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Abstract—The main goal of this contribution was to study the probability of chain growth of coke on metal sites and
on support sites for hexane dehydrogenation. The coke structure of the catalysts examined by IR was found to have
the aromatic structure. Soxhlet extraction coupled with GC-14B (DB1 column) analysis was mainly employed for coke
composition analysis and determination of the probability of chain growth (alpha value). It was found that the soluble
coke was mainly composed of-C,, on both sites. Interestingly, the probabilities of chain growth on both sites were
identical. However, the extracted coke on the metal site was more easily removable and had lower carbon numbers
than that on the support site. Moreover, the addition of promoter, especially of K promoter, was sensitive to inhibit
the probability of chain growth, resulting in the reduction of the amount of coke.
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INTRODUCTION tions as previously proved [Sunee et al., 2001]. In the latter, the de-
activation on both sites was examined for Pt, Pt-Sn and Pt-Sn-K
Catalytic reforming has become one of the most important indusfSunee et al., 2000]. To understand the deactivation more com-
trial applications of catalysis. Operation conditions for the processletely, the probability of chain growth was newly investigated by
reflect the balance between the thermodynamics of desired and uemploying the Schulz-Flory distribution theory (ASF plot) to cal-
desired reactions. Desired reactions are favored by high temperaulate these values (usually called alpha value), which deal with
ture and low pressure conditions, which also favor coke formatiorthe relationship between the carbon number and weight fraction or
[Biswas et al., 1988; Trimm, 1983]. The forms of deposited carborthe distribution of the hydrocarbons [Flory, 1953; Lox et al., 1993].
(usually called “coke”) may vary from high molecular weight hydro- The rate-determining step of coke formation is polymerization. The
carbon species (polymeric carbon) to graphitized carbon corresponadoked catalyst must be recovered by a Soxhlet extraction and then
ing to the formula CH[Biswas et al., 1987; Barbier, 1987; Fro- analyzed through GC.
ment, 1991]. There is a general agreement that this envisions coke Consequently, the subject of this work is a continuation of the
formation as more of a polymerization process than a degradatiostudy of coke formation on Pt, Pt-Sn, Pt-Sn-K catalysts by using a
process [Biswas et al., 1988; Froment, 1997; Rostrup-Nielsen, 199physically mixed system (Pt supported on,3épresented the me-
Forzatti et al., 1999]. Generally, the standard catalysts are Pt-basddllic site and AlO, represented the support site). The main goal
catalysts (especially Pt/A).) [Froment, 1991]. was to determine the probability of chain growth of coke forma-
The kinetics of coke deposition, influence of bimetallics, effect tion on both sites. Schulz-Flory distribution was applied to better
on different active sites and structure of coke [Figoli et al., 1983;understand the deactivation process of the catalyst.
Lietz et al., 1984; Van Trimmpont et al., 1986] have been studied.
Interestingly, the analysis by temperature-programmed oxidation EXPERIMENTAL
(TPO) generally indicates two types of coke: the first one burns at
low temperatures (polymeric carbon), which is associated with thel. Catalyst and Coking Process
metallic phase. The second type burns at high temperatures (amor- The experiments were performed by using the following reagents:
phous phases/graphitized carbon), corresponding to the support [Rds:PtCL-6H.0 (Wako), SnGI2HO (Fluka), KNQ(Merck), ALO,
trup-Nielsen, 1984]. However, complete segregation of the cokeype NKH-3 (Sumitomo) and Sj@Merck). The alumina and silica
growth on the metal site from that on support site has not been insupports were ground to the required mesh sizes of 60/80 and 100/
vestigated sufficiently yet. According to Bond [1987], Inaba et al. 120 meshes, respectively. To prepare the Pt catalyst, 0.3% Pt was
[1996] and Hamada [1997], we applied the physically mixed cat-impregnated into the support. Then, it was dried afQléver-
alyst with the appropriate size which gave the same behavior of Plight and subsequently calcined in air at ®@or 3 hours. For
AlLQ, in order to study deactivation of the metal and acidic func- preparing the 0.3%Pt-0.3%Sn/Siénd 0.3%Pt-0.3%Sn-0.6%K/
SiO, catalysts, the same procedure was employed with co-impreg-
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The ratio of physically mixed catalysts of the Pt-based catalyst and During the temperature-programmed oxidation, the amount of
AlL,O, was 1: 1. At the beginning, 0.2 g of the catalyst was packedCQ, formed from the coked catalyst was analyzed by GC-8AIT
in quartz tube (6 mm in diameter). Next, the catalyst iwvasitu with a heating rate of'®/min until the temperature reached 700

