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Abstract

The fabrication and modification of metal zeolite catalysts for the conversion of heavy aromatics were investigated. The
catalytic performances for various metal-free 12-MR zeolites were evaluated in terms of conversion, product yields, benzene
purity and reaction network analyses using transalkylation of toluene and 1,3,5-trimethylbenzene as the test reaction. The
effects of metal content, feed impurity, and steaming treatment on the catalytic performances of Pt/mordenite zeolites prepared
by different metal incorporation methods were also examined. A sulfuration technique for fine tuning the catalytic activity of
the metal catalyst while sustaining desirable stability and performance was developed and its application for transalkylation
of heavy aromatics was illustrated by Pt/ZSM-12 catalyst. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction methyl-to-ring (M/R) ratio, transalkylation reaction is
more favorable than toluene disproportionation espe-
Transalkylation and disproportionation are the two cially in terms of the demand of xylenes over benzene
prominent processes for the inter-conversion of aro- and the availability of excessive heavy aromatics [1].
matics by alkyl group transferring reactions, espe- Recent developments of cost effective transalky-
cially for the production of dialkylbenzenes. While lation process tend to aim at the utilization of heavy
the former invokes conversion of toluene and heavy aromatics. In view of the more stringent limitations
aromatics (particularly €alkylbenzenes) to xylenes, on the content of aromatics in reformulated gasoline,
the latter process yields benzene and xylenes whenincreasing the amount of heavy aromatics during
toluene was used as feed. Moreover, the mixed xylene transalkylation, thus increases the feed M/R ratio and,
yields provoked by conventional transalkylation and in turn, promotes the thermodynamic equilibrium
disproportionation processes are strictly controlled Xylene yields and also cut down the feed cost. Among
by thermodynamic equilibrium isomer distribution. others, the TransPIl¥ commercialized in 1997 [2],
In this context, since the thermodynamic equilibrium represents the first developed processes which took
xylene yield is known to increase with increasing feed full advantages from legislative, thermodynamic, and
economic aspects.
"+ Corresponding author. Tel+886-7-657-7711x3414; Zeolites that possess 12-MR pore aperture,
fax: +886-7-657-8945. such as beta [3,4], mordenite [5], USY [6], and
E-mail address: tctsai@isu.edu.tw (T.-C. Tsai). ZSM-12 [7], are the potential solid acid catalysts for
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inter-conversion of alkylbenzenes. Nevertheless, the for 4-20h. For sulfuration treatment, the reduced
major drawback of using heavy aromatics as feed metal zeolite sample was presulfided with 1000 ppm
arises from the difficulty in dealing with complicated H»S/H, gas at 673K and 12kg/cmuntil break-
feed compositions that normally contain catalyst poi- through was observed. Transalkylation of toluene and
soning components, which in turn tend to deactivate 1,3,5-trimethylbenzene (1,3,5-TMB) were conducted
the catalyst (due to coking) and hence reduce its in a continuous flow, fixed-bed microreactor under
cycle length. Magnoux et al. [8] revealed that the the conditions:T 673K; WHSV = 2-63h1;
coke formed during toluene disproportionation over pressure= 21.4 kg/cn?, Ha/HC = 3 mol/mol. As for
H-USY are mostly polyaromatic in nature, whose the sulfur co-feeding experiment, at the specified pro-
structures depend on the reaction temperature; thecess condition, polysulfide agent TNPS {dionyl
higher the temperature the more condense rings thepolysulfide) at 1000 ppm sulfur concentration was fed
carbonaceous residues. A probable solution to resolvetogether with the transalkylation feed. Reaction prod-
the aging problem during heavy aromatics processing ucts were analyzed with gas chromatography using
is to incorporate metals into the zeolite catalyst to methylsilicone high resolution HP-1 capillary column
hydrogenate polyaromatics coke precursors. Different in accordance with the ASTM D5134 DHA (detailed
zeolites incorporated with various metals (Cu, Ni, Pt, hydrocarbon analysis) from which the conversion and

etc.) have been studied for transalkylation reactions product benzene purity were determined.

[4,5,9-11]. Unfortunately, the issue of product pu-
rity, jeopardized by the formation of saturates as the

consequence of hydrogenation reactions, was seldom3. Results and discussion

discussed in the literature.

