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The catalytic reactions between O, and hydrocarbons are an important class of reactions in energy and
chemical industries. This study aims to investigate the complicated reactions involving reactive radicals
on the catalyst surface and in the gas phase during the partial oxidation/combustion of light alkanes.
In order to avoid intra-particle transport constraints associated with the traditional porous catalysts, a
non-porous nickel mesh catalyst has been used in this study for the partial oxidation of ethane with O,
at 625 °C at atmospheric pressure. The catalytic effects of the nickel mesh strongly depended on the flow
rate of gas reactants passing through the mesh. At a low gas flow rate, the nickel mesh catalyst showed
negative effects for the oxidation of ethane. At a high gas flow rate, the same catalyst showed positive
catalytic effects. Our results can be explained by considering the selective/preferential adsorption and
desorption of different radicals onto and from the catalyst surface. It is believed that the desorption of
some surface generated radicals (e.g. OH radicals) may be greatly affected by the thickness of the mass
transfer gas film around the mesh wires, which in turn is affected by the gas flow rate passing through
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1. Introduction

The catalytic reactions between O, and hydrocarbons are an
important class of reactions in energy and chemical industries. The
catalytic combustion of natural gas promises to reduce the emis-
sions of air pollutants drastically. The catalytic partial oxidation of
alkanes with O, remains a potential clean alternative to the energy-
intensive steam cracking of light alkanes [1] in the production of
alkenes, especially ethylene and propylene whose demands con-
tinue to raise [2].

Traditionally, catalysts in the form of porous particles are
normally employed for this type of gas—solid reactions. There
are, however, some great disadvantages associated with the
use of porous catalysts especially for fast reactions such as
hydrocarbon-0, reactions at high temperature. The reaction sys-
tem can easily become rate-limited by mass and/or heat transfer.

At high temperature, the catalytic reactions of hydrocarbon-0,
mixture are exceedingly complex. The reactions involving numer-
ous radicals take place both in the gas phase and on the catalyst
surface. Significant evidence [3-12] exists to show that surface-
generated radicals do not always continue their reactions on the
catalyst surface but can also desorb from the surface to participate
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in the gas-phase reactions both outside the catalyst particle as well
as inside the catalyst pore itself.

When porous catalysts are used, the mass transfer limitation for
reactive radicals inside the catalyst pores can become “irreducible”
[13,14]. Unlike the molecular species, the elimination of transport
limitations for highly reactive radical species would require parti-
cle sizes that are too small to be achieved practically, for example,
based on pressure drop consideration. It then becomes a forbidden
task to understand the inter-influence between the reactions on the
catalyst surface and those “in the gas phase” within the pores of a
catalyst particle.

The dual roles of catalyst surface in generating and quenching
the radical intermediates [9,12-15] brings further intricacy in eval-
uating the exact contributions of homogeneous and heterogeneous
pathways to the overall reaction mechanism. When the radicals
generated on the catalyst surface desorb into the gas phase, these
radicals may initiate and speed up the gas-phase radical reactions.
The catalyst would thus show positive effects on the observed reac-
tion rates [3-5,10]. On the other hand, when the radicals generated
in the gas phase adsorb onto the catalyst surface [16], the chain of
radical reactions in the gas phase would be effectively shortened.
The catalyst would then show negative effects on the observed
reaction rates.

For a non-porous mesh catalyst, the absence of a complicated
internal porous structure means the automatic elimination of intra-
particle diffusion resistance for the radicals, which would otherwise
exist for a porous catalyst. Our previous studies [8-12] using non-
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Fig. 1. Design of the reactor and its axial temperature distribution (measured from inside the quartz tube reactor).

porous mesh catalysts have shown that the desorption of radicals
from the catalyst surface into the gas phase can be effectively facil-
itated by decreasing the gas film thickness around the mesh wires.
This was achieved conveniently by increasing the gas flow rate pass-
ing through the mesh catalyst [8-12]. Clearly, the non-porous mesh
catalysts provide a convenient means to examine the effects of
radical adsorption/desorption on the mechanisms of hydrocarbon
reactions which are often overlooked in kinetic studies.

