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Abstract: ZSM-5 zeolite to convert light hydrocarbons to BTX;
A continuous process for the production of aromatic hydro- however, these catalysts are poor for paraffin conversion
carbons from n-hexane and G4 natural gas liquid (Cs+ NGL) because of excessive methane and ethane formation with low

over Pd-loaded ZSM-5 zeolite in a tubular reactor was selectivity to aromatics. Consequently, there have been
developed. The optimal conditions for continuous aromatization numerous reports on various ZSM-5-based catalysts for the
of n-hexane and G+ NGL were found at 400 °C reaction conversion of light paraffins into aromatics. Due to low
temperature and 0.4 cni¥/min reactant feeding rate, employing paraffin conversion, various types of activating agents (e.g.,
ZSM-5 (0.5% Pd content) as a catalyst; under these conditions,  gallium, copper, zinc, and platinum) have been added to
n-hexane conversion and aromatic contents in reaction product ~ zeolite. Several systematic studies have been desctithed.
were found to be 99.7% and 92.3%, respectively. GC and GC/  However, already a few researchers have studibgéxane
MS analysis revealed that this continuous process fan-hexane aromatization. Popova et &lreported the batch transforma-
aromatization yielded both benzene derivatives and naphthalene  tion of n-hexane over Cu/ZSM-5 with 82% conversion and
derivatives, including benzene (5.7%), toluene (23.6%), xylenes ~ 14% aromatic selectivity. Bhattacharya etafound that
(25.0%), 4-ethyltoluene (3.5%), 1,3,5-trimethylbenzene (4.9%),  the aromatization afi-hexane over H-ZSM-5 zeolite in batch
1-methylnaphthalene (4.3%), and 1,5-dimethylnaphthalene mode was enhanced by the promoters ZnO angDgavhile
(3.6%). Under the same reaction conditions, & NGL gave Fe03; and CgOs; decreased its aromatization activity. Bhat-
94.3% conversion and 92.6% aromatic contents in reaction  tacharya et al* also reported that ZSM-5 gave the highest
product. The composition of product included benzene (8.1%), aromatization activity compared to those of ZSM-22 and EU-
toluene (23.3%), xylenes (22.8%), 4-ethyltoluene (4.3%), 1,3,5- 1. Moreover, Rojasova and co-work®&rstudied the role of
trimethylbenzene (3.7%), 1-methylnaphthalene (4.1%), and 1,5-  zinc in Zn/ZSM-5 zeolite in a batch aromatization of
dimethylnaphthalene (2.9%). n-hexane, of which the conversion of 47.6% with 50.2%
aromatic selectivity was obtained.

Surprisingly, although there have been several studies
using Pd/ZSM-5 on alkanes combustin?® none has

Introduction ) ) ) reported on the ability of Pd/ZSM-5 toward the aromatiza-
~ The transformation of alkanes into aromatic hydrocarbons i and this present work is the first aromatization reaction
is an area of great industrial relevance and also of academlcupon Pd/ZSM-5.

interest for the production of benzene, toluene, xylene (BTX),
and naphthalene derivatives. Aromatic hydrocarbons are (3)chen, N. Y.: Township, H.; County, M.; Lucki, S. J.; Garwood, R.; Garwood,
important feedstock in chemical industries; for example, W. E.; Haddonfield, N. J. U.S. Patent 3,700,585, 1972.

. . : (4) Chu, P. U.S. Patent 4,120,910, 1978.
benzene is an important feedstock for the production of (g) o 1. Anderson, J. R.; Creer, @ppl. Catal.1985,17, 141.
polystyrene (PS), toluene is used as feedstock for polyure- (6) Price, G. L.; Kanazirev, VJ. Mol. Catal.1991,66, 115.

PR i i (7) Liu, W. Q.; Zhao, L.; Sun, G. D.; Min, E. ZCatal. Today.1999,51, 135.
thane (PU) productiom xylene_ is employed in poly(ethylene (8 Dehertog. W. 3. H.. Fromen. G. Rppl. Catal, A1999 189, 63,
terephthalate) (PET) production process, and naphthalene is (9) komatsu, T.; Mesuda, M.; Yashima, Appl. Catal., A2000, 194—195,

a substrate for the production of phthalic anhydride, an 333.