Thus, the development and fabrication of metal
zeolites for transalkylation process that resulted in
minimum yield of saturates while maintaining good
catalytic stability remains a challenging task. In this
work, we investigate from the perspective of tech-
nology development the methodology of fabricating
platinum zeolites for transalkylation of toluene and
heavy aromatics. The catalytic performance of the
catalysts were evaluated in terms of their product
yields, stability, benzene purity and the controllability
of exothermic heat during the start-up procedure.

2. Experimental

Platinum of 0.06-5wt.% was incorporated into
zeolites beta, USY, ZSM-12, and mordenite with
SiOy/Al, 03 of 12.5, 14.0, 120.0, 22.9, respec-
tively, either by ion-exchange (IE) or impregnation
(IMP) methods using BPtChL or Pt(NHg)4Cly, re-
spectively. The Pt-loaded zeolites were then sub-
jected to treatments by first calcined in flowing
1% O,/N2 gas at 573K for 3h then reduced under
flowing H, at 673K for 2h. For steaming treat-
ment, the sample was calcined in flowing air at
753K for 3h and then hydrothermal treated in the
flowing gas comprising 70% steam and 30% air at

Heavy aromatics fraction normally consist of
75-90% aromatics of carbon number 9gfAsuch
as trimethylbenzenes (TMB), methylethylbenzenes
(MEB), and other minor components, such as indan,
indene, etc., and 10—25% of heavier aromatigg™A
[2]. 1,3,5-TMB was used as the feed source for heavy
aromatics throughout this study. The catalytic perfor-
mances for transalkylation of toluene and TMB over
various H-form 12-MR zeolites are summarized in
Table 1. In general, a higher conversion was observed
for TMB than toluene, except in the case of mordenite,
which can be ascribed due to the lower diffusivity of
TMB imposed by the pore structure of mordenite. In
comparison, ZSM-12 zeolite, which reveals the great-
est product yields of benzene and xyleig; + Ag)
and the lowest xylene-to-benzene molar ratio (X/B),
appears to be the most active catalyst. In contrast,
USY appears to be the least active one. Moreover,
in terms of product yield and selectivity, while the
overall catalytic performance of beta and mordenite
zeolites are compatible, the former is more favorable
for TMB conversion whereas the latter is more favor-
able for toluene conversion. That the M/R ratio of the
products for mordenite remained unchanged as com-
paring to the original reaction feedM/R = 1.56)
indicates the occurrence of nearly perfect methyl
group transfer among the aromatic rings. The stability
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Table 1
Catalytic performances of various H-form 12-MR zeolites during

transalkylation of toluene and 1,3,5-TNMB

Mordenite Beta ZSM-12 usy
Conversion (%)P
Toluene 39.1 34.6 39.3 16.2
TMB 37.8 48.2 48.0 38.1
Yidd (%)°
Benzene 4.7 4.7 7.0 11
Xylene 31.1 315 335 19.8
MEB 0.6 0.5 0.2 0.2
A1p 2.7 2.7 1.9 2.7
Selectivity?
As + Ag (%) 35.8 36.2 40.5 20.9
X/B (mol/mol) 4.87 4.94 3.50 12.84
M/R ratio 1.56 1.49 1.50 1.49
Stability®
Xe/Xo (toluene) 0.03 0.16 0.20 0.25
Xs/Xo (TMB) 0 0.14 0.18 0.15

aReaction conditions: temperature, 673K; WHSV, 5:4:h
pressure, 21.4 kg/ctn Ho/HC, 3.0 mol/mol.

b Toluene/TMB: 66.7/33.3 w/w.

