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Abstract

Kinetics of isomerization ofi-heptane was studied over three types of catalysts;@-¥fpe carbide and two composites of molybdenum
carbide and tungsten oxide. The precursors were carburized using ethane (10adt#.Cfollowing a temperature programmed reaction
up to 863 K. The catalytic test conditions were as follows: total pressure of 1 or 6 bar, temperature range between 543 and 628K;and H
molar ratio equal to 14.8. The selectivity towards isomers was at least equal to 89% for the full range of conversion. The global consumption
of n-heptane is a first order reaction to the reactant. By simulating the global kinetics of the reaction, the experimental curves lead us to
calculate rate constants. We show that, at conversion higher than 60%, the reaction becomes a two-way procesg3h@; 2nuCar ratio
was close to 1, corresponding to a bifunctionnal isomerization. Isomerization mechanism can be explained by three cycles: the first cycle,
corresponding to the dehydrogenation of thalkane on metallic sites, is closed to equilibrium; the second corresponds to the isomerization
of n-alkene intaso-alkene on acidic sites; finally, the third cycle corresponds to the hydrogenatissralkene intoiso-alkane on metallic
sites. We showed that the global kinetics of the reaction only occurs on acidic sites.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and to preserve a high content of oxygen atoms from the ini-
tial oxide, so as to control the acidic function owing to these
New constraints on the octane number of the unleadedresidual oxygen species. One way consists in carburizing the
gasoline, as well as health and environmental protections,oxide precursor at low temperature, using ethane as carbur-
lead to newtargets. Itis necessary to develop processes allowizing agen{4].
ing to obtain reformulated gasolines, in order to decrease Isomerization oh-heptane was chosen as a model reaction
harmful emissions, while maintaining the properties neces- to test the reactivity of the catalysts in hydroisomerization
sary to the correct operation of engine. of paraffins. Molybdenum carbid&], as well as supported
Transition metal carbides are well known to have catalytic noble metal, follows a metallic like isomerization process,
properties similar to those of group VIII metfdd. Transition the major route being alkane hydrogenolysis, resulting in a
metal oxides and carbides have been found to be potentialpoor selectivity in isomerization. In the presence of zeolite
materials for hydroisomerizatid®,3]. It has been shownthat  or acidic materials, acidic isomerization process takes place,
they can become two-way catalysts with a dioxygen treatmentcracking being the major route.
at high temperature. In this paper, the synthesis of carbides Tungsten oxynitride$§6] or Pt/\WQ~ZrO; [7] present a
were performed in order to limit the carburization process two-way isomerization behavior, where the two functions,
metallic and acidic, are present.
Only a few papers have been dedicated to the kinetics
* Corresponding author. of bifunctional isomerization over carbide materials. The
E-mail addressclp@ccr.jussieu.fr (C. Potvin). present paper deals with the design of bifunctional catalysts

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.03.041



110 A.-F. Lamic et al. / Journal of Molecular Catalysis A: Chemical 237 (2005) 109-114

and with the global kinetics of isomerization pfheptane The temperature was raised from RT to 6a0(873 K) at

over these materials. 60°C/h and kept at this temperature for 2h. The material
was also submitted to a passivation step. It was analyzed by
XRD (Fig. 1) and submitted to elemental analysis. The nom-

2. Experimental inal composition was MoWg5Og 6.
The molybdenum bronze was synthesized using a method
2.1. Materials described elsewhe[8]. WOz powder was added in the same

time as MoQ powder. The carburization step was exactly
Molybdenum oxide (Mo@, Aldrich, 99.99%), tungsten  the same as for MEC-WG; catalyst. The material was char-
oxide (WG, Acros, 99.995%) and ammonium metatungstate acterized by XRD Eig. 1) and elemental analysis gave the
((NH4)6W12039-xH20), Aldrich, 99.99%) were used as pre- nominal composition HMoW@7Cq s.
cursors.

Commercial gases employedatds, Ar, O and H), n- 2.3. Standard reaction conditions
heptane (Aldrich, 99+%) and hydrochloric acid (Carlo Erba,
37%) were used as received. The isomerization of-heptane was carried out in a flow
reactor at either 300C (573 K) and 1 bar on composite mate-
2.2. Catalyst preparation rials ((Mo,W)C) or 350C (623 K) and 6 bar on WC-type