reduced in hydrogen at 58D and 100 ci#imin for 1 hour. The re- In order to characterize the coke composition, the soluble coke
action temperature was adjusted to 47and then 10% n-hexane was extracted from the deactivated catalyst (50 mg) with toluene in
in N, was flowed to the system with the flow rate of 6&/axim. a Soxhlet apparatus. The amount of toluene was 250 ml and the
The mixed coke over catalyst was separated by sieving to Pt-basditne of extraction was 24 h. The extracts were analyzed by GC14-
catalyst and AD;for coke characterization. B (a DB1 capillary column).
2. Analytical Methods

IR was used to characterize the structural properties of carbon- RESULTS AND DISCUSSION

aceous deposit by the lattice vibration. The vibration bands between

400-4,000 crit can indicate the structural framework of coke. The 1. Structural Analysis

wafer was prepared by mixing KBr and the sample with the weight The IR spectra of the coked Pt, Pt-Sn and Pt-Sn-K catalysts are

ratio of 100: 1. The IR spectra were recorded by Nicolet mode Imiillustrated in Fig. 1. In the region from 1,300 to 1,900'cthere

pact 400. was one band on the metal sites (Fig. 1A), whereas there were two
main bands on the support (Fig. 1B). The most intense band was at
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Fig. 2. TPO profiles for carbonaceous deposits produced at 475
for 120 min; (A) on the metal sites and (B) on the support

Fig. 1. IR spectra obtained after coking over (A) the metal sits and sites. A : Pt catalyst, O: Pt-Sn catalyst andll: Pt-Sn-K cat-
(B) the support site. alyst.
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1,610 cm*, which appeared both on the metal and support sitesal., 1984; Jovanoviee and Putanov, 1997]. On the acidic sites, it is

This absorption band was assigned to the aromatic-ring bendingbserved that a single peak appears on TPO spectra for all the three

vibration. Interestingly, the C=C stretching vibration around 1,540catalysts as seen in Fig. 2B. This peak presents the coke burnt off

cm™* occurred only on the support sites. The difference betweerat a higher temperature, about 325compared with the coke on

the IR spectra of coke on the metal and support sites reflected dithe metal. The amount of coke on both the metal and support de-

ferent rate of formation and H/C ratio of coke. Moreover, it is seencreased significantly by the addition of Sn and/or K.

that the order of intensity was Pt>Pt-Sn>Pt-Sn-K on both sites. Al-2. Carbon Number Composition of the Coke Extracts

though the Sn and K addition did not affect the overall patterns of Fig. 3 presents typical chromatograms for the coke extracts from

these spectra in each site, a difference of intensity level was observetie metal sites and the acidic sites. The compositions of soluble coke

indicating different rate of coke formation. are listed in Table 1. It was noticed that the soluble coke was main-
Fig. 2A shows the TPO profiles of Pt, Pt-Sn and Pt-Sn-K cata-ly composed of &C,,. On the metal (Fig. 3A), the amount of C

lysts for the active metal sites of various catalysts. Two peaks apcomponents on the Pt-Sn and Pt-Sn-K catalysts almost vanished.

pear at 300C and 423C in every TPO profile. This indicates that On the support sites, the amount of the@nponents on the Pt-

the carbon deposited on these catalysts can be divided into two typest,O, catalyst was considerably smaller than that on the other mod-

