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Chapter 4

Chapter 4
Capillary microreactors with single- and multi-layer Pt/γ-Al2O3
catalyst coatings for catalytic methane combustion
ABSTRACT: Capillary microreactors (made of stainless steel) coated with single- and multi-

layer catalytic coatings of Pt/γ-Al2O3 were employed for the catalytic methane combustion. For
the single-layer coating, the effect of Pt loading (i.e., Pt weight percentage in the catalyst), total
flow rate and oxygen to methane molar ratio (Φ) on the reaction performance was studied. A

best methane conversion of 95.17% was obtained under 500 oC at 30 mL min-1 and Φ = 2. Upon

increasing the Pt loading from 1.5 wt% to 3.0 wt% and further on to 4.5 wt%, the difference in

the increment of methane conversion tended to slow down, possibly due to more significant
internal diffusion limitation in the coating with the increased intrinsic kinetic rate. The multi-

layer coating was characterized by the presence of the same Pt weight (case 1) or loading (case

2) as that in the single-layer case. A higher methane conversion at Φ = 2 or 5 was found in the
single-layer system (at Pd loadings of 3.0 wt% and 4.5 wt%) when compared with the
corresponding double-layer system in case 1, suggesting the increased internal diffusion
resistance within the thicker catalytic coating. A lower methane conversion existed in the

single-layer system (at a Pt loading of 1.5 wt%) than that in the double-layer system in case 2,
indicating the active participation of multiple coatings layers and the reaction rate being more

limited by catalyst amount than internal diffusion. These findings provide useful guidelines in
the catalyst coating preparation and microreactor operation for the catalyst combustion of
methane.

This chapter is to be submitted to Chemical Engineering Journal as

L. He, D. Vreugdenhil, Y. Fan, J. Bellettre, L. Luo, J. Yue. Capillary microreactors with single- and
multi-layer Pt/γ-Al2O3 catalyst coatings for catalytic methane combustion.
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Nomenclature
𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑖𝑖

Inlet molar flow rate of CH4, mol s-1

𝐹𝐹𝐶𝐶𝐶𝐶𝑥𝑥, 𝑜𝑜

Outlet molar flow rate of CO or CO2, mol s-1

𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑜𝑜

𝐹𝐹𝐻𝐻2, 𝑜𝑜
L

𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡
S

𝑆𝑆𝐶𝐶𝑂𝑂𝑥𝑥
𝑆𝑆𝐻𝐻2
T

T50
Vtot
𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐
𝑋𝑋𝐶𝐶𝐻𝐻4

Greek symbols

Outlet molar flow rate of CH4, mol s-1

Outlet molar flow rate of H2, mol s-1
Length of the microreactor, m

Total volumetric flow rate, m3 s-1

Inner surface area of the microreactor subjected to Pt/γ-Al2O3 coating,
m2

Selectivity of CO or CO2, %
Selectivity of H2, %
Temperature, oC

Temperature at 50% methane conversion, oC

Total volume for reaction in a microreactor, m3
Catalyst mass, g

Methane conversion, %

𝜏𝜏

Mean residence time, s

𝜑𝜑

Specific catalyst loading, g m-2

Φ

Abbreviation

Inlet molar ratio of oxygen to methane, -
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BET

Brunauer-Emmett-Teller

GC

Gas chromatography

CMC
2-HEC

ICP-OES
i.d.

MFC
MW
o.d.

PVA

SEM-EDS
SNG

TCD

Catalytic methane combustion
2-Hydroxyethyl cellulose

Inductively coupled plasma optical emission spectrometry
Inner diameter

Mass flow controller
Molecular weight
Outer diameter

Polyvinyl alcohol

Scanning electron microscopy-energy dispersive spectroscopy
Synthetic natural gas

Thermal conductivity detector
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4.1. Introduction
Natural gas, with methane as the major component, provides an attractive fossil energy source
due to its high energy content (55.7 kJ g-1 if fully based on methane as its main component), and

its consumption has been constantly increased in the past decades [1]. Besides the abundantly
proven natural gas reserves, the synthetic natural gas (SNG) can be obtained by biomass

digestion (e.g., of manure) and carbohydrate fermentation [2-4]. Moreover, biomass gasification

(e.g., of wood, straw and crops) coupled with the methanation process is a promising way to
produce the SNG [5,6]. Thus, methane has been proposed as a promising substitute for the

future leading energy [7]. Compared to the non-catalytic methane combustion that requires

high working temperatures (ca. 1400 oC) and leads to harmful emissions [8-10], the catalytic
methane combustion (CMC), due to the reduced activation energy (40-80 kJ mol-1) for the

reaction and thus lower working temperatures, has become an attractive means for energy

applications such as in gas vehicles [11], gas turbines [12], solid oxide fuel cells [13] and

domestic heating system [14].

The CMC in different aspects have been reviewed in the literature, e.g., on catalysts [8,15,16],
reaction kinetics and mechanisms [17,18], and reactor designs [19]. Regarding the catalyst

development, noble metal-based catalysts (e.g., Pd-based [20,21] and Pt-based [22,23]) present
a relatively higher catalytic activity compared with perovskite and hexaaluminate catalysts due

to their higher specific surface area and capabilities of lowering the activation energy [16,24].
It is reported that bimetallic catalysts (e.g., Pd-Pt/Al2O3) offers a higher activity than that of

monometallic counterparts [25,26], due to the synergetic effect between metal-metal

interactions. Moreover, different supports (e.g., Al2O3, CeO2 and ZrO2) were introduced to

increase the catalyst activity and prolong the catalyst life [27,28]. The acidity of the catalyst
could be decreased by introducing Al2O3 as support, resulting in a higher activity for the

methane combustion [29]. The presence of CeO2 as support was shown to improve the exchange

of oxygen species between PdO and CeO2, towards obtaining the enhanced catalyst activity
[27,30].