catalyst. Then-heptane was introduced either by a high-

A W-,C-type catalyst was prepared using ammonium Pressure pump (Gilson) or by saturating flow of With
metatungstate as a precursor: 1.5 g of giN12039-xH20 n-heptane.
was introduced into a tubular quartz reactor and a 10vol.%  Temperature programmed analyses were carried out on
CuHg in Hy (total flow rate = 10 L/h) was passed through the two HP 5890 chromatograph equipped with a PONA or an
reactor. The temperature was increased from room temperAl203—KCl column, respectively.
ature (RT) up to 500C (773K) at 240C/h and then from Before reaction, (Mo,W)C materials were pretreated in
500°C (773K) up to 590C (863K) at 60°C/h, the reactor  Situ at 500°C in flowing Hy (18 cn?/min). The W.C-type
was kept at 590C for 1.5h. The reactor was then rapidly catalyst was pretreated as follows: 180 6 bar of dihydro-
cooled to RT under a pure dihydrogen flow. Then, the flow 9€n, 150 crivmin, for 1 h.
was switched to pure argon and the reactor was purged during  The Hp/n-heptane feed ratio was set to 14.8. Contact
10 min. The passivation step has been performed in 1 vol.%times were calculated as the ratio between the catalyst vol-
0, in argon, during 1 h. ume (cn¥) and the total flow rate (hydrogen ancheptane,
The material was analyzed by X-ray diffraction (XRD) CnT/min).
(Fig. 1) and by elemental analysis. The nominal composition
was WG gOg 7.
The Mo,C-WO;, catalyst was prepared by crushingamix- 3- Results
ture of MoG; and WG (W/Mo molar ratio equal to 1) in a
mortar. Ethanol was added to increase disperf#nand Fig. 2A shows the consumption afC7 and the forma-
subsequently evaporated at room temperature. The carburtion of single-branched (SB) and multi-branched (MB) iso-

ization procedure was the same as for thegOAfype catalyst. ~ MErs, versus contact time, over the;@/type catalyst, at
350°C (623 K) and under a total pressure of 6 bar. Simi-

larly, the consumption ofiC; and the production of single-
branched and multi-branched isomers over MQy¥Gg 6
] \ and HMoWQ ;Cy 5 catalysts, at 300C (573 K) and atmo-
I spheric pressure are reportedHig. 2B and C, respectively.
Fig. 3 shows the linear transforms of the disappearance of
n-heptane over the three catalysts, corresponding to a global
. /\\ first order reaction.
\ On the WC-type catalyst, the first order reaction is
/\\ observed up to a conversion of 60%. The conversionin single-
branched isomers reaches a maximum and then decreases.

Their concentrations go through a maximum for a contact

/\% \

; AN a

’Mw‘,www“( mel 1 s g time close to 0.27 sHig. 2A). At low contact time, the con-
30 40

30 centrations of multi-branched products are weak.
2-Theta-Scale The reaction product distribution is givenTable 1 In all
Fig. 1. XRD diffractograms for WC (a), MaC-WO; (b) and HMoO,C; cases, the selectivity towards isomers products (defined by

~M0,C-WO; (c). (4) 00-035-0787 Molybdenum carbide MO; (M) 00- the percentage aiC; C(_)nverted tdso-heptanes) is at least
032-1393 tungsten oxide WO(®) 00-035-0076 tungsten carbide,@. equal to 89%. The major products are monomethylhexanes



A.-F. Lamic et al. / Journal of Molecular Catalysis A: Chemical 237 (2005) 109-114

1
L
i
.
® n-C1
0.8 ,
.
. ..,
< 06 \
g L
3 % ias s ... B
z 04 e T e Dyl
L > e s TP
= o -9
g s
&) i ‘e,
‘.
0.2 . L T
’_' " recarenga.., P
¥ S At Mzrzr s N
s . " MB
¥
0 L]
0 0.1 0.2 0.3 04 0.5 0.6 0.7
(A) tc/s
1
0.95 ) n-C7
‘;
5 09 ‘e
g 085
a2 ‘e, .
2 08
g .
‘;_) __‘..'__
S 075 P
s
." ..
0.7 " sB
: -
0,65 e
4 MB D
S e
0.6 w - ‘ .
0 0.1 0.2 0.3 0.4 0.5 0.6
(B) tc/s
1
n-C7
09 g
& "~
= -+
o .
- -
- 0.8 4 ]
g L
E .9
g 07 e ‘-
'\: .":.. »
SB
Lo
0.6 1 Gt
MB &
(.5 &t ieeiiipuizoanee L A '
0 0.2 0.4 0.6 0.8 1 1.2
©) tc/s

Fig. 2. Concentration ofiC7, SB and MB vs. contact time for YT (A),
Mo,C-WO, (B) and HMoOyC,~Mo,C-WG; (C) at 350°C (623K) and
6bar (A) and 300C (573K) and 1bar (B, C). Dot curves represent an

interpolation of the experimental points.
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Fig. 3. Linear transformations of the consumptionngf; for W»,C (A),
Mo,C-WO; (B) and kMoO,C,~M0,C-WO;, (C).

(2mGs and 3m@). The other reactions are hydrogenolysis,
cracking and dehydrogenation.