¢ Toluene/TMB feed (66.7/33.3w/w) doped with 2% ind&n
1% indene.

of various catalysts, evaluated by the conversion of
toluene at time-on-stream (TOS) of 6 vs. extrapolated
conversion at TOS of zero, gk (toluene), follow
the trend: USY> ZSM-12 > beta>>> mordenite in
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Fig. 1. Deactivation of H-mordenite during transalkylation of
toluene (&) and 1,3,5-TMB (A) (66.7/33.3w/w) evaluated as
A7/Ag conversion and X/B ratio vs. TOS, in the presence of various
impurity-doped feeds. Reaction conditions: temperature, 673K;
WHSYV, 5.51; pressure, 21.4 kg/cmH,/HC, 3.0 mol/mol. Leg-
ends: {) A7 (0.5% indan); @) Ag (0.5% indan); @) X/B (0.5%
indan); ©) A7 (3% indan); (J) A7 (2% indarnt+ 1% indeng; (A)

A7 (decene 1%).

various impurity-doped feeds are displayed in Fig. 1.
When the feed is doped with 0.5% indan, the con-
version curves for toluene and TMB nearly coincide
and decrease rapidly with TOS. As shown in Fig. 1,
upon removal of impurity from the feed, the activity

of the catalyst gradually recovered to its full capac-
ity within a period of 3-4 h. For comparison, in the

despite of the severe deactivation were observed for separated cases of 3% indan and 2% indan puls 1%

all samples.

indene doped feeds, only ca. 85 and 60% of the ini-

Conventional strategic approaches toward heavy tial activities were, respectively, recovered after im-

aromatics processing normally involve removal of
olefinic compounds by clay treating and/or restricting
the feed impurity by the boiling point cut of heavy
aromatics, for example, by rejecting cuts of carbon
number greater than 10 ¢§) at indan boiling point
(451 K). To avoid possible olefin breakthrough dur-
ing clay treating and to accelerate the aging test,
impurity-doped feeds were used to test the stability of
the catalyst in this study. More specifically, the con-
tamination effects of 4™ to Ag was simulated by

purity cut-off. The results indicate that poisoning of

active sites caused by strong adsorption of impurities
is responsible for the observed catalyst deactivation.
The effects of co-feeding/removal of suitable amount
of indan impurity on deactivation/reactivation of the

H-mordenite catalyst appear to be reversible. However,
this effect is less favorable when indene or excessive
amounts of indan impurities were incorporated in the
feed. The deactivation of H-mordenite in the presence
of indene impurity may be associated with the forma-

indan and indene probe molecules, whereas the effectstion of indene oligomers at the active sites located in

of olefin impurities arising from clay upset operation
were followed by indene and-decene, respectively.
The variations in the stability of H-mordenite, as
monitored by the changes in toluene and TMB con-
versions and X/B ratio vs. TOS, in the presence of

the intracrystalline voids or on the extracrystalline sur-
faces. Presumably, deactivation can be also caused by
blocking/narrowing of pores in H-mordenite when ex-
cessive amounts of impurities were introduced. Inter-
estingly, co-feeding of 1%-decene impurity seems to
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70 50 Table 2
Catalytic performances of various Pt/mordenite catalysts prepared
60 by different methodks®
40
= 50 I—b = Pt loading (%)
5 40 30 g 0 0.06 (IE) 5.0 (IE) 0.06 (IMP)
w _
s 30 20 2 Conversion (%)
= e AT(PUN) —aAT(HIN) s Toluene 39.3 372 56.9 36.8
o 20 : TMB 38.0 38.5 38.6 36.9
= —o—TMB(PUM) ——TMB(HIM) | 10 =
10 s Yield (%)
Cs™ gas 0.37 1.06 2.16 1.48
0 —! ' 0 A+ Ag 3558 34.56 39.33 3113
4 6 8 MEB 060 031 1.42 0.70
Time-on-stream ‘H our) A1o 2.66 2.04 4.93 2.18
Ng 0 0.03 0.85 0.36
Fig. 2. Catalytic performances of parent H-mordenite and N7 0 0.07 1.33 0.96
Pt(IE, 5%)/mordenite catalysts during transalkylation reaction. Ns 0 0.00 0.21 0.11
Reaction conditions: temperature, 673K; WHSV, 5.5 hpres- Selectivity
sure, 21.4kgl/crd Ho/HC, 3.0 mol/mol. Feed: toluenes4.8%) + Benzene purity (%) 99.9 99.4 83.9 925
1, 3,5-TMB (32.3%) + indan (1.9%) + indene (1%). X/B (mol/mol) 4.87 5.18 6.22 5.37
RL (mol%) 0 2.13 8.67 4.39
Ng/As 0 0.01 0.20 0.09
have little effect on the overall activity of H-mordenite. MQY 8 8 8-8? 8-8(2)
Furthermore, while the observed X/B ratio decreased °"® ' '
accordingly with catalyst activity in the presence of Sability
XelXo 0.03 0.23 0.96 0.44