(i) coke deposited directly on metal, and (i) coke in the vicinity of ified catalysts while the £component was much larger. That is,

metal centers, which corresponds to the report elsewhere [Lietz ¢he soluble coke on the Pt-Sn and Pt-Sn-K catalysts was mostly con-
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Fig. 3. Gas chromatograms for the coke extracts from a) the Pt-catalyst, b) the Pt-Sn catalyst and c) the Pt-Sn-K catalyst.
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Table 1. Composition of soluble coke (mole)

Metal Support
Catalyst system
C9 ClO Cll C12 CS C9 ClO Cll C12
Pt+AlLO; 28477 335.36 107.36 12.18 199.08 47.26 431.80 235.78 1.01 115.16
Pt-Sn+ALO, 25049 123.88 3261 7.65 6.03 338.17 361.74  156.05 6.95 0.00
Pt-Sn-K+ALO, 183.76 70.12 21.53 6.41 1.33 378.77  452.21 198.01 5.54 6.64
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stituted of lower carbon number fractions contegtQg), result- ly with the relative adsorptivities of intermediates on these cata-
ing in reduction density and mesoporosity of the cokes on both sitedysts. As reviewed by Gerard and Beenackers [1999], the effect of
The decrease in the acid site density was shown to hinder bi- anstronger physisorption for larger olefins could predict the increase
poly-molecular reactions involved in coking while the absence of aof the chain growth probability with chain length. Consequently,
significant secondary-mesoporous system appeared to limit the rooithe intermediates obtained from the Pt were generally the heaviest
available for voluminous coke precursor molecules. The latter charin nature. The deviation of the Schulz-Flory diagram may be due
acteristic particularly resulted in significant reduction of insoluble to higher molecule formation of carbon, because Sn and K reduce
coke content with decreasing mesoporosity. the metal-carbon bond strength, leaving a larger metal surface, and
3. Probability of Chain Growth of Coke promote the migration of coke precursors to the carrier. This is at-
The hydrocarbon compositions in the cokes, which were anatributed to the greater transport of intermediates to the carrier, as
lyzed as described previously, are presented in ASF plots in ordeassociated with the literature reviews [Véres et al., 1991; Lamy-
to calculate a values, as shown in Figs. 4A and 4B. Fig. 4A de-Pitara et al., 1992].
monstrates the Schulz-Flory diagrams for the soluble coke depositedl Formation of Insoluble Coke on the Pt Supported Catalyst
on the metal sites in different catalysts. The modification of the cat- The present study confirms that coke was built up on both the
alyst influenced the probability of chain growth. Decreases in the anetal and support. Coke accumulation was found to take place pre-
value were observed over the modified catalysts. The a values otdominantly on the support. Furthermore, it was found that coke had
both sites in each catalyst system were almost the same. This megpalyaromatic structure, while the aliphatic structure was not found.
that the chain continued to grow with a constant probability on bothThe extracted soluble coke had main components-6f,CThe
sites. The order of increasing a value was Pt>Pt-Sn>Pt-Sn-K. It imsoluble coke on the metal was constituted of lower carbon atoms
plies that the addition of Sn and K considerably affected the changthat could easily be removed. However, similar probabilities of the
in the structure of carbon intermediates. The reasons for the differehain growth on both sites were found. This reason was attributed
ence in these results were not clear, but they may have to do largte the production of original coke precursor or coke intermediates
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Fig. 4. (A) Schulz-Flory diagrams of soluble cokes from the metal sites: (a) Pt catalyst, (b) Pt-Sn catalyst and (c) Pt-Sn-KlysttgB) Schulz-
Flory diagrams of soluble cokes from the supports: (a) Pt catalyst, (b) Pt-Sn catalyst and (c) Pt-Sn-K catalyst.
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on the metal. It can reasonably be assumed that the soluble col@arbier, J., “Coking of Reforming Catalystatalyst Deactivationl
molecules are intermediates in the formation of the insoluble coke, (1987).