4. Discussion

If we assumed that short linear molecules; G, +
C3+nCy4+nCs+nCg) are produced by hydrogenolysis on
the metallic sites, this reaction represents less than 6% of the
total n-heptane transformed, and it will be neglected in the
kinetic analysis.

First of all, we observed the same kinetics whatever the
catalyst Fig. 3).

According toTable 1 thenC3/nC7 molar ratio is closed
to thermodynamic equilibrium. At 6 bar and 350 (623 K),
this ratio is equal to 2.2 103, according to Stull et a[10].

In our case, for the WC-type catalyst and under the same
conditions, this ratio is equal to 5:810~3. Thus, the global
reactionnC7 =nC; + H; is near thermodynamic equilibrium.

Isomerization reaction takes place on acidic sites and the
global kinetic curves (first order toC7) until a conversion
of 60% can be explained using the Sinfelt model, described
in Fig. 4 [11]

The three cycles involve both metallic and acidic sites.
There is no common adsorbed intermediate and thus these
reactions are not kinetically coupled.

The first cycle represents the dehydrogenation®f to
nC; over a metallic site. The corresponding sequence is

nCy + 2% z@:g*ncy_* + H, (1)
*nc7:* z:@:knc7: + 2* (2)

where thé stands for metallic adsorption sites, both elemen-
tary steps being close to equilibrium, as previously shown.
This cycle has to present a high turnover rate to deli@rto
cycle 2. Consequently, the rate of disappearanc€ginust

be governed by that of the second cycle which corresponds
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Table 1

Products distribution in the conversionmwheptane

Catalyst WC Mo,C-WGO, HxMoOyC,~M0o,C-WO,
T(°C) 350 300 300

P (bar) 6 1 1

te (S) 0.0184 @55 0.21 B2 0.41 0.87
Conversion (%) 11.3 26 10 269 10.9 227
Selectivity (%) 96.6 89 94 a3 925 94
2mGs 40.6 409 38.75 3577 38.12 37.01
3mGs 44 45 39.21 31 39.38 38.5
2mGs/3mGCs 0.92 Q91 0.99 096 0.97 0.96
3EtG 3.4 34 2.9 28 3.0 2.9
diB 8.6 137 9.176 134 7.1 10.8
triB 0 0.1 0 01 0 0.06
1C;/nC;7 experimental 5.& 1073 n.m. 5.0x 104

1C;InCy theoretical 2.%10°8 2.3x10°° 2.3x10°°

iC4/NCy 0.23 Q42 0.53 - - -

2mGs: 2-methylhexane; 3mg 3-methylhexane; 3Et 3-ethylpentane; diB: 2,2-dimethylpentane + 2,3-dimethylpentane + 2,4-dimethylpentane; triB: 2,2,3-
trimethylbutane; n.m.: not measured.

n-alkane Falkane For the WC-type catalyst, the activation energy was
found to be equal to 170 kJ/mol. This value is in agreement
with that calculated over Pt/zeolif&@2]. For MoWG 500 6

and HMoWQ 7Cy 5 catalysts, we cannot calculate the acti-
vation energy. Indeed, at temperature higher than°800

g:}ll;glrco?:f;?sn ﬁ;iﬂ;ifi;‘ﬁi;ﬁ“ ﬂ;&ggﬁ;&ﬂfn (573K), the WG phase undergoes a carb_urization (due to
Mo-C Mo-C hydrocarbons in fche reaction s_tr_eam), with a _subsequc_ant
W-C W-OH change of selectivity, which prohibits any calculation of acti-
vation energy.
ralkene ralkene At conversion higher than 60%, a rake mechanism is

H observed, according to Guisnet et[aB]:
2 H;
i nCra=> SB —» MB —» PC

Fig. 4. Catalytic cycles representing the three functions of a two-way iso-
merization.

to the consumption of the olefin, according to the following

1 4 | I
global reaction: OnC; == 0SB =20 MB e=—=0PC

For MoWG 509.6 and HMoWQ 7Cy 5 catalysts, contact

nCy =iCy ) times higher than 1.15 s cannot be obtained due to diffusion
The sequence can be described as follows: limitations.
nC; + OH S onCy (4) 4.1. Simulation
OnC;" A2 0iC;
7 7 ®) The experimental curves over the)@ttype catalyst lead
o iC,' < iC; +O H (6) us to calculate rate constants by simulating the global kinetics
of the reaction.
where theJH* stands for acidic adsorption sites. The reactional sequence considered is
The third cycle corresponds to the hydrogenatioiCafto
iC7on met.alllc sites, which can be described by the following nCy (:,1 SB& MB + PC (11)
sequence: ko1
H +2%  =» 2*H ) The calculations with global kinetics give:
iCy +2% *jCq * —d[nC
7 = U (8) % — k1[nC7] — k_1[SB] (12)
*ICF 4+ *H — *iCyH + 2* 9
iC7 iCy ) d[SB]
—— = ka[nCy] — k2[SB] — k_1[SB] (13a)

*iC7H + *H — iCy + 2* (10) ar
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1 dnC7] k1 _ kika
SBl = — — —=[nC (13c)= (14a)= | 2k1 — — ) [nC7]
S8 =1~ " k_
diSB] 1 &’[nC7] ki dnC] _ (14 F2 ) dnCil
= = L 2t (13b) Z o
dr k_1 df? k_1 df -1
_ 1 PnCq] ka1 d[nCy] (14b)
= S -~
ASB] _ g (LG ki kyoodt ke de
ar TR T T g PR and hence
1 dnCl; ki d?[nC7] d[nCr]
_ il bt U2 —_— k1 + k_ k k1k2[nC7] =0
k_1 (k—l i k_l[nC7] (13c) a2 + (k1 + k-1 + k2) o Tk 2[nC7]
(15)
N d[SB] _ _kikz [nC] — k2 + k1 d[nC7] (14a) Between 0 and 60% of conversion, the curve represent-
dr k-1 k-p o dt ing [nC7] versus contact time presents an exponential shape
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Fig. 5. Simulated curves vs. experimental curvesioy (A) and SB (B) on WC-type catalyst.



114

(Fig. BA). The slope of the linear transformation of this curve,
plotted inFig. 5A, givesk; = 5.1 s L. In this range of conver-
sion, the reactionC; — SB is a one-way process.

At conversion higher than 60%, the kinetics changes
(Fig. 5), the rate of the reverse reaction SBnC7 (v_1)

A.-F. Lamic et al. / Journal of Molecular Catalysis A: Chemical 237 (2005) 109-114

were synthesized using ethane as a carburizing agent for a
lower temperature of carburization in order to preserve a high
amount of oxygen species during the synthesis.

Kinetics of isomerization ofi-heptane has been studied.
The main products are single-branched isomers @ar

becomes not negligible and the reaction becomes a two-way3mGs). The ratio 2mG/3mGs is close to 1, indicating that

reaction which results in Eq15). The solution of such an
equation is:

[nC7(f) = Ae™ + Be'? (16)
wherex; andx; are the solutions of the following equation:
x? 4 (k1 + k—1 + ko)x + kikp = 0 (17)

giving

B (k1 4+ k—1 + ko) = /(k1 + k—1 + k2) — dk1k2
2

X12 =
(18)

The equation of the simulated curve of the consumption
of n-heptane is

[nC7](r) = 0.85€ 58 1 0.1500¥ 19)

This equation has a real kinetic signification: the first expo-
nential represents the transformationmfieptane into SB
and the second represents the reverse reactionr $B7.

Moreover, at=0, we have fiC7](0) = 1.

Using the simulated curves, we obtained:=—0.08,

Xo = —6.8, withk; =5.1s1.

By linear combinations of the expressionspandx,, the
values of the kinetics constants are determinéd a5.1 1,
k.1=1.67st k=0.11st.

It is worth noting thatk; +k_;=6.87, and this value
corresponds to the parameter 6.8 existing in E).
[nC7]1(H)=0.85e88+0.15e 008 |t is representative of a
classical two-way reaction.

Using these values to simulate the evolution of the SB
concentration Kig. 5B), a good fitting of the experimental
plot was obtained up to 70% conversion. For higher con-
version, the system becomes more complex, the-SBC7

(v—1) becoming too high and step 1 being a two-way process.

For the other catalysts, the conversion is not suffi-
ciently high and onlyk; could be calculated: for Md&C—
WO,, k;=0.6s1; for HMoWO; 7Co5-M0oyC-WOp,
k1 =0.47st.

5. Conclusions

Three catalysts were used forheptane isomerization:
W>C, MoWCy 5006 and HMoWQ 7Cps. These carbides

the three materials are two-way catalysts. The isomerization
mechanism is a classical mechanism involving two functions
—the metallic (carbide) and acidic (W—OH) ones — and three
non-coupled catalytic cycles. In the first cycteheptane is
dehydrogenated to-heptene on the metallic site. In the sec-
ond cycle,n-heptene diffuses to an acidic site where it is
isomerized, involving successive steps, and, during the third
cycle, the resulting unsaturated isomers migrate to a metallic
site to be hydrogenated.

Itis shown that, whatever the catalyst, isomerization corre-
sponds to a global first order reaction in respectteptane,
and the selectivity in isomerization products is high (at least
89%). By using the simulation of the curves of disappearance
of nC7 and appearance of the SB, the first step (transforma-
tion of nC7) is shown to be a two-way process. It is then
possible to calculate the different rate constants.

By changing the nature of the metallic phase and provid-
ing a high hydrogenating function, this study shows that the
kinetics is governed by the isomerization step occurring on
the acidic sites, W—OH.
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