We have demonstrated [8,12] that the desorption of radicals can
not only change the observed reaction rates but also change the
formation of carbon deposit on the catalyst surface. More recently,
we have shown [17] that the desorption of radicals from the cata-
lyst surface can be used to control/enhance the growth of carbon
nanofibres. The focus of our previous studies [8-11,17] has mainly
been on the adsorption and desorption of hydrocarbon radicals. In
this study, we aimed to investigate the adsorption and desorption of
radicals in the more complicated ethane-0, reaction system where
hydrocarbon radicals together with O-containing radicals (e.g. OH
radicals) are present. Both positive and negative catalytic effects
of a nickel mesh catalyst have been observed for this reaction sys-
tem. Our observations are explained by considering the preferential
adsorption and desorption of C;Hs and OH radicals.

2. Experimental

The experiments were carried out in a quartz tube reactor iden-
tical to those previously described for the pyrolysis of ethane [12].
The reactor with an internal diameter of 2.0cm and a length of
80 cm was placed and heated inside a 60 cm long single-heated-
zone electrical furnace. The reactor was positioned so that 10 cm of
its top and bottom were outside of the furnace (see Fig. 1). Reac-
tant gases used were chemically pure grade ethane (99.00% purity)
from BOC and the mixture of O, in argon balance (Coregas). The
flow rates of the gases were controlled with mass flow controllers
(Aalborg) separately and are reported throughout this paper as the
flow rates under normal ambient condition (25 °C and 1 atm). With
the pre-set ratios controlled by the mass flow controllers, all the
gases were allowed to mix before being fed directly into the reactor
from the bottom.

The reactor was operated both as a non-catalytic and a catalytic
reactor. When it was used as a catalytic reactor, a nickel mesh (36%

open area and 0.38 mm width opening) was used as a catalyst. The
mesh (from Unique Co.) was weaved (40 x 40) using pure nickel
wires of 0.25 mm diameter. A fresh round piece of nickel mesh with
a diameter just slightly larger than 2.0 cm was used as the catalyst
for each experiment. It was then washed with a mixture of methanol
and chloroform to remove greases and impurities before being used.
The mesh catalyst was placed inside the quartz tube, slightly above
the middle of the reactor, which is the onset of isothermal zone as
is shown in Fig. 1.

In this study, we also performed experiments using three layers
of nickel mesh, 5 mm apart, as catalyst. In the presence of the first
piece of mesh, the temperature at locations 5 and 10 mm above the
first mesh was measured, confirming that all meshes would be in
the isothermal zone, as expected from Fig. 1.

In each experiment, the reactor was heated slowly from room
temperature to 625 °Cin the isothermal zone after purging the reac-
tor with the reactant gas. This temperature was chosen for this study
because the non-catalytic reactions proceed significantly (but not
excessively) under current experimental conditions. A significant
extent of non-catalytic reactions is necessary in order to investigate
the inter-influence between the reactions on the catalyst surface
and those in the gas phase. The thermal expansion of the mesh
during heating, being larger than that of quartz, ensured that the
mesh catalyst remained at its intended position at all times during
the course of the experiment. A K-type thermocouple was installed
in contact with the mesh catalyst inside the quartz tube reactor
to monitor the reaction temperature. Fig. 1 shows the axial tem-
perature profile of the reactor and indicates the position of mesh
catalyst during experiments. All experiments were run for more
than 120 min, during which the reaction rates reached their plateau
values.

After holding for 120 min, the reactor was immediately cooled
to allow the mesh to drop to the bottom of the reactor. As soon as
the mesh dropped, the temperature was once again raised to the
same set temperature for the study of reactions without a catalyst
(blank experiment). During the blank experiment, the thermocou-
ple remained inside the reactor at the same location as in the
corresponding catalytic experiment.

Reaction products were analysed using two different gas chro-
matography (GC) systems. An HP 5890 GC equipped with a HayeSep
DB column (15 ft x 1/8in.) and a flame ionization detector (FID) was
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used to quantify hydrocarbons in the product gases while other light
gases were analysed using a PerkinElmer Autosystem XL GC with a
molecular sieve column (1 m x 1/8in.), a Porapak N (3m x 1/8in.)
column and a thermal conductivity detector (TCD). The formation
rates of various product species (other than H,0) were calculated
by considering the total gas flow rate and the concentration of the
species as detected by the GCs. Each datum of product formation
rate reported here represents an average of at least three samples
taken after the reaction had reached its steady state during the same
experiment.

3. Results and discussion
3.1. Gas-phase ethane oxidation

Extensive experiments with an empty reactor were carried out
in order to understand the non-catalytic gas-phase reactions. Total
gas flow rates were varied to see the effects of residence time on
reactant conversion and product distributions. In all experiments,
C,Hg/O, /Ar feed composition was 10/5/85 (by vol) and the temper-
ature inside the reactor was kept constant at 625 °C. Fig. 2 shows
product formation rates at different total gas flow rates.

Mechanisms describing gas-phase reactions of ethane oxida-
tion have been proposed in previous studies [3,18-22]. A list of
commonly accepted main elementary reactions in the absence of
a catalyst is presented in Table 1. It should be emphasised that
Table 1 is not meant to include hundreds of all possible elemen-
tary reactions but only to include the main reactions responsible
for the formation and destruction of main products. In a purely
homogenous system, two possibilities of ethane activation exist.
Ethane can undergo unimolecular decomposition to form CH3 radi-
cals (1) or alternatively it may react with molecular oxygen to form
C,Hs and HO, radicals (2). Using rate constant values in Table 1,
the relative importance of radical initiations by reactions (1) and
(2) can be estimated. Under our reaction conditions of 5.0% oxygen
(6.8 x 10~*mol/L), 625°C and 1atm

rate(1)  ky
rate(2)  ky[03]

Therefore, reaction (1), followed by reaction (3), is the main ini-
tiation step of the radical chain reactions in the gas phase. It should
be noted that the chain initiation through reactions (1) and (3) or
through reaction (2) would lead to the same radical of C;Hs for
further reactions.

The resulting ethyl radicals will then transform into ethylene by
direct attack of oxygen molecule (4) or through its thermal decom-
position (5). However, from the following expression:

rate(4)  kq[O7]
rate(5) ~ ks

~ 4600

reaction (4) is the prevailing pathway for ethylene formation. The
HO, radical produced by reaction (4) can abstract hydrogen from
another ethane molecule to return an ethyl radical while producing
hydrogen peroxide (6). Hydrogen peroxide acts as a chain branching
agent whereby its decomposition through reaction (8) yields more
reactive OH radicals [3,19]. As the reaction proceeds inside the reac-
tor, the concentration of HO, radicals will increase rapidly and as
a result, reaction (7) is promoted more than reaction (6) [18]. Like-
wise, the concentration of OH radicals will also increase and hence
reaction (9) immediately becomes the primary reaction for ethane
consumption [18].

From this mechanism in Table 1, it is obvious that OH radicals
play crucial roles in the gas-phase reactions involving ethane and
oxygen. Since this radical is very reactive, it will not only act as a
hydrogen abstractor from ethane molecules (9) but also responsi-
ble for further degradation of C;H4 which ultimately leads to the

formation of CO, CO, and H; as terminal products as is described in
Table 1.

In our study, the oxidation of ethane in the empty reactor
shows typical behaviour of a radical chain process. As is shown in
Figs. 2 and 3, the gas-phase non-catalytic reaction rates, labelled as
“blank”, were observed to increase monotonically with decreases
in the total gas flow rate. This implies that the gas-phase reactions
were profoundly dependent on the concentrations of various free
radicals [18]. During a blank experiment at a high gas flow rate, the
short residence time did not generate radicals at concentrations
high enough to allow the reactions to take place at high rates. Short
residence time also means that the radicals and the reactants did
not have enough time to react in the heated zone. At high gas flow
rates (>2.0Lmin~!) where C;Hg conversion was found to be very
low, C;H4 turned out to be practically the only C-containing prod-
uct species. As the conversion increased with increasing residence
time, other species started to show up in the product gas. Changes
in product selectivities (Fig. 4) are mainly attributed to the degrada-
tion of CoHy4 through reactions (18)-(26) as the gas spent relatively
longer time inside the reactor. As presented in Table 1, the pathway
for C;H4 degradation involves OH radical attack to yield COy, Hy
and H, 0 via various intermediates such as C;H3, CH3 and CH,O.