which is composed of higher polynuclear aromatics [Reyniers andBiswas, J., Bickle, G. M. and Gray, P. G., “The Role of Deposited Poi-
Froment, 1994; Radwan et al., 2000]. sons and Crystallite Surface in the Activity and Selectivity of Reform-

Moreover, the transport of the intermediates from the metal to ing CatalystsCatal. Rev.-Sci. Eng30, 161 (1988).
support sites occurred, as discussed in the above analysis resulBiswas, J., Gray, P. G. and Do, D. D., “The Reforming Lineout Phe-
The more intermediate generated, the more carbonaceous depositsnomenon and its Fundamental Importance to Catalyst Deactivation;
produced. The soluble coke molecules were therefore intermedi- Applied Catalysis32, 249 (1987).
ates in the formation of insoluble coke, which was what allowed usBond, G. C., “Heterogeneous Catalysis: Principles and Application;
to suppose that: (i) insoluble coke is not formed at low coke con- Clarendon Press: Oxford (1987).
tent, and (i) the aromaticity of the soluble coke increases with theFigoli, N. S., Beltramini, J. N., Martinelli, E. E., Dad, M. R. and Parera,
coke content (indeed insoluble soluble coke is composed of highly J. M., “Operational Conditions and Coke Formation on /Re-
polyaromatic molecules). This discussion emphasizes the readsorp- forming Catalyst/Applied Catalysis5, 19(1983).
tion rate of coke intermediates on the metal that was the most imFlory, P. J., “Principle of Polymer Chemistry; Cornell University Press,
portance on coke formation. New York, 317 (1953).

5. The Role of Sn and K Promoter on the Coke Formation Forzatti, P. and Lietti, L., “Catalyst DeactivatidDatalysis Todgyb2,

Coke formation is known to require relatively large clusters or 165 (1999).
ensembles of adjacent metal atoms. For the Sn addition, the preBroment, G. F., “Coke Formation in Catalytic Process: Kinetics and Cat-
ence of Sn improved the diluting of the active metal surface into  alyst DeactivationCatalyst deactivatiarb3 (1997).
smaller ensembles like surface alloy, which enhanced the catalysiroment, G. F., “The Modeling of Catalyst Deactivation by Coke For-
resistance to deactivation. Carbon intermediates cannot readily form mation; Catalyst deactivatiarb3 (1991).
multiple carbon-metal bonds, which consequently inhibits the for-Gerard, P. V. D. L. and Beenackers, A. A. C. M., “Kinetics and Selec-
mation of highly dehydrogenated surface species that are interme- tivity of the Fischer-Tropsch Synthesis: A Literature Revieatal.
diates for coking. Rev.-Sci. Eng41, 255 (1999).

The addition of K into bimetallic Pt-Sn catalyst significantly de- Hamada, H., “Cooperative of Catalytic Species for the Selective Reduc-
creased the catalyst deactivation. This may be related to the incor- tion of Nitrogen Monoxide with Hydrocarbon€atalysis Surveys
poration of tin into the platinum surface through the formation of a  from Japan1, 53 (1997).
substituted alloy, while potassium may be present on the top of thénaba, M., Kintaichi, Y. and Hamada, H., “Cooperative Effect of Plati-
platinum surface affected the changes of metal-support and the met- num and Alumina for the Selective Reduction of Nitrogen Monox-
al-metal interactions. On the other hand, K-doped catalyst signifi- ide with Propane{atalysis Letters36, 223 (1996).
cantly decreased the activation energy of HC dehydrogenation andamy-Pitara, E., Ouazzani-Benhima, H., Barbier, J., Cahoreau, M. and
the potassium diminished the interaction between Pt and Sn. This Caisso, J., “Platinum Catalyst Modified by Titwplied Catalysis
resulted in a weakening of Pt-C bond strength to make the catalyst A: Genera) 81, 47(1992).
less susceptible to deactivation by deposition of carbonaceous speietz, G., Volter, J., Dobrovolszky, M. and Padl, Z., “Initial Changes of
cies on both sites as illustrated in these results. This is known as an the Catalytic Properties of Platinum Containing Catalysts: I. Trans-