0.5% indan impurity (see Fig. 1), a notable relative in-
crease in xylene selectivity was found upon removal  aReaction conditions: temperature, 673K; WHSV, 55h
of indan. The introduction and subsequent removal of pressure, 21.4 kg/ctn H/HC, 3.0 mol/mol. _ _

small amount of indan impurity thus modify xylene b Toluene/TMB feed (66.7/33.3w/w) doped with 2% indan

- 1% indene.
SE|eCtIVItY' . . . ¢The Pt/mordenite samples were either prepared by IE or IMP
Upon incorporating Pt onto mordenite zeolite, |ethods.

marked increase in both stability and activity of the
catalyst were observed, as can be seen by compar-

. . . excessive exothermal heat will also result from hy-
0,

ing the results obtained from the.SA) Pt/morde.n_|te drogenation reactions associated with the incorporated

samples prepared by IE method with the unmodified

H-mordenite in Fig. 2. However, the observed increase metal, which is reflected by the ring loss (RL) that can

: . . .~ be defined either in mol% or wt.% as
in toluene conversion for Pt-incorporated mordenite
are also accompanied by the formation of saturates, Ring losg(mol%)
among which some naphthenes are co-boilers of aro-
matics and hence also resulted in deterioration of the (Z_A" (V/_\\,t'(ys\),t/';jwﬁ/lnxeed
purity of aromatic products (see Table 2). The strate- — (2 An (WLY)/MW a, )roduct
gies invoked by the design and fabrication of metal (22 An (WEY6) /MW 5, Feed
zeolite catalysts, therefore, deserve further justifica- _.
tion, as discussed below. Ring loss(wt.%)

First of all, it is noted that commercially nitration = (Z A, (WE.9%))Feed— (Z A, (WE.9%6))product
grade benzene product is normally specified with min- )
imum purity of 99.85%. Therefore, further separation
of naphthenes from aromatics would boost the opera- Furthermore, undesirable cracking reactions and ex-
tion cost since it can only be achieved via extraction cessive heat may arise due to built-up of naphthenes
rather than conventional distillation process. Second, carbon 7 in the recycle toluene stream. Not to mention

x 100 (1)
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the stringent specification on naphthenes of carbon aromatics rings [13]. Moreover, as reviewed by
8 in mixed xylene feed of the adsorptive separation Stanislaus and Cooper [14], the relative ratio of hy-
unit, for example, as in the Parex process. Therefore, drogenation rate for benzene:toluene:xylene (B:T:X)
prime design of metal zeolite catalysts aim at not only is dependent on the types of catalyst used; for exam-
the substantial improvement of catalyst stability but ple the B:T:X ratio is 1:0.3:0.08 for Pt/SgJ13] and
also the fulfillment of product specifications especially 1:0.63:0.65 for Pt/AlO3 [15]. The Pt(IE, 5%)/mor-
with minimized saturate formation. denite prepared in this study, possessing a relative

Benzene purity of the benzene distillation towers
can be simulated using thermodynamics equilibrium
of states. Among the commercially available soft-
wares, PROII is widely applied for the design of
distillation towers. In this context, PROIl was used
to derive the benzene purity formula (Eqg. (3)) for
estimation from compositions of the reactor effluents:

Benzene purity
Yaq
Yas +0.1x Ycep+ 0.7
xYmep + Yen + Yon

=100 x ©)