. . (10) Choudhary, V. R.; Devadas, P.; Banerjee, S.; Kinage, AMi€roporous
intermediate for dyestuff manufacturén general, naphtha- Mesoporous Mater2001,47, 253.

reforming catalysts (Pt/ADs) have been used to convert (11) Choudhary, V. R.; Devadas, P.; Banerjee ABpl. Catal., A2002,231,

Ny . . 243.
heavy naphtha (£-Cio) into aromatic hydrocarbons, but (12) Popova, Z.; Aristorova, K.; Dimitrov, Gollect. Czech. Chem. Commun.

lower alkanes (g-C¢) are hardly transformed over these 1992,57, 2553.

catalysts Chen and co-worketirst found the ability of ~ (13) Bhattacharya, D.; Sivasanker, Appl. Catal,, A1996,141, 105.
(14) Bhattacharya, D.; Sivasanker, B.Catal. 1995,153, 353.

(15) Rojasova, E.; Smieskova, A.; Hudec, P.; ZidecCallect. Czech. Chem.
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Figure 1. Reactor for continuous aromatization of n-hexane and G, natural gas liquid.

Aromatization is of industrial interest since it could be 10

employed for the conversion of petrochemical byproduct that
contains alkane (e.g., natural gas liquid (NGL) and light
naphtha) into other useful products for other chemical
industries. The € NGL is a natural gas byproduct,
comprising branched-chain alkanes (77%), cycloalkanes
(16%), and other products (e.g. alkenes and aromatics?7%).
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The present work is aimed at developing a continuous 2 £ 40
process for the production of benzene and naphthalene? ) ) par——"
derivatives from @; NGL using n-hexane as a model & & —8— i
compound and Pd-loaded ZSM-5 as catalyst. 2 GGl
= 101 <=0 --A:C5+NGL
Results and Discussion 0:/ 01 02 03 0s 05
Continuous Process for the Production of Aromatic Pd content (wi%)

Hydrocarbons from n-Hexane. Effect of Pd Contents in  Figure 2. Effect of Pd contents in ZSM-5 zeolite on conversion
ZSM-5 ZeoliteThe experiments were carried out in a home- and aromatic contents in reaction product ofn-hexane and G

. . natural gas liquid. Conditions: reaction temperature, 400°C;
built tu(l))ulgr reactor (Flgure 1). The effect_s of Pd conten_ts feeding rate, 0.4 crifmin (C and A represent conversion and
(0—0.5%) in ZSM-5 zeolite on both conversion and aromatic aromatic contents in reaction product, respectively).
contents in reaction product ofFhexane were investigated
at 400°C reaction temperature and 0.4 ¥min n-hexane  1apfe 1. Contact time between reactants g-hexane and G
feeding raten-Hexane conversion and aromatic contents in NGL) and catalyst at different reactant feeding rate$2

the reaction product of all catalysts increased when Pd

) S . reactant feeding rate (&min) contact time (min)
contents in ZSM-5 zeolite increased (Figure 2). Although
then-hexane conversion at 0% Pd content in ZSM-5 zeolite 0.4 79.25
was relatively high (50.2%), the aromatic contents in reaction 0.6 52.83
product was considerably low (1.2%, Figure 2). This might (1)'3 g?-gg

be because-hexane was cracked and converted to other
products, e.g., small hydrocarbon molecules, without oligo-
merization and aromatization. It can further be noticed that that when the reaction temperature increased, both conversion
n-hexane conversion (99.7%) and aromatic contents inand aromatic contents in reaction product proportionally
reaction product (92.3%) attained their corresponding maxi- increased (Figure 3). However, the aromatic contents in
mum when using 0.5% Pd in ZSM-5 zeolite. reaction product at 450C was lower than that at 40TC
Effect of Reaction Temperature and Reactant Feeding (Figure 3), and this might be due to the degradation of
Rate.The effects of reactant feeding rate on both conversion aromatic products to small hydrocarbon molecules. Decreas-
and aromatic contents in reaction produchefiexane over  ing trends in their conversion and aromatic contents in
different temperatures were studied (Figure 3). It was found reaction product, at all reaction temperatures, were observed
when the feeding rate increased (Figure 3). These results
(21) The Petroleum Authority of Thailantlatural Gas.1991,5, 19. indicated that both conversion and aromatic contents in
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Figure 3. Effect of the feeding rate onn-hexane conversion
and aromatic contents in reaction product over 0.5% Pd in
ZSM-5 zeolite at different temperatures (C and A represent
conversion and aromatic contents in reaction product, respec-
tively).
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Figure 4. Activity comparison between fresh and regenerated
catalysts on n-hexane conversion and aromatic contents in
reaction product at different temperatures. Conditions: feeding
rate, 0.4 cn¥/min; catalyst, 0.5% Pd in ZSM-5 zeolite (C and
A represent conversion and aromatic contents in reaction
product, respectively).

