet mixing part
(to trasformer)

400 wetts

b protecting tube

nichrome uire

L

thermocouple grotecting
oR

resctants inlet -/ tube().6mm

Fig. 2. Details of reactor and heator.
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(insulated with asbestoa)

The reactor was heated by an electric heater
which was made for isothermal operations. The
temperatures at reaction and outlet parts were
controlled by proportional controllers. All feed

lines were %—inch copper tubings and preheating

and reactor exit lines were %—inch stainless
steel pipe. The reactor was packed with 5 to
10 grams of cylindrical catalyst pellets.

The feed hydrogen was purified by an oxygen
eliminator (C-1) packed with Cu,0,
drying units, one (C-2) packed with CaCl, and
the other with Zeolite 5A. Toluene was dried
with Zeolite 5A for one day prior to use.

and two

Initially, the packed catalyst was calcinated
with air which was fed to the reactor at 550°C
at the flow rate of 100 cc/min for two hours.
Hydrogen was passed through the reactor 30
minutes to drive out water and other impurities
in catalyst.

After all temperatures reached steady states,
the three-way valve positioned below the reactor
was turned to vent position. Toluene was then
passed from the constant head tank and hydrogen
from the gas cylinder. The ranges of flow rates
of toluene and hydrogen were 3-7ml/hr and
30-200m!/min respectively. After the feed rates
reached steady states, the three-way valve was
turned to reactor position and the reaction was
started.

The product was condensed and liquid samples
were drawn from the gas-liquid separator for
composition analysis by Varian gas chromatogr-
aph, Moduline, with OV-1 column and TC
detector.

Results and Discussion

The Natural Zeolite catalyst for disproportio-
nation reaction was subject to rapid deactivation
with process time as shown in Fig 3. Both
conversion and deactivation tendency showed
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maximum values when HCl concentration was
9N. The experimental runs were made using
natural zeolite treated with 2N or 3N acid
solutions as catalysts.

Fig. 4 shows the dependence of coversion and
selectivity on space time. As space time incre-

ased, conversion approached the thermodynamic

S
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Fig. 3. Conversion of toluene vs. process time.

Catalyst, original and HCI treated, Reaction temp.,
500°C; W/F, 32; Hydrogen to toluene mole ratio,
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Catalyst, 3N acid-treated; Reaction temp, 460°C

Effect of catalyst-feed rate ratio.

equilibrium value.® The xylene selectivity

decreased with an increase in space time,
indicating that the contact time of reactant to
catalyst was long enough to induce further
reaction of already reacted products at a higher
space time.

Fig. 5 shows that conversion increased with
an increase in the reaction temperature. Howe-
ver, catalyst deactivation was severe at higher
temperatures, possibly because of catalyst defa-
cement and coke deposition. At temperatures
lower than 400°C, deactivation phenomenon
was not observed under the reaction conditions
adopted in the present study. Xylene selectivity
was unaffected by temperature within the temp-

erature range adopted for experiments.
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Fig. 5. Effect of temperature.
Catalyst, 2N Acid-treated; W/F, 22; Hydrogen to

toluene mole ratio, 7.0.

£
= 5
5 ]

CONVERSION, NOLB
8

650 7% 750 802
TFMPERATURE. X

Fig. 6. Effect of temperature.
Catulyst, 2N acid; W/F, 22; Hydrogen to toluene

mole ratio, 7.0.
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Hydrogen was fed as an inert gas to minimize
Fig. 7
shows the effect of hydrogen to toluene mole
ratio on catalytic activity at a fixed toluene feed

coke deposition on catalyst surfaces?.

rate. Higher hydrogen to toluene feed ratio
resulted in lower conversions during the initial
stages of reaction but lower deactivation rates
with process time. The results confirmed that
hydrogen had an anticoking ability. Since the
catalytic properties were changed with process
time for different hydrogen to toluene feed
ratios, initial reaction rates were used for
kinetic study.

To investigate the regeneration characteristics,
used catalysts were burnt with air for one hour
at 550°C and 100m//min. Fig. 8 shows that
the deactivation tendency decreased with the
number of regenerations. The initial conversion
decreased only by 8 percent after third regene-
ration, showing that regeneration improved the
catalyst quality. These results imply tht catalyst
deactivation was caused largely by mechanical
covering, or coke deposition, rather than chemical
poisoning, and strong acid sites gradually
disappeared as the number of regenerations
increased, leaving only mild and weak acid

sites for reaction.
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Fig. 7.
Catalyst, 3N acid-treated; Reaction temp.,
WHSV, 0.5.

Effect of hydrogen on catalytic activity.
460°C;
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Fig. 8. Regeneration charcteristics of spent catalysts.

Catalyst, 2N acid-treated; Reaction temp., 550°C;
W/F, 22; Hydrogen to toluene mole ratio, 7.9.

The reaction rate was studied by the integral
method!® with the packed-bed conversion data
under isothermal condition. The plug flow
assumption was readily satisfied by utilizing long
enough tube. The deviation of conversion at
different particle sizes was within the range of
experimental error, indicating the absence of
pore diffusion.

‘able 1 shows runs for 2N

acid-treated catalyst. The reaction rate constant

experimental

Table 1. Experimental run data for 2N acid-treated
catalyst
Temp| Run w F Pto
(°C) | number| (gr) |(mole/hr) | (atm) X
24 14.0 0. 032 0.205 | 0.22
26 10.0 0. 034 0.249 | 0.16
400 27 13.0 0.034 0.122 | 0.15
32 11.5 0.031 0.252 | 0.20
33 8.5 0. 034 0.161 | 0.11
14 6.5 0. 033 0.098 | 0.32
15 6.0 0. 040 0.121 | 0.28
450 16 10.0 0. 075 0.191 | 0.34
17 10.0 0. 032 0.119 | 0.51
23 5.8 0. 028 0.100 | 0.33
4 9.0 0.038 0.083 | 0.50
500 9 4.5 0. 037 0.126 | 0.45
10 5.0 0. 038 0.103{ 0.41
12 8.3 0. 058 0.130 | 0.52
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Table 2. Reaction rate constant and adsorption
equilibrium constant
Temperature (°C) 400 450 500
K 0.00080 | 0.0051 | 0.019
(molek/hr-great) : : .
Ka(atm-1) 20.8 ‘ 15.3 | 8.6

k and the adsorption equilibrium constant K,
were obtained from the equation (11) by use of
a least-squares method and were shown in
Table 2.

The activation energy and the heat of adsor-
ption were calculated from the slopes of
Arrhenius plots (Fig 9). The calculated values
of the activation energy and the heat of
adotrpison were 31.7 and 6.9Kcal/mole respec

tively.
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Fig. 9.

Tmperature dependence of K and K,.

Conclusions

1. Toluene conversion increased with an increase
in the reaction temperature or space time.
Xylene selectivity decreased with space time
and was unaffected by temperature.

2. Higher hydrogen to toluene feed ratio with
the toluene feed rate fixed resulted in lower
conversions during the initial stages of
reaction but lower deactivation rates with
process time.

3. Regeneration of used catalysts resulted in a
slight decrease in the initial activity but a
marked improvement in deactivation charac-
teristics.

4. The values of the activation energy and heat
of adsorption were 31.7 and 6.9Kcal/mole,

respectively.

Nomenclatures

C Surface concentration of adsorbed molecules,
molecules/cm?
AE Activation energy, Kcal/gr-mole
F TFlow rate, gr-mole/hr
4H Heat of adsorption, Kecal/gr-mole
% Reaction rate constant, gr-mole/hr gr-cat-
alyst
K Equilibrium constant, k/k’, dimensionless
Partial pressure of reactants and products

>

and products, atm

Reaction rate, gr-mole/hr gr-catalyst
Gas constant, 1.987 cal/gr-mole °K
Absolute temperature, °K

Catalyst mass in the reactor, gr

MOE N

Toluene conversion, dimensionless

Subscripts

Sl

Benzene

Reactor inlet
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t Toluene
z Xylene
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