It is found that while the catalytic stability Xo)

ratio Ng/Ag:N7/A7:Ng/Ag of 1:0.25:0.05, therefore
has hydrogenation performance analogous to the
Pt/SiQy catalyst. Moreover, upon increasing Pt con-
tent of the Pt/mordenite, the conversion of toluene was
notably increased while the conversion of 1,3,5-TMB
remained practically unchanged (Table 2). The overall
Ag+Ag yield increased from 35.58% for H-mordenite
to 39.33% for Pt(IE, 5%)/mordenite. Meanwhile,
additional hydrocracking and consequently more for-
mation of G~ light gas were observed. As a result,
the X/B ratio also increased accordingly.
Comparisons of the catalytic performances be-
tween Pt/mordenite catalysts prepared by the IE and
IMP methods should also be made. With the same

increases with increasing Pt loading during transalky- Pt loading of 0.06%, the Pt(IMP, 0.06%)/mordenite
lation reaction over Pt/mordenite catalysts prepared apparently has better catalytic stability than the Pt(IE,
by IE method, deterioration of benzene purity was 0.5%)/mordenite but with much lower benzene purity
observed. As shown in Table 2, theg/Xp val- and As + Ag product yield. Together with the higher
ues increased from 0.03 for parent H-mordenite to Ng/Ag and N,/A7 ratio observed for the Pt(IMP,
0.23 for Pt(IE, 0.5%)/mordenite and 0.96 for Pt(IE, 0.06%)/mordenite sample, it may thus be concluded
5%)/mordenite, while their corresponding benzene that Pt/mordenite catalyst prepared by IMP method
purity decreases from 99.9 to 99.4 and 83.9%, re- tends to promote more hydrogenation activity than
spectively. This is ascribed due to the formation of that prepared by IE method. Unlike Pt incorporation
naphthenes. Sapre and Gates [12] have revealed thaby IE method which is facilitated by the exchange of
the rates of hydrogenation for naphthalenes and its cationic Pt complexes with protons locate predomi-
aryl substituents are faster than benzene by at leastnantly in the intracrystalline pores, the IMP method
20-fold. However, it is noted that for the transalky- invoked anionic Pt complexes and hence the Pt should
lation system study here, the toluene feed as well aslocate mostly on the extracrystalline surfaces of the
the benzene and xylene products are also likely to be zeolite. Consequently, as the secondary reaction of
hydrogenated. In this context, the fabrication of an transalkylation, hydrogenation of the benzene prod-
ideal metal catalyst with optimized hydrogenation ac- uct should occur mostly on external surfaces of the
tivities for polyaromatics coke precursors while also Pt(IMP, 0.06%)/mordenite catalyst.

with minimized hydrogenation of benzene product, is  To manipulate the hydrogenation activities associ-
seemingly a challenging task. Nevertheless, as can beated with the incorporated Pt, various sample treatment
seen by the observed naphthene-to-aromatics ratiosconditions have been examined, for example, by vary-
(i.e., Ns/Ag, N7/A7 and Ns/Asg) listed in Table 2, only ing the steaming temperature and/or duration time or
trace N; was found for the Pt(IE, 0.5%)/mordenite sulfiding treatment. The effects of steam treatment on
catalyst, whereas for Pt(IE, 5%)/mordeniteg, NN7 the catalytic performances of Pt(IE, 5%)/mordenite are
and Ns were simultaneously observed. It is known shown inFigs. 3 and 4. Itis noted that, even under such
that the hydrogenation rate of alkylbenzenes decreasessevere steam treatment (at 753 K), higf¥o values
with increasing number of methyl group substituted were observed for extended period of 20h (Fig. 3),
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80 — 100% Ng/Ag) and RL all reveal upward concave dependence
having their respective minimum at the steaming time
60 1 80% of about 4 h and thus the greatest benzene purity. Since
9 x the benzene yield was found to decrease with steam-
E 160% 2 ing time (see Fig. 3), the X/B ratio that reflects the
'E 40 A% % effects of steam treatment on reaction selectivity must
3 —a—X(AT) —m—X(A9) ° n‘:-: be calibrated. This is a}chlevgd ,by including the N
20 =& 0808 k8o | 20 yield as the part of the ‘effective’ benzene yield, and
Benz% can be expressed as
0 P . 0% X xylene(wt.%)/106 A
0 S5 10 15 20 25 B~ benzene yielgwt.%)/78 “)
Steaming Hour
X (xylene(wt.%)/106) + (Yng/112)
Fig. 3. Variations of major product yields with duration of steam E (cal) = (benzene yieldwt.%) /78) (5)

treatment (at 753 K) for Pt(IE, 5%)/mordenite during transalky-
lation reaction. Reaction conditions: temperature, 673 K; WHSV,
5.5hL; pressure, 21.4 kg/cmH,/HC, 3.0 mol/mol. Feed: toluene
(64.8%) + 1, 3, 5-TMB (32.3%) + indan (1.9%) + indene (1%).

+(Ng (Wt.%) /84)

As shown in Fig. 4, the resultant calibrated X/B (cal)
ratios remain in the range of 5.3—-6.0 mol/mol for
moderate steaming times<{2h), however, further

elongation of steaming time tends to reduce xylene
selectivity. For example, for a steaming time of 20 h,

indicating that the sample possesses a high catalytic
stability. Upon increasing steaming time, the con-
version of toluene mcreas_ed while conversion of the X/B (cal) decreased to ca. 4.3 mol/mol.
1,3,5-TMB remained practically unchanged except For comparison, the effects of steam treatment on

for the deep steam treated (20 h) sample. Overall, 0p- e catalytic performances of Pt(IMP, 0.06%)/morden-
timal benzene purity andgi-Ag yield were achieved g 46 shown in Figs. 5 and 6. In contrast to the PH(IE,
when sample steam treated for 4 h, prolonged stream-gosy/mqrgenite sample, the conversion of toluene and

ing tends to deteriorate its performance. TMB for the IMP sample tend to decrease after steam
Furthermore, detailed analysis of reaction network ;.o ant With increasing steaming time, sharp de-

for the Pt(IE, 5%)/mordenite sample can be inferred . .ocas in MAs, N7/A7, Ng/Ag and RL, thus im-

from the results shown in Fig. 4.. Overall, the observed proved benzene purity, were observed (Fig. 6). While

naphthalenes to aromatics ratiose(Ne, N7/A7 and a6 increase in benzene yield and catalytic stability
(Xe/Xp) were found for the IMP sample upon steam-

1.2 —_— 25 ing treatment, elongation of treatment time showed
—O—NTIAT { 20 negligible effects (Fig. 5). The calibrated X/B (cal)
0.9 | —=—N8/A8 o
—e—Rloss (mol%) 4
G —a— X/B(Cal) 115 o 50 100%
%06 | 38 -
o 1 10 > 40 1 80%
0.3 2 X X
15 = 30 {60% 52
2 2
0.0 0 E 20 | 140% E
0 5 10 15 20 25 3 o X(AT) —a—X(A9) &
Steaming Hour Tl M v e A
Fig. 4. Reaction network analyses for transalkylation over Pt(IE, 0 — — 0%
5%)/mordenite under steam treatment (753 K). Reaction condi- 0 5 10 15
tions: temperature, 673K; WHSV, 5.5h pressure, 21.4 kg/ctn Steaming Hour

H2/HC, 3.0mol/mol. Feed: toluene(64.8%) + 1,3,5-TMB
(32.3%) + indan (1.9%) + indene (1%). Fig. 5. Similar to Fig. 3, but for Pt(IMP, 0.06%)/mordenite sample.
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0.10 6 toluene conversion with increasing severity of steam
0.09 treatment therefore could be ascribed mostly due to
0.08 5 x hydrogenation activity associated with Pt on the ex-
0.07 4 = ternal surfaces rather than transalkylation, which take
o 0.06 s place predominantly within the zeolite pores.
s 0.05 3 4 On the other hand, extensive steam treatment of
© 0.04 § sample prepared by IMP may provoke agglomeration
0.03 2 5 of the Pt particles on the external surface, resulting
0.02 14 h% in a lower dispersion consequently the formation of
0.01 larger Pt particles. Penchev et al. [18] revealed that the
0.00 0 hydrogenation activity of benzene for Ni/A and Ni/X
0 5 10 15 tend to decrease with increasing metal particle size.
Steaming Hour Therefore, the observed increase in benzene purity and

reduction of RL with increasing severity of steaming
Fig. 6. Similar to Fig. 4, but for Pt(IMP, 0.06%)/mordenite sample. {4 the Pt(IMP, 0.06%)/mordenite could be ascribed

due to lowering of Pt dispersion on the external sur-
ratios were found to decrease gradually with steam- face, which in turn reducing the hydrogenation activ-
ing time at first then increase at prolonged steaming ity. By the same token, hydrogenation of toluene is
treatment, revealing a minimum X/B (cal) ratio with also reduced and thus the observed decrease in toluene
a maximum A + Ag yield at ca. 8 h. conversion.

The discrepancies in catalytic performances found  The effects of sulfuration on catalytic performances
for the two different samples, namely Pt/mordenite of Pt/ZSM-12 were also investigated. Catalysts con-
zeolites prepared by IE and IMP methods, under var- taining 0.5wt.% Pt were prepared by the IMP method
ied steaming times can be attributed to the differences and are denoted as Pt(IMP, 0.19%)/ZSM-12. Each
in the particle sizes and locations of the Pt, which sample was subjected to steam treatment at 753K
would in turn affect the activity of the metal and the for 4h prior to the transalkylation test take place.
overall acidity of the catalyst [16]. For sample pre- As can be seen from the results depicted in Table 3,
pared by the IE method, the Pt initially located inside sulfuration treatment significantly improves the cat-
the zeolite pores apparently migrates to the external alytic performances of the sample. More specifically,
surface during steaming treatment, and thus promot- notable increase in benzene purity and yields of pre-
ing more actively secondary hydrogenation reaction mium products, such as benzene and xylene, were
of aromatics. The relative distribution of internal vs. evident. Moreover, lowering of X/B product ratio,
external Pt sites therefore depends on the extent of RL, C5~ gas yield, and toluene conversion were also
steaming treatment. Kustov and Sachtler [17] showed observed. Sulfur, which tends to form a strong bond
that the presence of water during reduction treat- with Pt, is known as an effective poison for platinum
ment of metal zeolites may provoke transformation catalysts. In this context, the aforementioned catalytic
of Lewis acid sites to Bronsted acidity and may also performance features for Pt(IMP, 0.19%)/ZSM-12
change the dispersion and electronic structure of the after sulfuration treatment can be attributed due to
metal. The authors also concluded that the aforemen-formation of Pt-S, which effectively reduce the hy-
tioned effects are more pronounced for Pt/mordenite drogenation activity of the catalyst. Pt/USY is known
than Pt/HY. Indeed, upon elongation of steam treat- to have strong resistance for sulfur poisoning compare
ment, more Pt would migrate to the external surfaces to Pt on other catalytic supports. This was ascribed
of Pt(IE, 5%)/mordenite, thus the more naphthenes mainly due to the electronic charge transfer (from the
observed. Presumably, the formation of naphthenes support to Pt) effect [19,20], which depends strongly
should begin from N and then N, thus more severe  on the SiQ/Al,O3 ratio of the support [21]. Sulfu-
steam treatment is needed to force more Pt migration ration treatment is known to have positive impacts
toward the external surfaces to catalyze férma- during start-up procedure. In practical operation of
tion. In this context, the observed gradual increase in commercial unit, the temperature rise is normally
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Table 3
Catalytic performances of Pt(IMP, 0.19%)/ZSM-12 with and with-
out sulfuration treatmeft

Sulfuration treatment

No Yes
Conversion (%)
Toluene 52.5 45.0
TMB 42.0 41.4
Yield (%)
Cs™ gas 2.4 1.6
Benzene 4.1 8.1
Xylene 31.2 33.2
Ns 11 0.02
N7 2.8 0.0
Ng 0.5 0.0
Total Go™ 3.9 4.2
Selectivity
Ag + Ag (%) 35.3 41.3
Benzene purity (%) 79.7 93.5
RL (mol%) 10.9 1.9
X/B (mol/mol) 5.6 3.0

aReaction conditions: temperature, 688K; WHSV, 5:3:h
pressure, 21.4kg/chn Hy/HC, 3.0 mol/mol.

b Toluene/TMB feed (66.7/33.3w/w) doped with 2% indan
1% indene.

correlated with the RL number, as the result, exces-
sive hydrogenation of aromatics can lift the reactor
temperature up to ca. 150 K when RL exceeds 5.

In this work, a continuous sulfur co-feeding tech-
nigue was developed to improve benzene purity of
metal/zeolite during transalkylation reaction. The
results obtained from a Pt/ZSM-12 catalyst are
shown in Fig. 7 as an illustration of the technique.
Steamed Pt(IMP, 0.19%)/ZSM-12 catalyst, was first
pre-sulfided with HS before start-up of transalkyla-
tion feed. A benzene product purity exceeding 99.85%
was obtained at initial TOS. As a reference test, an
experiment was conducted by regular transalkylation
feed without co-feeding }8. In this case, a notable
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Fig. 7. Variations of benzene purity and toluene conversion vs. day-
on-stream for Pt(IMP, 0.19%)/ZSM-12 zeolite during
transalkylation reaction (temperature: 688K; WHSV: 55h

P 21.4kglen?; Ho/HC: 3.0mol/mol) with and without
sulfuration treatment. Feed: toluen&64.8%) + 1,3,5-TMB
(32.3%) + indan (1.9%) + indene (1%).

the transalkylation feed, the observed benzene pu-
rity maintained well beyond the 99.85% specification
value. This is accompanied by marginal decrease in
toluene conversion. Then, sulfur co-feed was switched
off for the first time at 12 day-on-stream, while only
marginal decrease in toluene conversion was found,
the benzene purity dropped to 99% indicating that the
adsorption of sulfur on platinum is reversible. Ribeiro
et al. [11] showed that although sulfuration treatment
improves the activity and product selectivity during
toluene disproportionation over Ni/mordenite, the ad-
sorption of sulfur on nickel is very strong and cannot
be desorbed even at elevated temperature. Here, the
observed decrease in benzene purity after stopping the
sulfur co-feed is attributed to desorption of sulfur at
very low desorption rate, such as 1-4 days. Polysulfide
co-feed was resumed at 14 day-on-stream, the benzene
purity immediately returned to values well beyond
product specification again. Polysulfide injection was
stopped again at day-on-stream of 23, from then on,

decrease in benzene purity was observed eventuallyyenzene purity maintained well above specification.

level off at 5 day-on-stream reaching a value of ca.
97%, which is below the commercial product specifi-
cation of 99.85%. Meanwhile, an opposite trend was
found for toluene conversion; it gradually increases
from the initial conversion of ca. 48.7% to an average
plateau value of ca. 50.5% at day-on-strea® As

for the sulfur co-feeding experiment, polysulfide agent
TNPS (dit-nonyl polysulfide) was fed together with

4. Conclusion

The methodologies for the fabrication of zeolitic
catalysts and their applications in transalkylation of
heavy aromatics were studied from the perspectives of
technology development. The catalytic performances
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of various H-form 12-MR zeolites, such as mordenite,
beta, ZSM-12 and USY, were examined. Their cat-
alytic activity, in terms of product yields of benzene
and xylene and reversibly X/B ratio, follow the trend:
ZSM-12 > beta > mordenite>> USY. Those zeo-
lites posses a higher conversion for 1,3,5-TMB than
toluene, except in the case of mordenite. As for their
stability, they obey the order: USY¥ ZSM-12 >
beta>>> mordenite.

To mimic the presence of contaminants in heavy
aromatics feed during transalkylation, impurity-doped
feed was used during the reaction test for H-mordenite.
It was found that strong adsorption of impurity is re-
sponsible for the deactivation of the catalyst. How-
ever, unlike indene, the adsorption of indan impurity
appeared to be reversible. In the case-diecene, im-
purity doping has negligible effect on the activity of
the catalyst. To resolve the problem of catalyst aging
during heavy aromatics processing, metal incorporated
catalyst was commonly used, however, as the conse-
quence of hydrogenation reactions, the formation of
saturates may also jeopardize the purity of benzene
product. Thus, the methodology for fabricating metal
zeolite catalyst with desirable stability while maintain-
ing minimum yield of saturates during transalkylation

47

for a Pt(IMP)/ZSM-12 catalyst, the resultant benzene
purity was observed to maintain at a level well beyond
the commercial specification at only slight expense
of toluene conversion.

We have demonstrated that the catalytic perfor-
mance of metal zeolites during transalkylation of
heavy aromatics can be improved by the combined
procedures of metal incorporation, steaming and con-
tinuous sulfuration treatments.
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