reaction product were affected by the contact time between
n-hexane and catalyst (Table 1). The feeding rate of 0% cm
min at the reaction temperature of 40CQ provided the
highestn-hexane conversion (also highest contact time) and

aromatic contents in reaction product as compared to other

conditions.

Activity of Regenerated Catalysthe activities of fresh
and regenerated catalysts nrhexane aromatization were
studied (Figure 4). The catalysts were regenerated when thei
activity was ca. 80% of fresh catalyst (after feeding 3024
cn?® of n-hexane for 86 h). It was found that all catalysts
showed similar increasing trends in theihexane conversion
and aromatic contents in reaction product (Figure 4). Fresh
catalyst generally provided higherhexane conversion and
aromatic contents in reaction product than did regenerate
catalysts (Figure 4). The margin 10% activity lost was
observed between fresh and regenerated catalyst. Th

r

e

Aromatic Contents in Reaction Product and Product
Distributions.The aromatic contents in reaction product and
product distributions oh-hexane aromatization were ex-
plored at the optimal conditions (reaction temperature, 400
°C; reactant feeding rate, 0.4 &min; catalyst, 0.5% Pd in
ZSM-5), and the results are shown in Table 2. GC and GC/
MS analysis revealed that this continuous process for
n-hexane aromatization yielded not only benzene and its
derivatives but also naphthalene derivatives. The product
distributions were benzene (5.7%), toluene (23.6%), xylenes
(25.0%), 4-ethyltoluene (3.5%), 1,3,5-trimethylbenzene (4.9%),
1-methylnaphthalene (4.3%), and 1,5-dimethylnaphthalene
(3.6%). Among these aromatics, xylenes were obtained as
the highest percentage (25.0%). When comparing among
three isomers of xylene, the percentagepetylene was
higher than that ofn- ando-isomers (Table 2). This can be
explained theoretically by comparing pore aperture of ZSM-5
zeolite (0.54 nmx 0.56 nm and 0.51 nnx 0.55 nm) with
kinetic molecular diameters ai-, o-, and p-isomers of
xylene, which are 0.63, 0.64, and 0.57 nm, respecti¥ely.
On the basis of these data, ompiykylene possesses a certain
size that could easily exit from the pore system. In addition,
the slimmer shape of the molecule pfxylene, which
exhibits a rate of diffusion faster by a factor of*t@an the
other two isomers, also explains the favored formation of
p-xylene?

On the basis of the products formed fromhexane
aromatization, the main reaction pathways converting
hexane to aromatics may be explained as follows. Due to
the bifunctional property of the Pd-loaded ZSM-5, in the
presence of metal and acidity;hexane is cracked to small
hydrocarbon molecules and then oligomerized on the acid
sites in the zeolite channels. The oligomerized products can
undergo either cracking to light hydrocarbons{C,) or
dehydrocyclization to aromatics via the Pd-functfdfi At
higher conversion levels (high temperature), naphthalene
derivatives were formed because mononuclear aromatics
might condense into polynuclear aromatics, especially naph-
thalene and its derivativés.