electronic effect [Trimm, 1997]. formations of Mono- and Bimetallic Pt/&);, Catalysts by Carbon-
aceous Deposit#pplied Catalysisl3, 77 (1984).
CONCLUSION Lox, E. S. and Froment, G. F,, “Kinetics of the Fischer-Tropsch Reac-

tion on a Precipitated Promoted Iron Catalyst: 2. Kinetic Modeling?
A better understanding of coke formation on the metal and the Ind. Eng. Chem. Re$2, 71 (1993).
support was obtained by employing the cooperative effect and SIPieck, C. L., Verderone, R. J., Jablonski, E. L. and Parera, J. M., “Burn-
techniques. Conclusions observed from the model system can be ing of Coke on Pt-Re/4D, Catalyst Activation Energy and Oxy-
made as follows: gen Reaction OrdeRpplied Catalysiss5, 1 (1989).
Radwan, A. M., Kyotani, T. and Tomita, A., “Characterization of Coke
1. At the beginning of the reaction, a dominant reaction was found Deposited from Cracking of Benzene over USY Zeolite Catalyst;
to be the polymerization which forms the soluble coke. The proba- Applied Catalysis A: Generdl92 43 (2000).
bilities of the chain growth on metal and support revealed the sam&eyniers, G. and Froment, G. F,, “Coke Formation in the Thermal Crack-

value. ing of Hydrocarbons: 4. Modeling of Coke Formation in Naphtha
2. Addition of promoter greatly reduced the coke formation, which  Cracking;Ind. Eng. Chem. Re83 2548 (1994).
is related with readsorption of the coke intermediates. Rostrup-Nielsen, J. R., “Catalytic Steam Reforming; Berlin: Buchbin-
derei Bruno Helm (1984).
ACKNOWLEDGMENTS Rostrup-Nielsen, J. R., “Industrial Relevance of CokiGgfalysis

Today 37, 225 (1997).
The authors would like to thank Thailand Research Fund (TRF)Sunee, S., Piyasan, P. and Tharathon, M., “Deactivation of the Metal

for financial support of this project. and Acidic Functions for Pt, Pt-Sn and Pt-Sn-K using Physically
Mixed CatalystsKorean J. Chem. Engdl7, 548 (2000).
REFERENCES Sunee, S., Piyasan, P. and Tharathon, M., “Cooperative Effect of Plati-

Korean J. Chem. Eng.(Vol. 20, No. 6)



1022 S. Srihiranpullop and P. Praserthdam

num and Alumina on Catalyst Deactivation for Dehydrogenation  Reforming of G Hydrocarbons on a Commercial PtRgIAICata-

Reaction,"Reaction Kinetics an@atalysis Letters’2, 125 (2001). lyst’ Applied Catalysis?4, 53 (1986).
Trimm, D. L., “Catalyst Design for Reduced Cokirgiplied Cataly- Vértes, Cs., Talas, E., Czako-Nagy, I., Ryczkowski, J., G6bo6los, S.,
sis 5, 263 (1983). Vétes, A. and Margitfalvi, J., “Mdssbauer Spectroscopy Studies of
Trimm, D. L., “Coke Formation and Minimisation during Steam Re-  Sn-Pt/AlO, Catalysts Prepared by Controlled Surface Reactions;
forming ReactionsCatalysis Todays7, 233 (1997). Applied Catalysis68, 149(1991).

Van Trimpont, P. A., Marin, G. B. and Froment, G. F., “Kinetics of the

November, 2003



	Probability of Chain Growth in Coke Formation on Metals and on Supports during Catalytic Reformin...
	Sunee Srihiranpullop† and Piyasan Praserthdam*
	Twinning Engineering Programmes, Faculty of Engineering, Thammasart University (Rangsit Campus), ...
	Abstract�-�The main goal of this contribution was to study the probability of chain growth of cok...
	Key words:�Probability of Chain Growth, Coke, Physically Mixed Catalyst, Promoter with Sn and K
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES






