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ABSTRACT: The influence of water on low-concentration methane oxidation over Cu/y-Al,03 catalyst was
investigated in a fixed bed reactor. This paper studied water effect on activity of methane combustion, such as
water reversible adsorption, regeneration of the activity and surface characteristics of catalyst. Apparent
activation energy was found by experiments, and water surface coverage was computed by Langmuir
equation. It was found that the activity of methane combustion over Cu/y-Al,O; catalyst decreased with time
due to water adsorption. The inhibitory effect generated by water was weakened as the temperature rose
above 550°C. Reactivity could refresh if the catalyst particles were scavenged by N,. Kinetic experiment
showed that, if water was added into the feed, apparent activation energy (Ea) increased obviously
(81.4kJ/mol—153.0klJ/mol) and the reaction order with respect to water was -0.6~-1. By Langmuir equation,
it could be concluded that the coverage of water adsorption on catalytic active sites increased obviously as
vapor was introduced into the feed. If temperature increased, water coverage went down and tended to 0%
above 625C.

KEYWORDS: Cu/y-Al,O5 catalyst; Low-concentration methane; Catalytic combustion; water inhibition

1. INTRODUCTION

There was a large amount of low-concentration methane in the coal bed, especially in China. Conventional
combustion technology was hard to make use of them and the gas had no choice but to emit to the
atmosphere. Catalytic combustion had been considered to be a comparatively ideal burning mode so far,
which could achieve the effect of high-conversion-efficiency and low-pollution-emission with noble metal or
transition metal catalyst (L2341 A large number of studies had been done on the catalytic combustion of
methane with noble or transition metal catalyst, and combustion mechanism had been widely reported 5671
However the feed always contained a large amount of steam which could affect the reactivity during the
actual reaction. Therefore, water effect on methane combustion required further research [8.9,20]

Many catalysts had been investigated for their activity in the catalytic combustion of methane with water
over noble catalyst (such as Pd, Pt) and many conclusions was drawn. Some scholars considered that H,0

adsorbed on the active sites, which formed OH* groups, generating inhibitory effects on methane
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[11~15]

combustion Among the combustion products, H,0 had an obvious influence than CO, in methane

combustion. In oxygen-rich condition (O,/CH,4 > 2), it was hard to proceed the reforming reaction of methane

1126271 reported that, by means of situ DR-

with water. About the influence of water, the studies of Ciuparu et a
FTIR investigation, several OH adsorption bands were observed on the catalyst surface and hydroxyls were
found to related to the PdO phase. OH had bridged and terminal bonds before recombination and desorption

as water molecules, suggesting the dehydroxylation mechanism proceeds. Stasinska et al 18l

reported that
steam could promoted the growth of surface grain, resulting in the decrease of surface area of catalyst.
Meanwhile, Qiao et al 12021 reported the water vapor could obviously inhibit the catalytic performance of
Ce0,-CuO solid solutions for CH, and CO conversion, while CeO,-NiO showed a good resistance to water. By

special treatment to ensure differential condition, J.C van Giezen (2]

reported that apparent activation energy
of methane (Ea) increased from 86 kJ/mol to 151 kJ/mol if water was introduced into the feed and the order
with respect to water was found to be -0.76.

For methane combustion with water (0,/CH, > 2), inhibitory effects of water had been widely
acknowledged, especially in Pd or Pt %! However, there were few studies about transition metal catalyst,
such as copper. Water inhibitory effects at low temperature, adsorption characteristics and catalyst surface
property were not yet clear in methane combustion. H,0 surface coverage with temperature required further
study. The aim of this work was to investigate the water inhibitory effects on the copper based catalyst from
the following aspects: water adsorption, regeneration of activity, kinetic parameters of methane and water

surface cove rage.

2. EXPERIMENT
2.1 Catalyst Preparation and Characterization

y-Al,0; particles (specific surface area, 181.4m?/g; pore volume, 0.46cm>/g; pore diameter, 190.6A) were
used as support to Cu catalyst. y-Al,0; particle diameter was lower than 0.1mm, and calcined at 500°C for 6h
before loading. Alumina powder was impregnated with the metal using the incipient wetness technique.
0.294g Cu(NOs), powder was choose to load 0.1g Cu on the support(1g). The mass of distilled water, as
solvent for Cu(NOs), powder, was determined by the support mass and pore volume. Support particles was
impregnated with Cu(NOs), solution for 5h; after impregnation, the catalyst was dried at 150°C in drying oven
for 6h in air and calcined for 6h in muffle furnace at 500°C in N,. Self-made catalyst was cooled down to room
temperature in muffle furnace (save under N, atmosphere). During this process, the nitrate precursor and
hydroxyl were completely decomposed and desorbed fully from the catalyst. Table 1 and Table 2 showed the
content of each element (XRF) and specific surface area (BET) of the self-made catalyst.

Table 1. The content of each element of Cu/y-Al,03 catalyst (XRF)
Cu Al (0] Si K other
Mass(wt/%) 9.64% 40.76% 42.98% 1.36% 1.78% 3.84%

Table 2. BET surface area of Cu/y-Al,O5 catalyst
specific surface area pore volume pore diameter
180.6m*/g 0.4571cm’/g 188.363A

Fig 1 studied the XRD spectra of Cu/y-Al,O3 catalyst: a, fresh catalyst; b, catalyst after reaction. From Fig 1
(a) and (b), fresh catalyst consisted of CuO and Al,0; between 30° and 70°. Other species (Cu'*, 0%, 05 aq)
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were not found in Fig 1. This meant that CuO was the active site that provided O* (chemisorbed O) to
methane. In the flow reactor, as O, was enough for CH, oxidation (O,/CH,4 > 2), Cu cluster, especially surface
Cu, was able to maintain Cu*" and provide O*. Fig 2 (b) showed that, during the reaction, catalyst phrase did
not change much, and other peaks were not presented after methane oxidation.

# # #: CuO
. * *: ALO,
* *
a * *
# #
* * # * *
b
L | L | L | L | L | L | L | L
20 30 40 50 60 70 80 90
26/°

Fig 1. XRD spectra of Cu/y-Al,O; catalyst
(a) Fresh catalyst; (b) Catalyst after reaction (550°C, 3 vol.% CH,, 20 vol.% O,, N, balance )

2.2 Experimental Devices and System

Fig 2 presented the experimental device and system. Experiment of methane combustion was conducted
in the fixed-bed reactor which had a ceramic reaction tube with 10mm inner diameter and 1200mm length.
The reaction mixture gas (3 vol. % CH,4, 20 vol. % O, and N, balance) controlled by mass flowmeter, was
injected into the fixed-bed reactor at 200ml/min. Water vapor, generated by a vapor generator(W-202A-220-
K) was carried by N, at 150°C and mixed with CH,4, O, before entering into the reactor. The reactor was heated
by resistance-heated furnace that was connected with the data acquisition and control system which
controlled the reaction temperature. The effluent gas was measured by gas chromatography to measure the
concentration of CH, and CO..

€3

3 Steam generator

Gas chromatography

O2 H20 N2 CHs

Fig.2 Flow chart of the experimental system
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1. Flow Control Pump; 2. Pressure Relief Valve; 3. Mass Flowmeter;
4. Data Acquisition and Control System; 5. Fixed-bed Reactor; 6. Resistance Stove

2.3 Catalytic Activity Test for Methane Oxidation
The reactivity of Cu/y-Al,0; was determined by methane conversion. According to carbon balance,

methane conversion x was described as:
[co,]
~ [COz1+[CH,]
Where [CO,] and [CH,] denoted volume percentage of carbon dioxide and methane in the stream.

(1)

The microstructure and characterization of catalyst surface were investigated by scanning electron
microscope (SEM), which magnified the catalyst surface by 1000 times. BET surface area, pore volume and
pore diameter were measured by the BET method before or after the experiments.

3. RESULTS AND DISCUSSION
3.1 Effects of Water on Methane Combustion

Water effect on the methane combustion over Cu/y-Al,O3 catalyst was shown in Fig 3 and Fig 4. Fig 3
showed the change of methane conversion with temperature at different water content (0 vol.%, 2.5 vol.%, 5
vol.%, 10 vol.%, 15 vol.%, 20 vol.%). Fig.4 showed the inhibitory effect of water in methane combustion at 500°C
and 600°C. From these figures, water significantly affected catalytic activity and CH, conversion dropped if
water was introduced into the feed. When the water vapor increased from 0 vol. % to 10 vol. %, the catalyst
continued losing activity with time. From Fig 3, with temperature rising from 475°C to 600°C, CH,4 conversion
increased quickly. H,O inhibition on methane combustion increased firstly and then decreased, and water
inhibition among the curves reached its maximum at 525°C. The process showed that water vapor had a
significantly inhibitory effect on methane combustion, while, with temperature increasing, the influence was
weakened gradually. A considerably higher temperature was most likely required for the catalytic reaction.

Differently with Pd and Pt catalyst, Cu catalyst displayed a stronger resistance property to water and could
maintain a stable activity at high steam pressure. For the inhibitory effect of water vapor, it was generally
considered that water species could adsorbed on the catalyst surface, and reacted with chemisorbed O (0*):
H,0 + 0" - OH*. Thus, a portion of O* did not participate into methane oxidation, making methane
conversion lower 121341,

From Fig.4, if H,0 flow was turn off, the activity almost returned to the initial level. This indicated there was
a balance of water adsorbed on the catalyst surface at low temperature. When water was turn off, water
pressure decreased. H,0 gradually desorbed from the surface and O* was able to react with CH,.
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Fig 4. Water inhibitory effect on methane oxidation over Cu/y-Al,O; catalyst (3 vol.% CH,4, 20 vol.% O,)

3.2 Regeneration of Activity of Catalyst

Regeneration of catalytic activity of Cu/y-Al,O; catalyst was studied by adding water cyclically to the feed
gas. By controlling the reaction temperature (500°C,550°C,600°C) and water concentration(2.5 vol. %; 5
vol. %; 10 vol. %), Fig.5 showed the catalyst was purged with N,. The feed stream was as follows: CHy, 3 vol. %;
0,, 20 vol. %; H,0 (2.5 vol. %; 5 vol. %; 10 vol. %); N,, balance.

In Fig 5, CH, conversion was measured by gas chromatography every 15 minutes, whereas the catalyst was
purged with nitrogen in the absence of CH, for another 10 minutes. Methane conversion was initially high.
Then, the activity dropped as water was introduced into the feed gas. Thereafter, the catalyst was purged
with N, at the same temperature; consequently, no methane was shown in the figure. After purging, activity
of catalyst almost recovered to its initial level. Compared with 500°C, 550°C and 600°C, high temperature
weakened the inhibitory effect and activity dropped smaller compared with low temperature. This meant H,0O
or surface OH* did not adsorb on the catalyst surface stably, and if temperature increased (500°C »600°C),
the process of desorption or decomposition was easy to proceed: OH* — H,0 + O*.
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Fig.5 Regeneration of catalytic activity of Cu/y-Al,0; catalyst (3 vol. % CH,, 20 vol. % O,)

3.3 Surface Characteristics and Stability

In order to discover the influence of water vapor on the catalyst surface, the SEM pictures (1000 times) for
the catalyst surface were shown in Fig.6 and BET surface areas (fresh catalyst or the catalyst after the
reaction) were shown in Table 3.

In Table 3, the BET surface area of the fresh catalyst was 188.2 mz/g, while the catalyst after reaction in the
dry feed was 180.2 m?/g. The surface area was reduced by 8.0 m?/g after reaction. When 5 vol. % or 10 vol. %
vapor was added into the feed, the BET surface area decreased to 166.8 m?/g and 152.6 m?/g respectively.
Compared with Fig.6 (a) and (b), the sizes of catalyst surface grains were uniformity after the reaction.
However, in Fig 6(c) and (d), when 5 vol. % and 10 vol. % water was introduced into the feed stream, the
catalyst grains grew significantly and agglomerate phenomenon occurred obviously.

According to 3.1 and 3.2, activity of Cu/y-Al,0; catalyst did not recover to its initial level, in spite of high
temperature or N, purging. The reason might be that the morphology of particles was changing very fast
upon this heat and water treatment, and surface deformation blocked the active site. With additional water, it
promoted the catalyst surface sintering and some active sites were covered or embedded into the support.
Parts of active sites did not interact with methane or oxygen, making activity of Cu/y-Al,O; catalyst decrease.

{

Fig.6 Surface characteristics of Cu/y-Al,0; catalyst (SEM)
(a) refresh catalyst; (b) catalyst after reaction in the dry feed
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(c) catalyst after reaction with 5 vol. % water; (d) catalyst after reaction with 10 vol. % water

Table 3 BET surface area of the catalyst before or after reaction

Without water With water
Before reaction After reaction 5 vol.% 10 vol.%
188.2(m%/g) 180.2(m%/g) 166.8(m%/g) 152.6(m%/g)

Fig 7 showed the stability of the activity of Cu/y-Al,0; catalyst for 42h with or without water. During 42h,
when 5 vol.% water was introduced into the feed, catalyst maintained high activity for a long time. As the
water was turn off, reactivity could recover and maintain stable for 18h.

.
[ B S BN BESS L BN S NN

om
on
onm
on
on
om
on

@
o
T

5 vol.% water without water

Methane Conversion %
(2]
o
T

'
o
T

-- - 0 vol.% water

1

[

[

|

?

oo o 0o ,.—o,.,o—* !

[

[

[

[

[

I

[

[

I

[

[

[

1 -- ®- 5 vo0l.% water

20 I I I I I I I I
0 6 12 18 24 30 36 42

Time [h]
Fig 7. Stability of the activity of Cu/y-Al,Oj; catalyst (600°C)

3.4 Apparent Activation Energy of Methane

In order to get the apparent activation energy and kinetic parameters of methane combustion with vapor,
we controlled the reaction condition and catalyst to meet the differential condition. Methane conversion
required to be limited in a low range (<10%) and catalyst must be diluted to reduce the influence of mass
transfer and temperature fluctuation [27,28] Therefore, we tested the intra-pellet dilution (1:10, 1:15, 1:20,
1:25) and inter-pellet dilution (1:50, 1:75, 1:100) to obtain a suitable dilution ratio to reduce these influence.
Fig 8 was the dilution experiment. From Fig 8, when the dilution ratios were 1:20 for intra-pellet dilution and
1:75 for inter-pellet dilution, reaction rate reached to stability. For intra-pellet dilution, 0.05g Cu was choose
to load on 1g y-Al,0s, and this catalyst was mixed with 3.75g y-Al,Os for inter-pellet dilution. The exact values
of Cu loading on the support for intra-pellet dilution(1:20) were tested by XRF: Cu, 5.13%; Al, 43.64%,; O,
45.63%; Si, 1.43%; K, 1.52%; other, 2.65%. Reaction rate r could be described as:

X
0 w

()

r = FCH4,,

Fcy,,0 and W represented methane input and catalyst mass, respectively.
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Fig 8. Intra-pellet dilution and Inter-pellet dilution of catalyst (1 vol.% CH,4, 400°C)

Temperature was controlled among 360°C~450°C to limit methane conversion (<10%). The reaction
condition was: CHy, 3 vol. %; O,, 20 vol. %; H,0, 0-10 vol. %; N, balance. It was generally believed that, unlike
the influence of O, or CO, on combustion in the oxygen-rich condition, water had an obvious effect on
activity. The reaction orders with respect to O, and CO, were zero and to methane was constant, nearly 1.

Fig.9 was the linear fitting result of Arrhenius point of methane combustion with different water
concentrations in the feed gas. As no water was introduced into the feed, apparent activation energy (Ea) was
81.4 kl/mol. When H,0 was introduced into the feed (2.5 vol. %, 5 vol. %, 10 vol. %), apparent activation
energy (Ea) increased: 100.8 kJ/mol, 113.8 kJ/mol, 121 kJ/mol. Water blocked methane oxidation.
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Fig.9 Arrhenius plots of reaction rate vs 1/T for methane combustion. (3 vol. % CH,; 20 vol. % O,)
(catalyst intra-pellet dilution, 1:20; catalyst inter-pellet dilution, 1:75)

With the method of Arrhenius point linear fitting, Van Giezen™ also got the apparent activation energy of
methane over Pd catalyst. They controlled the intake flow ratio: CH,, 1 vol. %; O,, 4 vol. %; N, balance, H,0, 0
or 2 vol. %, and assumed O order reaction orders with respect to oxygen and CO,, and constant reaction
orders with respect to methane (1). Based on the assumptions above, they gained the relationship between
reaction order with respect to H,0 and apparent activation energy:
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Espry = 1leEA,Wet (3)

According to the above equation, we calculated reaction order with respect to water: -0.6, -0.796 and -

0.911, respectively. Reaction order with respect to water had some decrease as water concentration

increased, but the value was within the scope of -0.6~-1 and in agreement with the related reportsm’B]. H,0

influence mainly happened in low temperature (<550°C), in which water adsorbed on O* easily. Apparent
activation energy and reaction order with respect to water changed in a certain scope.

3.5 Water Surface Coverage

To explain the adsorption characteristics of vapor on active site, we quote the Langmuir equation to
describe water adsorption on the active site. We supposed that the adsorption of methane molecule on
active site was the rate-limiting step (oxygen-rich) and methane adsorption on active site was dissociative and
irreversible. Water molecular adsorbed on the surface active site, and formed OH* group. OH* could
recombine to desorb as H,O molecule which returned to gaseous phase reactants, generating surface
reduced sites. In this process, water and methane molecules were competing for adsorption on the active
site. Rate equation could be expressed as:

r =k[CH,]0 (4)

r was methane reaction rate, k the rate constant, 6 the fraction of vacancy sites on the surface, [CH,] the
methane concentration.

Meanwhile, due to the lower partial pressure of methane in the gaseous reactants and rapid consumption
with O, after adsorption, methane surface coverage was much lower compared to water. Surface active
vacancies could be expressed by means of Langmuir isotherm:

. . Kuolto0l

60=1 9H20 =1 T Kuny0 ;0] (5)
—Hggs

Ky,0 = Koexp( RTd ) (6)

0n,0 Was water surface coverage on active site, Ky, o and Hyq5 were the water adsorption equilibrium
constant and the water adsorption enthalpy, K, the pre-exponential factor, [H,0] the water concentration.

When water was introduced into the feed, the expression was:
_ Kpi,0([H20]in+2x[CHylin)
H20 ™ 14 K10 ((H201in+2x[CHalin)

(7)

[H,0];, and [CH,];;, were the inlet concentration of water and methane, x the methane conversion.

According to related reports and calculation results of density functional theory [10.11]

, water adsorption
enthalpy(H,45) over Cu catalyst was about -120~-160 kJ/mol and the pre-exponential factor(K,) was about a
magnitude of 10%. Although this was a rough estimate, it obtained a relatively acceptable value of 6y, as
H,4s and K, were -160 kJ/mol and 10", respectively. Calculating by Eqg.(7) with parameters, we could
obtained water coverage with temperature.

Fig 10 showed water coverage changing with temperature. Water concentrations were: 0 vol. %, 2.5 vol. %,
5vol. %, 10 vol. %. Without water in the feed gas, water coverage was below 30% at 400°C. As water was
introduced into the feed, water coverage was above 87% at 400°C. In each condition (water: 2.5 vol. %, 5
vol. %, 10 vol. %), 8,0 had the same downtrend which tended to 0% when temperature rose up. At low
temperature, there was an obvious difference between water coverage with or without water. But at high
temperature, the coverage curve tended to the same. High temperature strengthened desorption of water,
making water coverage lower.
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(Reaction conditions: CH,, 3 vol. %; O,, 20 vol. %; H,0, 0-10 vol. %; N, balance)

4. CONCLUSION

The effect of water on methane combustion over Cu/y-Al,0; catalyst was investigated in a fixed bed
reactor. From the experimental results, we concluded the following points:

1. Combustion efficiency of methane over Cu/y-Al,03 catalyst was inhibited by H,O. The inhibitory effect
was weakened with temperature rising up. Because of reversible adsorption of water, reactivity could be
recovered by N, purging which promoted water molecule desorbing from the active site.

2. Water vapor promoted the deformation of catalyst surface, leading to the decrease of surface area and
the irreversible effect.

3. The apparent activation energy of methane rose up obviously as vapor was introduced into the feed and
the reaction order with respect to vapor maintained among -0.6~-1. Water surface coverage had a
downtrend with temperature, which tended to 0% above 625°C.
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