Under the optimal conditions (reaction temperature, 400
°C; reactant feeding rate, 0.4 émin; catalyst, 0.5% Pd in
ZSM-5), n-hexane aromatization gave higher conversion
(99.7%) and aromatic contents in reaction product (92.3%)
than those previously reported by Rojasova etaftpm
which the conversion of 47.6% with 50.2% aromatic contents
in reaction product was obtained in a batch aromatization
of n-hexane using Zn/ZSM-5 zeolite as a catalyst. Previous
works on the aromatization of alkanes was conducted in a
batch system;!® and this present work is the first aroma-
tization carried out using a continuous mode. Concerning
the catalyst performance (under our optimal conditions), we
found that 2.28 and 2.23 g of the total products formed per

dg of catalyst per h for the aromatization nfhexane and

(22) Satterfield, C. NHeterogeneous Catalysis In PractjddcGraw-Hill: New
York, 1980; pp 317—318, 250—251 and 272—273.

regenerated catalyst might have some carbon deposits that23) Leach, B. EApplied Industrial CatalysisAcademic Press: New York,

covered the catalyst surface, thus reducing the catalyst(24)

activity 2223

1983; pp 107—110 and 133—134.
Hagen, Jindustrial Catalysis: A Practical ApproactWiley: Weinheim,
1999; pp 4—7 and 230—234.
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Table 2. Product distributions from continuous aromatization of n-hexane and G+ NGL at their optimal conditions 2 compared
to their corresponding reactant compositions and commercial mixture of benzene, toluene, and xylene

n-hexane Cs+ NGL
before after before after commercial mixture of
aromatizatioh aromatizatioh ~ aromatizatioh  aromatizatioh  benzene, toluene, and xyléne
conversion (%) - 99.73+ 0.0070 - 94.30+ 0.0530 -
Product Distributions (%)
less than @hydrocarbons 2.19 0.0446 6.83+ 0.0084 — 5.324+0.0131 -
hexane —96.69+ 0.0729 0.2°A- 0.0070 - 0.30+ 0.0044 -
total aromatics — 92.254+0.0226 27.34-0.0275 92.64+ 0.0241 91.03t 0.0035
benzene - 5.67+ 0.0057 8.24+ 0.0018 8.08+ 0.0113 6.50+ 0.0004
toluene - 23.63+ 0.0085 3.29-0.0046  23.3H-0.0077 19.99+ 0.0017
xylenes - 24,97+ 0.1476 1.28+- 0.0030 22.75k 0.0220 29.54t+ 0.0013
m-xylene - 2.174+ 0.0082 - 3.31+ 0.0026 5.19% 0.0000
o-xylene - 5.20+ 0.0247 0.22+- 0.0070 4.45- 0.0167 8.1H4- 0.0008
p-xylene — 17.59+ 0.1312 1.06+ 0.0039 14.99+- 0.0079 16.24+ 0.0003
4-ethyltoluene - 3.50+ 0.0083 - 4.30+ 0.0028 5.73+ 0.0007
1,3,5-trimethylbenzene - 4.86+ 0.0072 - 3.65+ 0.0034 7.75t 0.0003
1-methylnaphthalene - 4.334+0.0105 — 4,06+ 0.0167 -
1,5-dimethylnaphthalene - 3.57+0.0071 - 2.87+0.0230 -

aConditions: catalyst, 0.5% Pd in ZSM-5; reaction temperature *@)@eeding rate, 0.4 cfmin. ® Average4 standard deviations, = 2. ¢ Compositions of less
than G hydrocarbons in €& NGL were 2-methylpropane (0.25%);butane (2.25%), 2,2-dimethylpropane (0.06%), 2-methylbutane (21.5¥p@ntane (20.07%),
2,2-dimethylbutane (0.82%), cyclopentane (1.50%), 2,3-dimethylbutane (1.99%), 2-methylpentane (8.64%), and 3-methylpentane (4.47%).
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Figure 6. Activity comparison between fresh and regenerated
catalysts on G natural gas liquid conversion and aromatic
contents in reaction product at different temperatures. Condi-
tions: feeding rate, 0.4 cn/min; catalyst, 0.5% Pd in ZSM-5
zeolite. (C and A represent conversion and aromatic contents
in reaction product, respectively).

Figure 5. Effect of the feeding rate on G, natural gas liquid
conversion and aromatic contents in reaction product over 0.5%
Pd in ZSM-5 zeolite at different temperatures (C and A
represent conversion and aromatic contents in reaction product,
respectively).