3.2. Catalytic partial oxidation of ethane using a single layer of
nickel mesh catalyst

Product formation rates in the presence of a single layer of mesh
catalyst are also plotted in the same figure (Fig. 2) as for the blank
experiments in order to facilitate comparison between catalytic and
non-catalytic reactions. In contrast to the results obtained in the
blank experiments where formation rates of all products increase
monotonically with decreasing gas flow rate, reactions with the
nickel mesh catalyst exhibit more complex patterns. From Fig. 2,
the effects of nickel mesh catalyst can be broadly divided into two
distinct regions. One is the lower flow rate region (<1.7 Lmin—1) in
which formation rates of hydrocarbon products particularly CoHy
were lower (“negative catalytic effects”) than that obtained by the
reactions without a catalyst. Another is the higher flow rate region
(>1.7 Lmin~1) where “positive catalytic effects” in term of product
formation rates and reactant conversions were observed.

3.2.1. Quenching of radicals—negative catalytic effects of mesh
catalyst

A careful comparison of reactant conversions between blank
and catalytic experiments (Fig. 3) reveals that there was a slight
decrease in the conversion of ethane in the catalytic experi-
ments compared to the blank ones at the very low gas flow rates
(<1.7Lmin~1). As can be seen from Fig. 2, significant amounts of
product species were formed from the homogeneous non-catalytic
reactions in this region. Mass balance calculation also indicated
that appreciable amounts of H,O (not shown in the graph) were
also formed from the gas-phase reactions. The adsorption of prod-
uct molecules (e.g. CO, and H,0) onto the catalyst surface could
have inhibited the reaction on the catalyst surface [11,23,24]. How-
ever, this inhibition could at most give similar C;Hg conversions,
but would not cause decreases in C;Hg conversion as we observed
experimentally (Fig. 3).

We believe that the presence of a nickel mesh has disrupted the
chain reactions in the gas phase by providing a surface to catalyse
the radical termination reactions, i.e. the “negative catalytic effect”.
More than one type of radical species could be quenched on the
catalyst surface. However, the data in Fig. 2 show a bigger negative
effect of catalyst on formation rates of C;H,4 and other hydrocar-
bon products than other products. Therefore, hydrocarbon radicals
would be quenched the most. Hydrocarbon radicals such as C,Hs
and CHj3 formed in the gas phase upstream of the Ni mesh may
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Fig. 2. Changes in product formation rates with the total gas flow rate from the catalytic and non-catalytic (blank) partial oxidation of ethane at 625°C with the feed

composition of C;Hg/O2/Ar=10/5/85 (by vol) at atmospheric pressure.

collide with the catalyst surface to form alkoxide species. Collision
between a methyl radical and catalyst surface is believed to result
in the formation of surface methoxide [15]. Similarly, the collision
of an ethyl radical with the nickel mesh catalyst covered by the
adsorbed oxygen species in our study could result in the formation
of surface ethoxy species:

CHs(g) + 07 (s) = CH30(s) (27)
C2Hs(g) + 07 (s) = CoHs50(s) (28)

The unstable surface ethoxide can be transformed to ethylene.
However if ethylene fails to diffuse immediately into the bulk gas

stream, reaction (29) can then be easily shifted to the right [25,26]
to form thermodynamically more stable COx in the same way as

that of the methoxide degradation (30) [15]:
CyHy(s) + OH(s) < CyHs0(s) — CH3COO(s), HCOO(s) — COx(29)
CH;30(s) — HCOO — COy (30)

While the formation and degradation of surface alkoxide
species, as outline above, may explain the increased formation of
CO, (Fig. 2) in the presence of the mesh catalyst, other reactions on
catalyst surface must be considered to account for the decreases in
the ethane conversions due to the presence of the mesh catalyst as
shown in Fig. 3. We suspect that C-containing radicals could adsorb
on Ni surface and then recombine to form the original C;Hg, e.g.
through reactions (31) and (32):

CHs(s) + CHs(s) = CoHs(s) (31)
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Table 1
A list of main elementary gas-phase reactions and their rate constants under present experimental conditions.
Reaction k(s'orM-1s1orM2s1)at 898K Refs
Initiation
Cy;Hg = CHs +CHs (1)

9.17 x 10> [21]
CyHg + 02 = CyHs +HO, (2)

3.86x 103 [20]
CH3 + CoHg = CH4 + CoHs 3)

2.74 x 105 [21]
Propagation
CyHs + 0, = CHa +HO, (4)