Cs+ NGL, respectively (or 455 and 446 g product formed aromatic contents in reaction product (92.6%, Figure 5) were
per g Pd per h). This continuous aromatization process isat 0.5% Pd content in ZSM-5 (Figure 2), 40Q reaction
expected to be employed for the conversion of petrochemicaltemperature (Figure 5), and 0.4 ¥min Cs;. NGL feeding
byproducts that contains alkane (e.g., NGL and light naphtha) rate (Figure 5). GC and GC/MS analysis demonstrated that
into high-value-added products. The following experiments this continuous aromatization osCNGL yielded benzene
were performed using the continuous system for the aroma-(8.1%), toluene (23.3%), xylenes (22.8%), 4-ethyltoluene
tization of G+ NGL, which is one of the major petrochemical (4.3%), 1,3,5-trimethylbenzene (3.7%), 1-methylnaphthalene
byproducts from natural gas separation industry. (4.1%), and 1,5-dimethylnaphthalene (2.9%). However,

Continuous Process for the Production of Aromatic similar to n-hexane aromatization, toluene and xylenes
Hydrocarbons from Cs+ NGL. The aromatization of & represented major percentage of products (23.3% and 22.8%,
NGL was conducted in the continuous system (Figure 1). It respectively) from the & NGL reaction. The activity of
was found that the effect of Pd contents in ZSM-5 zeolite, fresh and regenerated catalysts o3 GGL aromatization
reaction temperature and reactant feeding rate, and thewas also studied, and it was found that 7% activity lost was
activity of regenerated catalyst, o ONGL aromatization observed between fresh and regenerated catalysts (Figure 6).
were similar to that oh-hexane aromatization. The optimum  Similarly to that ofn-hexane, the regenerated catalyst might
conditions for G+ NGL conversion (94.3%, calculation based have some carbon deposits, thus reducing the catalyst
on 21.57% of 2-methylbutane insCNGL, Figure 5) and activity. Additionally, sulfur present in & NGL (0.0030
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Table 3. Sulfur contents in reactants fi-hexane and G- Ltd., Japan. The structure of zeolite was confirmed by a

NGL), fresh catalysts, and regenerated catalysts JEOL (model JDX-8030) X-ray powder diffractometer. All
sulfur content reagents were of analytical grade from Fluka. The Pd and S
(wt %) contents in each reactant and catalyst, as well as thg SiO
n-hexane 0.00194 0.0001 Al,O; ratio, were determined using a Phillips (model PW-
Cs+ NGL 0.0030+ 0.0003 2400) X-ray fluorescence spectrometers;ONGL was
fresh catalyst befora-hexane aromatization 0.01800.0028 obtained from the PTT Public Co. Ltd., Thailand, and was

regenerated catalyst aftethexane aromatization 0.04250.0021 analyzed and quantified in the same manner as that for
fresh catalyst before43z NGL aromatization 0.018@a- 0.0028 . ..
regenerated catalyst afteg CNGL aromatization 0.0625 0.0035 reaction prqducts by GC/MS. Th? compositions ef BGL
are shown in Table 2. The reaction products were analyzed

a Average+ standard deviations) = 2. and quantified by two techniques: (A) a Hewlett-Packard
(model 6890) gas chromatograph (GC) equipped with a HP-5
wt %, Table 3) could also deactivate the catalyst. It is known capillary column (30 mx 0.32 mm i.d.) and flame ionization
that sulfur poisoning in catalysts leads to the deactivation detector (FID), and (B) a Fisons Instruments (model 8060)
of catalyst performanc®.In our system, the amount (2160 gas chromatograph (GC) equipped with a HP-5 capillary
cm’) of Cs NGL (sulfur-containing substrate) that caused column (30 mx 0.32 mm i.d.) using a Fisons Instruments
20% reduction of the catalyst activity was less than that (3024 (model Trio 2000) mass spectrometer as a detector. All
cm’) of n-hexane (AR grade reagent with a sulfur content products were identified by comparison with their authentic
less than 0.0020 wt %, Table 3), clearly demonstrating that compounds obtained from Fluka.
the presence of sulfur gave a negative effect to the catalytic Preparation of Pd/ZSM-5. Pd/ZSM-5 catalysts with
performance. various amounts of Pd were prepared by an ion-exchange

The above experiments provided the evidence that thistechnique. Aqueous solutions (500 Ynof palladium (1)
continuous aromatization process may be applied for the -poride using 0, 0.2, 0.3, and 0.5 g of Pd (II) per 100 g of
conversion of petroleum byproduct into high value-added NazZSM-5, were vigorously stirred at 8 for 15 h. The
products. cation-exchanged zeolite was filtered and washed with
deionized water to remove chloride ions until it tested
negative with an aqueous solution of silver nitrate. Then,
the zeolite catalyst was dried at 110, calcined at 550C
for 4 h, and stored as powdered form in a desiccator. After
this calcination, the Si@Al,O; ratio of the catalyst was
changed from 58 to 63 due to partial dealumination. The Pd
contents of the exchanged catalyst were found close to the

aromatic contents in reaction product at 99.7% and 92.3% expected values. Moreover, the structure of the calcined Pd/

respectively. GC and GC/MS analysis revealed that this ZSM'FT _ca?l)ésSthss folt_md to be tTed sbam;(e as thatd of
n-hexane aromatization preferably yielded benzene andg,(;fnca cine -5 zeolite, as revealed by X-ray powder
naphthalene derivatives, including benzene (5.7%), toluene : ractqmeter. L )

(23.6%), xylenes (25.0%), 4-ethyltoluene (3.5%), 1,3,5- Contlngous Ar.omatlzanon Reactor. All experlments
trimethylbenzene (4.9%), 1-methylnaphthalene (4.3%), and We'® carried out in a home-built tubular reactor (Figure 1).
1,5-dimethylnaphthalene (3.6%). Under the same reaction | N€ reactor was constructed from a stainless steel tubing of
conditions, G+ NGL gave 94.3% conversion and 92.6% 120 ¢m long (105 cm long catalyst bed), 0.62 mm i.d., and
aromatic contents in reaction product, and the aromatization0-68 mm 0.d. and was heated in an old GC oven. Each
products were benzene (8.1%), toluene (23.3%), xylenesCOlumn was separately packed with 8.0 g of ZSM-5 catalyst
(22.8%), 4-ethyltoluene (4.3%), 1,3 5-trimethylbenzene (3.7%), With 0, 0.2, 0.3, or 0.5% of Pd. Prior to each experiment,

1-methylnaphthalene (4.1%), and 1,5-dimethylnaphthalenethe catalyst was reduced in situ at 430 for 5 h under
(2.9%). constant flow of nitrogen and hydrogen mixed gas. Subse-

Up to date, there have been only few applications in quently, both nitrogen and hydrogen streams were removed
turning Gs+ NGL into other useful products, besides burnt from th.e system, and the reactant was f:ontlnuou.sly intro-
out as fuel. The present work implied that the continuous duced into the top of the column at various feeding rates

process for the aromatization o CNGL may be another ~ using a Waters (model 510) HPLC pump. The reactor
option for the conversion of & NGL into high value-added ~ effluent was collected in an acetone/dry ice cooling unit and

Conclusions

The model process for the production of aromatic
hydrocarbons usinghi-hexane as a model substrate was
successfully performed over Pd-loaded ZSM-5 zeolite in a
continuous mode. The optimal conditions were at 0.5% Pd
content in ZSM-5, 400C reaction temperature, and 0.4%m
min reactant feeding rate, providimghexane conversion and

products. subsequently analyzed by GC (conditions; dérrier gas;
30 mx 0.32 mm i.d. fused silica column coated with a 0.25-
Experimental Section um film of HP-5; flame ionization detector or mass

Materials and General Methods. Zeolite NaZSM-5 spectrometer detector; linear temperature program from 45
(SiO/AI,O3 = 58) was obtained from Nissan Girdler Co. to 180°C with the heating rate of 3C/min).
250 —— _— JR T ——— Regeneration of Spent Catalyst. The catalyst was
erouane, E. G.; Lemos, F.; Corma, A.; Ribeiro, F.Gmbinatoria . . .
Catalysis and High Throughput Catalyst Design and Testing; Kluwer: regenerated when its catalytic activity was reduced ca. 20%.
Dordrecht, 2000; pp 145—150. The spent catalyst was taken out of a tubular column and
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