2.47 x 107 [20]
CHs = GHs +H (5)

3.63 x 10° [39]
HO, + CoHg = CyHs +H,0, (6)

6.30 x 104 [20]
2HO; = H;0, + 0, (7)

2.00 x 10° [21]
H,0, +M = 20H + M (8)

1.01 x 10° [22]
OH + CGyHg = H,0 + GyHs 9)

3.53 x 10° [21]
Termination
CH; + CHs = C,Hs (10)

1.68 x 10" [20]
CoHs + CoHs = CoHg +C2Hy (11)

1.40 x 10° [20]
CyHs + CH3 = CsHg (]2)

1.14 x 101° [40]
CyHs +CH3 = C;Hs + CHy (13)

2.43 x 106 [20]
CoHs +OH = CyHg +H,0 (14)

2.41 x 1010 [20]
HO, +OH = H0 + 0, (15)

2.00 x 10'° [21]
Reactions leading to COx and H, formation
CyHs +HO, = CH3 + CH,0 + OH(16)

2.50 x 1010 [20]
C;Hs +OH = CH3 +CH,0 + H (17)

2.41 x 1010 [20]
CyHs +OH = CH3 + CH,0 (18)

1.17 x 10° [22]
C,Hs +OH = CyH; +H,0 (19)

7.31 x 108 [21]
C;H3 +OH = CyH; +H,0 (20)

3.00 x 10'° [21]
CH,0 + OH = CHO + H,0 (21)

1.53 x 1010 [21]
C;H, +OH = CH3 +CO (22)

2.76 x 101 [22]
CH; +OH = CH,0 + H, (23)

1.03 x 100 [21]
CH; + HCO = CH4 +CO (24)

9.05 x 10° [22]
CO + OH = CO, +H (25)

1.79 x 108 [21]
H+H+M=H,+M (26)

7.13 x 108 [21]

C2Hs(s) + CoHs(s) = CaHe(s) + CaHa(s) (32)

Clearly, reaction (32) is more important than reaction (31)
because C;Hs would be more populated than CHs.

Another possible mechanism of negative catalytic effect is the
quenching of the O-containing radicals [13-15]. As discussed in Sec-
tion 3.1, O-containing radicals (HO, and OH) are very important
chain-carriers in the gas-phase reaction network. Since their reac-
tions are so crucial in the activation/consumption of ethane and
also in the subsequent reactions involving radicals and molecu-
lar products, the depletion in their concentration will lead to the
decrease in the overall conversion of C;Hg. In this study, however,

we believe that the quenching of the O-containing radicals was
less significant than that of the hydrocarbon radicals. As will be
discussed later in the next section, under our experimental con-
ditions, it is expected that surface-generated O-containing radicals
will have more tendency to desorb from the catalyst surface. By con-
sidering the reversibility at the micro-molecular level, species easy
to desorb must not adsorb easily. We therefore presume that the
quenching of the oxygen-containing radicals had less effect on the
inhibition of the gas-phase reactions observed in this study. Indeed,
if HO,/OH radicals are quenched more than the hydrocarbon radi-
cals, the adverse effects of radical quenching must have been seen
more profoundly on the formation rates of the degradation products
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(COx), due to their ability to facilitate deep oxidation [27], which is
opposite to the experimental observation: the CO, formation rate
actually increased due to the mesh catalyst (see Fig. 2).

3.2.2. Radical desorption—positive catalytic effects of mesh
catalyst

Although the catalytic formation rate of C;H4 was lower than the
blank at low gas flow rates (<1.7 Lmin~1), an abrupt increase within
a narrow flow rate range was observed when the flow rate was

30 120

251 100
20 ¥ 180
oCo2

+60

140

C-Selectivity, %
C-Selectivity, %

120

Total gas flow rate, L min™

Fig. 4. Changes in C-selectivity with the total gas flow rate for the non-catalytic
partial oxidation of ethane at 625 °C and C;Hg/O,/Ar=10/5/85.

increased from 1.7 to 2.0 Lmin~! (Fig. 2). This somewhat unusual
“abrupt-effect” of gas flow rate is however completely unexplained
by the theory of molecular species diffusion. This is because the
mass transfer of molecular species to and from the catalyst alone
would only exhibit a monotonic pattern in product formation rate
[12], which is absolutely contrary to that observed in this study
(Fig. 2).

A plausible explanation of the above observation is the change
in the mass transfer of reactive radical species [8-12]. It is widely
accepted [6,23] that the first step in the catalytic activation of sat-
urated light hydrocarbon involves the breaking of C-H bond on
an active surface site to form radicals. In the case of ethane, the
molecule could dissociatively adsorb on the nickel metallic sites to
form C;Hs and H radicals:

CoHg(g) = CoHs(s) + H(s)

The dissociative adsorption of C; Hg took place concurrently with
the adsorption of another reactant O,:

02(g) = 207(s)

Therefore, an alternative step of C;Hg initiation is likely to be
the reaction of C;Hg with the adsorbed oxygen atoms rather than
its direct adsorption on the clean surface:

CoHs(g) + 07 (s) = CaHs(s) + OH(s)

In fact, it was found in the past [28-31] that oxygen species
adsorbed on Ni surface has promoted C-H bond cleavage during
the catalytic oxidation of methane.

Taking into account of reactions (33)-(35), it is clear that four
types of reactive species, namely O(s), H(s), OH(s) and CyHs(s),
were present on the catalyst surface. The tendency of each type
of the species to desorb from the surface is largely determined by
the strength of their bonding with Ni surface. The binding energies
of O-Ni, H-Ni, OH-Ni and C;Hs5-Ni at zero coverage are 115, 63,
60.9 and 49 kcal/mol [32-34], respectively. The strength of OH-Ni
bond is however very dependent on the surface oxygen coverage.
Patrito et al. [35] have studied the energetics of hydroxyl adsorp-
tion on Ni and other metals. They found that high oxygen coverage
lowers the OH-Ni bond strength from 60.9 kcal/mol at the zero cov-
erage to 42.9 kcal/mol and 33.9 kcal/mol at the surface coverages of
0.6 and 1, respectively. The effects of oxygen coverage on the des-
orption of OH from Ni surface were observed by other researchers
[36,37] where variation in the activation energy of OH desorption
was reported.

Under our experimental conditions, low gas flow rates caused a
thick and relatively stagnant gas film to be developed around the Ni
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Fig. 5. Changes in C-selectivity with the total gas flow rate for the catalytic partial
oxidation of ethane at 625 °C and C;Hg/O,/Ar=10/5/85.
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wire mesh. The thick gas film would bring a difficulty for the radicals
to diffuse into the bulk gas phase. Hence, few radicals would man-
age to desorb into the gas phase before they are consumed within
the gas film. The increase in the gas flow rates (0.4 to ~2.0Lmin~1!)
decreased the thickness of the gas film around the mesh. The des-
orption and diffusion of the radicals into the gas phase then became
easier [8-12]. Under our reaction conditions where high oxygen
coverage is expected, we believe that OH radicals could desorb into
the gas phase once the gas film thickness was reduced with increas-
ing flow rate. The desorption of OH radicals from Ni surface has, in
fact, been detected in the past studies [37,38] using a laser-induced
fluorescence technique during the reaction of H, and O,.
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Fig. 6. Effects of C;Hg partial pressure on (a) C;H4 formation rate, (b) C;Hg conver-

sion and (c) O, consumption at total gas flow rate of 1.5Lmin~" and 3.5Lmin~"'.

The desorption of OH radicals from the catalyst increased the
concentration of OH radicals in the gas phase, which in turn resulted
inthe increasesin the overall gas-phase reaction rate. As can be seen
in reactions (9), (14), (15), (17)-(26), OH radicals are involved in
both C;Hg consumption and many parts of deep oxidation mech-
anisms that lead to the formation of CO. Further reactions of OH
with CO yield the thermodynamically stable CO, product together
with H radical. One fate of H radicals would be their recombination
to form Hj. Therefore, the desorption of OH radicals will increase
the consumption of C;Hg (Fig. 3) and the formation of C;H4 and
other products including CO, CO, and H, (Fig. 2). However, as OH
radicals are involved in many rapid deep oxidation reactions [e.g.
reactions (17)-(26)], the increased OH radical concentration in the
gas phase would certainly speed up these deep oxidation reactions
more than the reactions for the formation of C;Hy [e.g. reactions (9)
and (4)]. This explains why the selectivity of C;H4 decreased while
that of CO, increased (Fig. 5) as the flow rate was increased up to
2.0Lmin~1.

Atvery high gas flow rates (>2.0 Lmin~—!), the mass transfer resis-
tance for the desorption of OH radicals from the catalyst surface is
very small and no longer the rate-limiting step. The rates of OH rad-
ical generation on catalyst, which are chemical reactions, become
the rate-limiting step. Hence, further increases in the total gas
flow rate beyond 2.0 Lmin~! would not result in further increases
in the rate of OH radical generation and desorption. Instead, fur-
ther increases in gas flow rate beyond this point would only dilute
the concentrations of OH radical in the gas phase downstream the
catalyst. The combined effects of decreased radical concentration
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and decreased residence time for subsequent reactions in the gas-
phase reaction at the higher flow rates (beyond 2.0 Lmin~1) result
in decreases in the reaction rates. The explanation outlined here
provides a plausible explanation for the decreases in the catalytic
formation rates of all products (C;Hy4, CHg, CO, CO, and Hy) at flow
rates higher than 2.0 Lmin~! (Fig. 2). The changes in product selec-
tivity (Fig. 5) with increasing gas flow rate (>2.0 Lmin~') are due to
two related reasons. Firstly, decreased OH radical concentration due
to the dilution effect mentioned above would also decrease the rel-
ative importance of deep oxidation reactions [reactions (17)-(26)].
This contributes to the increases in the selectivity of C;H4 and the
decreasesin the selectivities of CO, and CO (Fig. 5) from the catalytic
reactions at total gas flow rates higher than 2.0 Lmin~'. Secondly,
furtherincrease in the gas flow rate beyond 2.0 L min~! would mean
shorter time spent in the heated zone of the reactor by C;H,4 prod-
uct molecules, allowing them to exit from the reactor before they
were destroyed to COy, H, and H,O.

3.2.3. Effects of reactant partial pressures

We have carried out experiments at different ethane/oxygen
partial pressures in order to justify the above discussion made on
the radical quenching and radical desorption. With the total pres-
sure remained at atmospheric, the reactant partial pressures were
varied by changing the relative proportions of C;Hg and O, while
the percentage of argon dilution was kept at 85%. In this exami-
nation, two different flow rates were chosen (1.5 and 3.5Lmin~1)
to represent two different regions: the region of negative catalytic
effect and the region of positive catalytic effect respectively.

As noted in the previous sections, gas-phase activation via reac-
tions (1) and (3) are dominant at lower flow rates. Increasing C;Hg
partial pressure will promote these activation reactions. However,
due to the importance of O, in the propagation steps, continued
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increases in the C;Hg partial pressure would not always result
in continuous increases in the overall reactions rate. As is clearly
shown in Fig. 6, the formation rates of C;H4 from the catalytic and
non-catalytic reactions increased initially as the C;Hg partial pres-
sure was increased. Further increases in the C;Hg partial pressure
for the reactions at 1.5Lmin~! however resulted in the catalytic
formation rate of C;Hy4 to approach its maximum value. It is also
obvious in Fig. 6 that the formation rate of C,H4 and the conversion
of C;Hg were always lower in the presence than in the absence of a
mesh catalyst during reactions at 1.5 Lmin~! even around the max-
imum values. This has given further evidence on the dominance of
the gas phase reactions at lower flow rate region and the effect of
radical quenching during catalytic reactions in this region.

The reactions in the higher flow rate region are more influenced
by the activation on the catalyst surface and the desorption of rad-
icals. At 3.5Lmin~!, the catalytic reaction rates at all C,Hg partial
pressures studied showed larger values than those obtained from
the blank experiments. Within this range of C;Hg/O; ratio (partial
pressures), O, did not become a limiting reactant on the catalyst
surface, as is evidenced by its low conversion (Fig. 6). Increasing
CyHg partial pressure could promote surface activation via reac-
tion (35) and consequently resulted in the increased formation
of surface-generated OH radicals which subsequently desorbed
into the gas phase to enhance ethane consumption via reaction
(9). It is clear that two consequences existed when the C;Hg par-
tial pressure was increased at 3.5Lmin~!. One was the increase
in ethane activation on the catalyst surface and another was the
increase in the reaction of ethane with OH radicals in the gas
phase. These two effects combine to provide a conceivable expla-
nation to the non-linear increase (Fig. 6) of catalytic reaction rates
with increasing C,Hg partial pressure observed at the flow rate
of 3.5Lmin~".
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Fig. 8. Comparison of product net-catalytic formation rates from reactions with 1 layer of mesh catalyst and 3 layers of mesh catalyst.
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3.3. Further study using 3 layers of nickel mesh

Further investigation was carried out by employing three pieces
of nickel mesh. In these experiments, the meshes were placed in
the isothermal zone with a distance of about 5 mm apart. The first
layer of mesh was always ensured to be in the position identical to
that in the experiments using one piece of mesh. The second and
third pieces were down stream (physically on top of) of the first
(see Fig. 1). The “net” catalytic contributions in term of reactant
conversions and product formation rates were calculated by sub-
tracting the rates of the blank experiments from the ones obtained
with Ni mesh (1 or 3 layers) at the same flow rate (Figs. 7 and 8).
To our surprise, increasing catalyst surface area by increasing the
number of mesh pieces did not always bring a proportional increase
in reactant conversion. As is shown in Fig. 7, extra catalyst surface
area had a promoting effect on ethane and oxygen conversion at
higher flow rate (>1.5Lmin~1) region. However, at the lower flow
rate (<0.8 Lmin~') region, reactant conversions (especially C;Hg)
were much lower than those of the blank experiments.

As can be seen in Fig. 8, the use of three layers of nickel
mesh tended to give higher formation rates of CO, and H, than
that obtained with a single layer of mesh. The formation rates
of other products (mainly C;H4) however only increased at high
flow rates (>2.0 Lmin~1) but dropped significantly at low flow rates
(<2.0Lmin~1). The C;H4 formation rates at high flow rates though
did not increase to the same magnitude as the increases in COx
and H,. The results using 3 layers of mesh support our discus-
sion presented in previous sections on the roles of mesh catalyst.
In particular, the large negative impact on the formation rates of
hydrocarbon products at lower flow rates further confirms that
the radical species which has been quenched most by the catalyst
surface at lower flow rates region must be hydrocarbon radicals
(e.g. CoHs). It is also clear that the desorption of surface-generated
O-containing radicals (OH radicals) has resulted in the enhanced
reaction rates to form COyx and H, more than C;H4. Some CyHs
radicals desorbed form the earlier catalyst layer may have been
quenched by the next catalyst layer. This explains why C,H,4 for-
mation rates at high gas flow rates did not increase to the same
magnitude as the increase in COx and H; when the number of
catalyst layer was increased from one layer to three layers.

The void regions in between mesh pieces at least partly repre-
sent the situations inside the pores of a porous catalyst through
which radicals have to diffuse to reach the bulk stream of the
gas flow. Inside these regions, radicals could have migrated from
one catalyst surface to another catalyst surface and many reac-
tions could take place on them before they exit the catalyst zone.
Although the actual situations inside the pore structure of a porous
catalyst are much more complicated than the (5 mm apart) space
between the mesh pieces, the heterogeneous-generation, desorp-
tion and quenching of the radicals observed from the experiments
using three layers of mesh have nevertheless given some insights
into the potential reaction mechanisms in the pores of a traditional
porous catalyst.

4. Conclusions

A catalyst may influence the gas-phase radical chain reactions
in two different ways. In this study using a non-porous nickel mesh

catalyst for the partial oxidation of ethane, the exact catalytic effects
of the catalyst strongly depended on the flow rate of gas reactants
passing through the mesh. At a low gas flow rate, the nickel mesh
catalyst showed negative effects for the oxidation of ethane due to
the quenching of hydrocarbon radicals (e.g. C;Hs) by the catalyst.
At a high gas flow rate, the same catalyst showed positive catalytic
effects due to the selective/preferential desorption of some radicals
such as OH radicals from the catalyst surface. The overall effects of
radical desorption would be the preferential increases in the forma-
tion of terminal products (CO, and Hj) relative to the formation of
CyHy. Our results will be valuable both in the fundamental research
for the rethinking of the reaction mechanism and in the applied
research for the improvement in catalyst and process design related
to any catalytic conversion of light hydrocarbons.
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