In the fixed-bed reactor commonly used for the CMC, catalysts are fixed at a certain location

inside the reactor, and the suitable catalyst shapes could be the powder, cylindrical or randomly
shaped pellets. The preparation methods of traditional powder-based catalysts for use in such

conventional (fixed-bed) reactors mainly include the incipient wetness impregnation [31], co-

precipitation [32], ion-exchange [33], etc. However, in order to avoid the high pressure drop and
hot spot formation likely occurring in fixed-bed type reactors, structured reactors especially
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microreactors incorporated with the coated catalyst hold a promising potential for the CMC [34-

37]. The catalyst in the form of wall coatings is usually prepared via the suspension method [38-

41] and sol-gel method [42,43]. The main influencing factors (e.g., the binder properties, pH
value and particle size in the coating precursors) have been investigated in order to maintain a

good catalyst adhesion with the microreactor substrate, due to its greatly influence on the
rheological properties of slurry and its adhesion with substrate [44]. In our previous study [41],

PVA and Tylose were considered as binders (at the concentrations of 5 wt% and 1.6 wt%,
respectively) for the preparation of γ-Al2O3 slurry, and the optimized pH value of 3.5 and Al2O3
particle size of ca. 3 µm were identified. After applying the slurry coating technique and the
subsequent thermal treatment, a well-adhered and uniform γ- Al2O3 layer could be formed on

the FeCrAlloy microreactor substrate, as demonstrated by the ultrasonic test and SEM image.
The incorporation of active catalytic component (in this case Pt) for the CMC could then be
realized using impregnation with Pt precursor.

Regarding the performance in the CMC, O’Connell et al. [34] have tested a multichannel
microreactor with the microchannel dimension of 500 μm (length) × 250 μm (width) coated
with Pt-W/Mo-Al2O3 (4.6 wt% Pt and 9 wt% W) and Pt-Mo/γ-Al2O3 (4.6 wt% Pt and 9 wt% Mo)

catalysts. Pt-W/γ-Al2O3 catalyst presented a higher catalytic activity (T50 = 493 oC, T100 = 600 oC)
than Pt-Mo/γ-Al2O3 catalyst (T50 = 526 oC, T100 = 625 oC) at a total flow rate of 107 mL min-1

(corresponding to a space velocity of 74,000 h-1; defined as the total flow rate of reactants

divided by the reactor volume), where T50 and T100 designate the respective temperature values

for reaching a methane conversion of 50% and 100%. In our previous study, a multichannel
microreactor (275 mm length × 1.5 mm width × 1 mm height) with Pt/γ-Al2O3 catalytic coating

was investigated [41]. The results show that a 95.75% methane conversion was obtained at 450
oC

and 110 mL min-1 (space velocity: 6,557 h-1). The lower working temperature required for a

close to complete methane conversion in this case might mainly result from the lower space
velocity used (translating into a longer residence time in the microreactor).

The high mass transfer rate is one of the outstanding features for microreactor operations. In
the case of using microreactors with wall-coated catalyst (for carrying out among others the

CMC), reactants have to be transported (perpendicularly to the flow direction) from the centre
of the microchannel to the catalyst external surface (i.e., external mass transfer), followed by

the reactant diffusion within the coating layer (i.e., internal mass transfer) [45], before the

reaction happens on the internal surface of catalyst pores. The external mass transfer mainly
depends on the flow pattern (e.g., reactant velocity) and concentration, microchannel geometry
---127---

____________

_____________________________ ____

and reactant diffusivities, etc. The internal mass transfer mainly relies on the washcoat

properties (e.g., thickness, porosity, tortuosity) as well as the effective diffusivities of reactants
within coating. Thus, apart from the influence of kinetics (e.g., via changing the reaction
temperature and catalyst mass), such two inherently coupled external and internal mass
transfer processes also play an important role in determining the overall microreactor
performance (in the CMC) [46].

The simulation results on Fischer-Tropsch synthesis in microreactors with wall-coated 20

wt%Co-0.5wt%Re/γ-Al2O3 have been reported by Theampetch et al. [47]. A higher CO

conversion could be obtained by the reduced cross-sectional area of the microchannel (0.3 mm

width × 0.3 mm height) with a length of 50.18 mm, which was attributed to among others the

reduced gas diffusion path towards the catalytic wall. To reduce the internal diffusion path
within the coating, a relatively thin layer is commonly recommended [48]. Laguna et al. [49]

investigated two microreactors composed of 100 microchannels, where the influence of coating
thickness (with 150 mg and 300 mg CuOx/CeO2 catalysts) has been examined for CO oxidation
in the presence of H2. The microreactor with 150 mg coating catalyst (calculated thickness ca.
10 µm) was estimated to have a higher effectiveness factor than that with 300 mg catalyst

(calculated thickness ca. 19 µm). In contrast, the same catalyst in the powder form (with an

assumed average diameter of 150 µm) presented the lowest effectiveness factor with a more

pronounced decrease at high temperatures. These calculation results are in line with the
experimental results, where the microreactor with 150 mg catalyst mass showed a higher

catalytic performance due to the better internal mass transfer characteristics. Holmgren et al.

[50] investigated the influence of washcoat catalyst thickness on mass transfer in the monolithic
reactor for CO oxidation. The effective diffusivity of reactant gas in the double layers of 1 wt%

Pt/γ-Al2O3 washcoat was measured to be higher by a factor of 2-25 than the prediction by the

Wakao-Simith model, due to the cracks, incomplete and non-uniform washcoat layer inside

square monolithic channels [50]. So far, such mass transfer influence on the CMC reaction
characteristics in microreactors has not been largely reported.

From the above literature survey, it is clear that optimization of the operating parameters and
the coating properties are both important towards achieving a favorable methane conversion

in microreactors, and thus dedicated experiments are required. The washcoat catalyst with a

thin coating layer holds a great promise for increasing the catalyst efficiency, however, the
catalyst mass required for the desired conversion has to be met (e.g., by increasing the active

species loading or using long coated microchannels). Experimentally, the relative roles of the
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external mass transfer, internal diffusion, and intrinsic kinetic rate in determining the overall

reaction rate can be investigated by varying the relevant influencing factors (e.g., reactant flow

rate and ratio, temperature, active species loading and coating thickness). Thus, in this work,

single- and multi-layer Pt/γ-Al2O3 catalysts have been washcoated inside the stainless steel

capillary microreactors. Pt loading and weight have been varied in the coating, combined with

the change of the operating parameter (including the reaction temperature, total flow rate and
molar ratio of oxygen to methane), in order to study their influence on the CMC reaction

performance. The reaction results over single- and multi-layer catalyst systems have been
compared and explained mainly based on the (external and internal) mass transfer effect, as

well as the CMC reaction kinetics and mechanism. A further improvement direction was also
discussed.

4.2. Experimental
4.2.1. Materials
γ-Al2O3 (3 µm, 99.97% on metals basis), tetraammineplatinum (II) nitrate (Pt(NH3)4(NO3)2,

99.99% on metals basis, ≥ 50.0% Pt), PVA (≥ 99% hydrolysed, MW = 146,000 - 186,000 g mol1)

and acetic acid (ACS reagent, ≥ 99.8%) were purchased from Alfa Aesar. Synthetic air

(UN1956, Linde) composed of 80% N2 and 20% O2 was used as the oxygen source, and methane
(UN1971, Linde) was of 99.995%. The capillary microreactors were made of 316L stainless
steel with an overall dimension of 100 mm (length) × 4.6 mm (i.d.), and 6.35 mm (o.d.).

4.2.2. Catalyst preparation and coating procedures
4.2.2.1. Catalyst slurry preparation

The γ-Al2O3 slurry was prepared by mixing γ-Al2O3 powders, binder and acetic acid [38]. Based
on our previous study [41], the optimized composition of slurry (20 wt% γ-Al2O3, 5 wt% PVA

and 1 wt% acetic acid) was used in the current experiments. The slurry was heated up from

room temperature to the final temperature of 65 oC and maintained for 2 h under 300 rpm
stirring. The desired concentration of the Pt(NH3)4(NO3)2 aqueous solution was then added into

the slurry at room temperature, followed by stirring the whole mixture at 300 rpm for 30 min.
The catalyst slurry was subsequently stored at room temperature for at least 2 weeks to remove
bubbles inside before use.

4.2.2.2. Washcoating procedures
The file and drill with a metal brush were first used to polish the inside surface of capillary
---129---

____________

_____________________________ ____

microreactors, in order to remove the anti-corrosion layer over the surface and increase its
roughness. This could result in an improved adhesion between the microreactor wall and the
washcoated catalyst. The microreactor was then immersed in acetone for 30 min in the
ultrasonic bath at 45 oC to further remove oil, grease and other dirt [51]. The thermal

pretreatment of the microreactor was subsequently performed at 900 oC (ramp from room
temperature: 20 oC min-1; 10 h) to generate a thin layer of metal oxides over the substrate

surface functioning as a strong bonding with the catalyst coating layer [52,53].

The slurry coating method of Pt/γ-Al2O3 catalyst over the flat, multichannel microreactor in our

previous study via syringe injection [41] is hardly applicable to coat the current capillary

microreactor. Thus, to coat a (close to) uniform layer of the catalyst slurry around the inner
microreactor wall, the dynamic slug flow coating method was applied, inspired by the reported
literature [54,55]. Before coating, the prepared Pt/γ-Al2O3 catalyst slurry was stirred at a low

rotation speed (50 rpm) for 30 minutes to ensure an even distribution of components in the
slurry as well as to prevent the bubble formation. As Fig. 4.1 shows, the coating started with the

use of a syringe pump (model: NE-300, new era pump systems Inc.) to inject the catalyst slurry

into the microreactor. A catalyst slug with a fixed mass was delivered by the pump (at a constant
rate of 180 μL min-1 for 2 minutes) into the capillary microreactor placed horizontally.

Subsequently, the pump was stopped and the microreactor inlet was switched to connect with
nitrogen gas line the flow rate of which was regulated by a mass flow controller (ELFlow, type:

F-200C-FA-11-V, Bronkhorst HI-TEC) at 3 mL min-1 under 2 bar. The bubble front of the gas then

pushed the catalyst slug through the microreactor, leaving behind a uniform coating around the

wall. The influence of the nitrogen gas flow rate pressure used to drain the excess Pt/γ-Al2O3

slurry may have a significant effect on the surface tension and viscosity forces that govern the

residual film thickness. Such influence was not further investigated, since the focus of this work

is on the CMC reaction behavior in the capillary microreactor. The coated microreactor was then
dried in a muffle furnace (LM312, G800P controller, Linn High Therm) at 75 oC (ramp from room
temperature: 2.5 oC min-1) for 2 h, followed by calcination at 500 oC (ramp from 75 oC: 15 oC

min-1) for another 2 h in the same furnace. In order to investigate the impact of the coating

thickness as well as the catalyst loading (defined as the Pt weight percentage in the catalyst) on

the methane conversion, both single-layer (i.e., realized by one coating procedure) and multilayer (realized by repeated coating procedures) catalyst systems were studied. Two cases of
multi-layer systems were considered for their comparison with the single-layer system, as

illustrated in Fig. 4.2. Taking a single-layer catalyst with 3 wt% Pt loading as an example, case 1
---130---

Chapter 4
deals with a two-layer Pt/γ-Al2O3 catalyst coating (with 1.5 wt% Pt loading for each layer and
thus for both layers as well), which compares with the single-layer system by maintaining the

identical total mass of Pt in the catalyst (if we consider the same thickness of each layer

obtained in one or multiple coating procedures), but with the Pt loading in the catalyst being
proportionally decreased with the number of layers. In case 2, a two-layer Pt/γ-Al2O3 catalyst

coating has 3 wt% Pt loading in each layer, which compares with the single-layer system by

maintaining the same Pt loading in the catalyst, but with proportionally increased total mass of
Pt with the number of layers. Table 4.1 summarizes all the tested Pt/γ-Al2O3 washcoated

catalysts for both single-layer and multi-layer systems. The finally coated catalyst amount could
be well controlled using this method, as confirmed by ICP-OES characterization (vide infra).

Fig. 4.1. Schematics of the washcoating process of the Pt/γ-Al2O3 slurry in the capillary
microreactor.

Fig. 4.2. Comparisons between single-layer system and two types of multi-layer systems of

Pt/γ-Al2O3 catalyst in the capillary microreactor. A single-layer catalyst (3 wt% Pt/γ-Al2O3) and
the corresponding double layer system in cases 1 and 2 are shown as an example.
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Table 4.1
Summary of the investigated single- and multi-layer Pt/γ-Al2O3 coating systems in the capillary

microreactor.

Entry Pt loading by Number Total
preparation
(wt%)

a

of layers catalyst

2.442

1

6
7
8
9
10
11
12
13

a The

3.0
3.0
4.5
4.5
1.5

(cases 1+2) e
1.5

(g m-2)

0.0814

3.0

5

(mg)

1.163

3

3.0

(wt%)

catalyst

0.0775

1

4

preparation

by

mass b

1.5
3.0

Pt loading by

(-)

1
2

Total Pt mass Specific

1
1
1
1
1
1
2

(g)

0.0759
0.0789
0.0635
0.0787
0.0817
0.0725
0.1406

2.277
2.367
1.905
2.361
3.677
3.263
2.109

52.5
56.3

54.5
56.5
50.2
97.3
133.9

2.25 (case 1) e 2

0.1461

3.287

101.1

3 (case 2) e

0.2119

6.357

146.6

3 (case 2) e

2
3

0.1249

3.747

2.62

43.9

2.901

(cases 1+2) e

1.31

54.6

0.1934

86.4

3.92

2.11

same for each layer; calculated based on the slurry composition and the dry weight of the

The measured weight of the coated catalyst (after drying and calcination) gained on the

microreactor wall.

c

53.6

3

obtained coating.

b

loading 𝜑𝜑 c

ICP-OES d

Calculated with Eq. (4.5).
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d
e

ICP-OES: inductively coupled plasma optical emission spectrometry.

Illustrations of cases 1 and 2 are exemplified in Fig. 4.2.

4.2.3. Catalytic methane combustion in microreactors
The setup for the catalytic methane combustion in the capillary microreactor is schematically

presented in Fig. 4.3. Two mass flow controllers (EL-Flow, Type: F-200C-FA-11-V, Bronkhorst

HI-TEC) were used to adjust the flow rates of methane and the synthetic air for the experiment.

Methane and air were mixed in the gas line and the mixture flow rate was typically adjusted
from 30 to 100 mL min-1 (based on ca. 20 oC and 1 atm). The methane-air mixture

(concentration of methane at 0.5 to 5 vol. %) first passed a preheating coil tube (i.d.: 3.7 mm,
o.d.: 6 mm, ca. 15 cm in length) to ensure the reactants reaching the set reaction temperature

(i.e., the oven temperature) before entering the capillary microreactor. Both the coil tube and

microreactor were placed in the oven. It has to be mentioned that the microreactor was first
heated up from room temperate (ramp: 10 oC min-1) to the targeted reaction temperature under
the nitrogen atmosphere to avoid any reaction occurrence during this startup process, and then
the feed line was switched to the methane-air mixture side for the reaction to start. Two

thermocouples (Type K) were connected to external temperature loggers (USB-501-TC-LCD
thermocouple data logger) and placed at the inlet and outlet of the microreactor (without

touching the catalyst surface) to measure the corresponding gas temperatures therein (Tinlet and

Toutlet). Subsequently, the product gas was guided out of the microreactor to a condenser to

remove water. The remaining gas was then collected using a syringe (35 mL) fitted with luer
lock tip valves (Terumo), and later analysed on an offline gas chromatography (GC).

Fig. 4.3. Schematic presentation of the catalytic methane combustion in the capillary

microreactor coated with Pt/γ-Al2O3 catalyst.
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4.2.4. Analytics
Gas products were analyzed by GC (Hewlett-Packard 5890 Series II) equipped with a thermal

conductivity detector (TCD) operated at 200 oC. A Porablot Q Al2O3/Na2SO4 column (length: 50

m; i.d.: 0.5 mm) and Agilent Technologies HP-Molesieve 5 AÅ column (length: 25 m; i.d.: 0.53 mm)

were utilized for analysis. The applied program for analysis was at 40 oC for 3 min, and then
increased to 90 oC (ramp: 20 oC min-1; 8 min). The reference gas concentration is as follows:

20.7 % CH4, 17.9 % CO2, 2.99 % CO, 1.5 % C2H6, 1.49 % C3H8, 5088 ppm C2H4, 5122 ppm C3H6

and H2 as the balance.

SEM-EDS (scanning electron microscopy-energy dispersive spectroscopy) analysis was

performed on an XL30 ESEM (Philips) operating at 10 keV, a take-off between 37.1 - 38.2, live
time of 50 s, amp time of 0.12 μs, and a resolution of 143.4 eV, to characterize the smoothness
and thickness of the washcoated Pt/γ-Al2O3 layer on the microchannel. The sample was

prepared by firstly cutting a small section of the capillary microreactor with a Buehler low-

speed saw, and subsequently the sample was hot-mounted in a circular resin with 30 mm

diameter. After that, in order to polish the cutting surface of the sample, a sandpaper (#1200)

was used and then a polisher (Stuers TegroPol-11; with an application force of 15 N at 300 rpm
combined with diamond suspensions of 9 μm, 3 μm and 1 μm) was applied. The procedure was
repeated until all visible scratches were removed and checked by an Olympus VANOX-T

microscope. In order to avoid the possible mass loss of the catalyst from the reactor wall, the

resin was also placed inside the microreactor so that the exposed catalyst layer was not affected
by the sample preparation procedures above.

The specific surface area of the washcoated Pt/γ-Al2O3 catalyst was measured using a

Micromeritics ASAP 2420 apparatus by nitrogen physisorption at -196 oC. The coating was
scraped from the microreactor substrate. The samples were firstly degassed in the vacuum at

200 oC for 8 h before nitrogen adsorption. The surface area and pore size were evaluated using
the Brunauer-Emmett-Teller (BET) method, and the micropore area was quantified by the t-plot

method.

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to determine
the Pt loading in the catalyst. Selected catalyst washcoat samples scrapped from the

microreactor wall were dissolved in 3% HF overnight prior to analysis. Analysis was performed
using PerkinElmer Optima 7000 DV with the following operational parameters: 0.90 L min-1

nebulizer gas flow, 0.20 L min-1 auxiliary gas flow, 1.40 mL min-1 pump flow, and 1450 W RF
---134---

Chapter 4
power. Each sample was measured twice to give the average Pt loading.

The coating adhesion measurements were performed in an ultrasonic bath (PCE-UC 20, 40 kHz)

by immersing the coated microreactor in the glass beaker containing acetone for 1 to 3 h. After
drying the capillary microreactor, the weight loss percentage of the microreactor was calculated
based on the dry weight difference before and after the ultrasonic test.
4.2.5. Definitions

The CH4 conversion (𝑋𝑋𝐶𝐶𝐻𝐻4 ), CO2 or CO selectivity (𝑆𝑆𝐶𝐶𝑂𝑂𝑥𝑥 ) and H2 selectivity (𝑆𝑆𝐻𝐻2 ) are calculated
based on Eqs. (4.1) - (4.3), respectively.
𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑖𝑖 − 𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑜𝑜

𝑋𝑋𝐶𝐶𝐻𝐻4 =

𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑖𝑖

𝐹𝐹𝐶𝐶𝐶𝐶𝑥𝑥, 𝑜𝑜

𝑆𝑆𝐶𝐶𝑂𝑂𝑥𝑥 =
𝑆𝑆𝐻𝐻2 =

𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑖𝑖 − 𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑜𝑜
𝐹𝐹𝐻𝐻2, 𝑜𝑜

𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑖𝑖 − 𝐹𝐹𝐶𝐶𝐶𝐶4, 𝑜𝑜

× 100 %

(4.1)

× 100 %

(4.2)

× 100 %

(4.3)

Here F means the molar flow rate (based on ca. 20 oC and 1 atm). The subscripts i and o denote
the inlet and outlet of the microreactor, respectively.

The mean residence time (τ) in the microreactor is defined as the total inner volume of the
microreactor (Vtot) divided by the total volumetric flow rate of the feed gases (Qtot; based on 20

oC

and 1 atm).

𝜏𝜏 =

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡
𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡

(4.4)

The actual residence time under the reaction conditions is shorter due to the increased reaction
temperature (cf. Table 4.A.1 in the appendix).

The catalyst specific loading (𝜑𝜑) of Pt/γ-Al2O3 coating is defined as the catalyst mass (𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐 )

divided by the inner surface area (S) of the microreactor,
𝜑𝜑 =

𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐
𝑆𝑆

(4.5)

Here the calculation of 𝜏𝜏 and 𝜑𝜑 are based on the microreactor geometry without considering

the presence of the coating (given its negligibly small thickness compared with the microreactor
inner diameter).
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4.2.6. Error analysis
Each data point (i.e., the methane conversion) presented in this work represents an average

result of the two or three samples collected for each run. The relative deviation was found in a
range of 3.33-15.97% at 350 oC (due to practically low conversion levels) and of 0.11 to 2.32%

for temperatures of 400 - 500 oC. The reason for these errors might be due to the reaction
operation process (e.g., manual sampling) and the sample analysis (by GC).
4.3. Results and discussion

4.3.1. Reaction performance of the single-layer Pt/γ-Al2O3 catalyst system
4.3.1.1 Effect of temperature
The methane conversion as a function of the reaction temperature (i.e., approximated as the

oven temperature) under different Pt loadings and O2:CH4 molar ratios (Φ) for the single-layer

Pt/γ-Al2O3 catalyst system is presented in Fig. 4.4. As shown in Fig. 4.4a (Φ = 2), at a lower

temperature (e.g., from 350 oC to 400 oC), the reaction could be mainly controlled by kinetics.

At 350 oC, the methane conversion is very low (<3%) due to the reaction rate being very low at

such temperatures and its difference is not noticeable between each Pt loading tested as the
measurement could be more significantly affected by the experimental error. As the

temperature increased to 400 oC, the methane conversion for each Pt loading case increased

and the higher Pt loading gave rise to a higher methane conversion, due to the much increased
reaction rate clearly unveiling the positive effect of increased Pt loading. As the temperature

increased to 450 or 500 oC, the methane conversion increased more rapidly for each Pt loading

tested, primarily due to the exponential increase of the kinetic rate with temperature (according
to the Arrhenius equation). The methane conversion at 500 oC exhibited a remarkable increase
from ca. 37.54% to 84.97% when the Pt loading was increased from 1.5 wt% to 4.5 wt%, and
the CO2 selectivity is approximately 100 % ± 3% without any other byproducts found (not

shown for brevity). The Pt loading increase in the single-layer system resulted in the increased

intrinsic kinetic rate, and thus increased the overall reaction rate leading to a higher methane
conversion, although the reaction tended to be controlled by mass transfer at such high
temperature levels.

The methane conversion obviously exhibited a remarkable increase starting from ca. 400 oC

onwards (Fig. 4.4a). Given the higher adsorption energy of methane than that of oxygen, it is

reported that the reaction rate determining step was shifted from the oxygen adsorption at the

beginning to the methane adsorption with the increased surface temperature of catalyst [56].
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The light-off phenomenon occurred once the favourable coverage of the adsorbed methane and

oxygen over the catalyst surface was reached [57,58]. This light-off further boosted the local
temperature of the catalyst, resulting a further increase in the methane conversion. Thus, the

light-off temperature is one of the crucial parameters used to evaluate the catalyst activity. As

shown in Table 4.2, for a higher Pt loading, the T50 value (i.e., the light-off temperature

corresponding to 50% methane conversion; estimated by the polynomial fitting method [15])
is lower due to the enhanced catalyst activity.

It is worth noting that the difference in the methane conversion increase is generally reduced
when increasing the Pt loading, which is more obvious at higher temperatures. For example, the

difference in the methane conversion (54.67%) between 1.5 wt% and 3.0 wt% Pt loading at 500
oC

is much larger than that (15.62%) between 3.0 wt% and 4.5 wt% Pt loading. This

phenomenon might be attributed to the more significant (external) mass transfer limitation at

the higher Pt loading system, especially at high temperatures between 450 oC to 500 oC where

the kinetic rate is such fast that the reaction tended to be in the mass transfer-controlled regime.

As a result, there existed a slower conversion increment with higher Pt loading systems (e.g.,
4.5 wt% Pt loading). These results suggest that a higher methane conversion could be obtained

at a higher temperature and preferably over a higher Pt loading system, although the mass
transfer limitation has to be suppressed for the best use of the intrinsic catalytic activity.

Similar trends in the methane conversion as a function of the reaction temperature and Pt
loading were found at Φ = 5 (Fig. 4.4b). Comparing Figs. 4.4a and 4.4b, the methane conversion

with Pt loading systems of 3.0 wt% and 4.5 wt% is generally higher at Φ = 2 than that at Φ = 5,

which is more discernible at relatively higher temperatures (e.g., at 450 oC or above). This is in

line with the lower light-off temperature (T50) at Φ = 2 for such Pt loading (Table 4.2). The
difference in the light-off behavior at different Φ values could be due to the coverage variation

between the adsorbed oxygen and methane over the catalyst surface. The adsorption rate of

oxygen is faster than that for the methane [9], resulting in the catalyst surface being more

covered by oxygen prior to ignition [59]. The more adsorbed oxygen could bring a lower
methane conversion by preventing the weakly adsorbed methane over the catalyst surface [60].

A favourable coverage between the adsorbed methane and oxygen could be reached at ca. Φ =
2 (i.e., the stoichiometric ratio for methane combustion), resulting in a better methane
conversion and thus a lower T50 value.

On the contrary, at a Pt loading of 1.5 wt%, a slightly higher methane conversion has been

observed at Φ = 5 rather than at Φ = 2 throughout the tested temperature from 350 to 500 oC
---137---

____________

_____________________________ ____

(Fig. 4.4). For example, a ca. 5% higher conversion was found at Φ = 5 for reaction temperatures

of 450 and 500 oC, in agreement with the light-off temperature difference shown in Table 4.2.

Such difference is believed not caused by a significant experimental error. This might be further
explained by the fact that at Φ = 2, the reactants were less significantly ignited due to the

insufficient Pt loading though in the presence of a (close to) favourable catalyst coverage, and

thus the adsorbed methane at Φ = 2 could not be effectively converted than that at Φ = 5 where
there was less methane adsorbed in the presence of a dominant oxygen adsorption. This might

be linked to the influence of catalyst properties (e.g., specific surface area, Pt particle size, the
interaction between Pt and Al2O3 through bridging oxygen [61]) at such low Pt loading/mass

on the catalytic performance. A further justification would require catalyst surface
characterization.

Fig. 4.4. Methane conversion as a function of the reaction temperature (T) over the single-layer

Pt/γ-Al2O3 catalyst in the capillary microreactor: (a) Φ = 2, (b) Φ = 5. Conditions: T = 350 - 500
oC,

Qtot = 70 mL min-1, τ = 1.42 s, Pt loading from 1.5 to 4.5 wt% (cf. entries 1, 5 and 7 in Table

4.1).
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Table 4.2
T50 values for the CMC experimental data presented in Fig. 4.4.
Pt loading

T50 (oC) a, b

1.5

531.25

518.81

460.96

476.88

(wt%)
3.0
4.5

Φ=2

476.58

Φ=5

487.39

a

T50 indicates the temperature to reach 50% methane conversion, and reaction conditions are

b

Estimated from the polynomial regression line used for fitting the measured conversion curve

the same as shown in Fig. 4.4.

as a function of the reaction temperature for each Pt loading. The polynomial is in the form of
2
𝑇𝑇50 = 𝐵𝐵0 + 𝐵𝐵1 𝑋𝑋𝐶𝐶𝐻𝐻4 + 𝐵𝐵2 𝑋𝑋𝐶𝐶𝐶𝐶
, where B0, B1 and B2 are the fitting constants.
4

4.3.1.2 Effect of molar ratio of O2 to CH4

The methane conversion as a function of Φ is presented for the single-layer 3 wt% Pt/γ-Al2O3

system in Fig. 4.5 by maintaining a constant total flow rate (Qtot = 70 mL min-1) and operating
temperature (T = 400 or 450 oC). The methane conversion was found higher for all investigated

Φ values at 450 oC than that at 400 oC. This is consistent with the results in the light-off

experiments (Fig. 4.4), that is, a higher temperature improved the methane conversion due to
the increased intrinsic catalytic activity. For each temperature, the methane conversion

increased when increasing Φ from 0.5 to 1.5. At such methane-rich conditions (Φ < 2), the

coverage of the adsorbed methane is dominant over the catalyst surface, and the insufficient

supply of oxygen is the main factor limiting the adsorbed methane to be further converted over
the available active sites, as it is shown in the GC analysis that all oxygen has been consumed. In

other words, with increasing Φ up to ca. 1.5, there is more oxygen available in the feed and
subsequently over the catalyst surface, leading to a higher methane conversion. The limited
oxygen supply at such low Φ values also explains the observed little effect of raising the
temperature from 400 to 450 oC on the conversion improvement (i.e., the reaction has already

proceeded 100% relative to oxygen). The slight increase of the methane conversion at 450 oC is

possibly due to the more favored side reactions involving methane (e.g., methane partial
oxidation and steam reforming [62]) compared to that at 400 oC, as supported by the higher
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H2/CO selectivity and lower CO2 selectivity found in the former case (Fig. 4.6). The well-known

path for methane partial oxidation is that CH4 is first converted to CO2 and H2O, and the
remaining CH4 is converted with CO2 or H2O to form H2 and CO when oxygen is completely

consumed [63-65]. Meanwhile, CH4 is reformed with H2O for producing H2 and CO (steam

reforming reaction), and CO could react with H2O to form CO2 and H2 (water-gas shift reaction).

The highest conversion was found at ca. Φ = 1.5 instead of 2 (the stoichiometric ratio for

methane combustion), due to the increased oxygen supply together with the additional
consumption of methane in side reactions mentioned above that require less amount of oxygen.

Moreover, it is also reported that there has to be a balance between the adsorbed oxygen and
methane on the catalyst surface, and neither a fully oxidized nor a fully reduced Pt state was

desired [66]. A further decrease or increase of the oxygen composition in the feed disturbs this
balance and negatively impacts the conversion of methane. It seems that this balance has been

achieved at Φ = 1.5 in the experiments relevant to Fig. 4.5, which also largely explains a
remarkable decrease in the methane conversion at Φ = 2.

As further revealed in Fig. 4.5, the methane conversion slightly increased when increasing Φ
from 2 to 5. This phenomenon is also not procedurally related, as an additional experiment by

decreasing Φ from 5 to 2 (and further on to 0.5) at 400 oC led to exactly the same conversion

behavior. The results in the current molar ratio experiment (Fig. 4.5) are not consistent with

that in the light-off experiment (Fig. 4.4) where the methane conversion is higher at Φ = 2 than

that at Φ = 5 under otherwise identical conditions (3 wt% Pt loading, 70 mL min-1, 400 and 450
oC).

In the light-off experiment, Φ was fixed and the temperature was gradually increased from

350 to 450 oC. In the molar ratio experiment, the temperature was fixed and Φ was varied from
0.5 to 5 (or vice versa), where a more complex surface behavior might have occurred. It is

reported that the hysteresis phenomenon was present when switching the feed gas composition
[62,67,68], due to the balance between the adsorbed methane and oxygen over the catalyst
being disrupted. The hysteresis phenomenon is commonly considered in the case that when the
catalyst is first induced to the high conversion state (e.g., after ignition), it still maintains a

relatively high conversion even after switching to the low conversion state/or extinction

conditions [66]. Moreover, Bugosh et al. [62] reported that in the high conversion state,
increasing the oxygen to methane ratio (as high as 65) in the feed gas had no significant effect
on the methane conversion. Thus, the oxygen coverage as well as the number of active sites

could be considered as constant under such circumstances. In the current molar ratio

experiment, such a (relatively) high conversion state has been triggered previously by operating
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at Φ = 1.5, and thus is expected to maintain when Φ was further switched to 2 all the way up to

5. Thus, the increased methane conversion upon increasing Φ from 2 to 5 in such experiment
could be related to the decrease in the relative concentration of methane in the feed gas. To be

more specific, under the oxygen-rich conditions (Φ > 2), the catalyst surface is covered by a
large amount of oxygen. It is reasonable to assume that the adsorbed oxygen concentration was

sustained relatively as constant over the catalyst surface. Thus, the methane adsorption became

the rate-determining step [57,58], and the decreased methane concentration in the feed gas
with increasing Φ resulted in a higher methane conversion due to the less methane competing

for a certain amount of active sites. In other words, a relatively large fraction of methane had

the possibility to be adsorbed onto the active sites, resulting in higher oxidation chances and
therefore an increased methane conversion. This theory also holds true when Φ was decreased
from 5 to 2 as shown in Fig. 4.5. In more detail, given the high temperature level tested (400 oC),

a relatively high conversion state was already achieved at Φ =5. Thus, this state could be kept

when further decreasing Φ towards 2. Here, it can be still assumed that the catalyst was with a
constant oxygen coverage on the surface and therefore a constant number of active sites.
Consequently, the methane conversion was reduced with decreasing Φ, based on a similar

argument as above. In the light-off experiment, the high conversion state was only reached near
the end (i.e., at relatively high temperature level) and thus, the hysteresis effect was not
observed.

Fig. 4.5. Methane conversion as a function of the molar ratio of O2 to CH4 (Φ) over the single-

layer 3 wt% Pt/γ-Al2O3 system (cf. entry 6 in Table 4.1) in the microreactor. Conditions: T = 400,

and 450 oC, Φ = 0.5 - 5, Qtot = 70 mL min-1, τ = 1.42 s.
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Fig. 4.6. Selectivities of H2, CO and CO2 as a function of Φ over the single-layer 3 wt% Pt/γ-Al2O3

system (cf. entry 6 in Table 4.1) in the microreactor. Other conditions are the same as in Fig. 4.5.

Table 3 provides a further comparison between the light-off experiment and the molar ratio
experiment in Table 4.3. Under otherwise the same operating conditions, the methane

conversion in the molar ratio experiment is (much) higher than that in the light-off experiment
for Φ = 2 or 5. This difference can be also explained by the hysteresis effect as mentioned above.
In our molar ratio experiment, the high conversion state in the catalyst has been induced, e.g.,
at Φ = 1.5. This could result in a higher methane conversion when raising Φ to 2 and further on

up to 5 in the molar ratio experiment than that obtained in the light-off experiment where there
is an absence of the hysteresis effect. Thus, the high conversion state theory and its effect on the

competitive adsorption behavior over the catalyst therefore explains the performance
difference between the light-off and molar ratio experiments.

In the light-off experiment, it was only operated by increasing the operating temperature from
350 to 500 oC, namely, from a low conversion state to high conversion state. Since the hysteresis

phenomenon was observed by switching high temperature (ignition) and low temperature
(extinction) operations [67], it can be applied to reach a high methane conversion even at a
relative low temperature level, i.e., by first working at a high temperature region and then

changing back [67]. However, this was not tested in the light-off experiment. Moreover, it is not

clear about the duration of such high conversion state that can be maintained before extinction,
which is beyond the current research scope and will be considered in our future studies.
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Table 4.3
Comparison between the light-off experiment and the molar ratio experiment over the singlelayer 3 wt% Pt/γ-Al2O3 catalyst in the microreactor.
Φ

2
5

a Conditions

𝑋𝑋𝐶𝐶𝐻𝐻4 in the light-off experiment a

𝑋𝑋𝐶𝐶𝐻𝐻4 in the molar ratio experiments b

11.33

25.42

400 oC

450 oC

12.40

27.12

32.44

400 oC

450 oC

39.35

55.00

are shown in Fig. 4.4. b Conditions are shown in Fig. 4.5.

39.98

In this work, the reaction temperature is simply assumed as the oven temperature. In reality,
the temperature inside the microreactor (i.e., in the gas mixture and over the catalyst surface)
could be (much) higher than the oven temperature, due to the strongly exothermic nature of

the methane combustion reaction. This has been partially revealed in our previous study with
a plate-type multichannel microreactor [41], where a non-uniform temperature distribution

was found in the microreactor and the reaction front (characterized by the presence of a
temperature maximum) could shift from the inlet towards downstream at an increased total

flow rate or oxygen to methane molar ratio. A similar trend was observed in the current

capillary microreactor. As shown in Fig. 4.7, the gas temperatures measured at the microreactor
inlet and outlet were found to be 470.4 oC and 472.6 oC (with an oven operational temperature
of 450 oC) at Φ = 0.5, and to be 445.5 oC and 466.3 oC at Φ = 5, respectively. The difference in the

inlet gas temperature shows that the reaction front moved further towards downstream of the

microreactor with increasing oxygen concentration in the feed gas. In more details, at Φ = 0.5,
the temperature in the front part of the microreactor significantly increased due to the released

combustion reaction heat, with a little further increase of the gas temperature at outlet,
indicating that the location of the reaction front was at or near the inlet. However, at Φ = 5, the

gas temperature only slightly increased at the inlet and experienced a somewhat more
significant increase at the outlet. The majority of methane was thus converted at the
downstream of the microreactor, producing a larger temperature difference between the inlet

and outlet at Φ = 5. It has to be noted that the temperature reported in this work was only
measured at the inlet and outlet of the gas stream, and the tips of thermocouples did not touch

the catalyst surface. The actual temperature of catalyst surface should be much higher than
these measurements [41].
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Fig. 4.7. Axial temperature profile along the capillary microreactor over the single-layer 3 wt%

Pt/γ-Al2O3 catalyst (cf. entry 6 in Table 4.1). Conditions: T = 450 oC, Φ = 0.5 and 5, other
conditions are the same as shown in Fig. 4.5.
4.3.1.3 Effect of total flow rate

The methane conversion in the microreactor as a function of the total flow rate over the single-

layer catalyst (with Pd loadings of 1.5 – 4.5 wt%) is displayed in Fig. 4.8. An obvious decrease
in the methane conversion was observed when increasing the total flow rate, as a result of the

reduced residence time (Eq. (4.4)). For all flow rates studied (Qtot = 30 - 100 mL min-1) at 400
oC,

a higher Pt loading gave rise to a higher methane conversion due to the enhanced catalytic

activity. The decrease of the methane conversion tends to become indiscernible at sufficiently

high flow rates. This could be explained by the significantly improved external mass transfer

that compensated the methane conversion decrease from the shortened residence time. In
more detail, under prevailing laminar flow conditions (also relevant to the current

experiments), the external gas-solid mass transfer inside channels was usually found to
increase somewhat significantly with the increasing flow rate (or more generally the Reynolds

number) [50]. Moreover, it seems that such insignificant decrease of the methane conversion

started at a larger total flow rate when increasing the Pt loading (e.g., from 1.5 to 3 wt% and

further on to 4.5 wt%). This is likely due to the higher kinetic rate present at a higher Pt loading,
making the mass transfer more easily limited, and thus a higher flow rate is required to improve
the external mass transfer in order to sufficiently compensate the conversion loss. Herein, a
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further increase of the methane conversion could be reached by increasing the operational
temperature, as shown in the figure for the 3 wt% loading case at 450 oC.

Fig. 4.8. Methane conversion as a function of the total flow rate under different Pt loadings over
the single-layer Pt/γ-Al2O3 catalyst in the microreactor. Conditions: T = 400 and 450 oC, Φ = 2,

Qtot = 30 - 100 mL min-1, τ = 1.00 s - 3.32 s, Pt loading from 1.5 to 4.5 wt% (cf. entries 1, 4, 5 and

7 in Table 4.1).

The methane conversion in the microreactor (with the single-layer 3 wt% Pt/γ-Al2O3) as a

function of the reaction temperature (350 – 500 oC) under different flow rates is further

depicted in Fig. 4.9. It is particularly noticed that at a total flow rate of 47.5 or 65.0 mL min-1, a

seemingly exponential increase in the methane conversion was found upon increasing the
temperature from 350 to 500 oC. This is in contrast to a more or less linear conversion increase

at the total flow rate of 30.0 mL min-1. At such a lower flow rate, the external mass transfer
tended to have a more significant influence, which was improved with temperature rise due to
mainly the increased gaseous diffusivity of oxygen and methane (e.g., proportional with T1.75

[69,70] ) At higher flow rates, the external mass transfer was improved and the intrinsic kinetic
rate (increasing exponentially with temperature according to the Arrhenius equation) played a
more important role in determining the overall flow rate. Thus, under these circumstances, the
methane conversion shows more like an exponential increase with temperature.
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Fig. 4.9. Methane conversion as a function of the reaction temperature under different flow

rates over the single-layer 3 wt% Pt/γ-Al2O3 catalyst (cf. entry 3 in Table 4.1) in the microreactor.
Conditions: T = 350 - 500 oC, Φ = 2, Qtot = 30 - 65 mL min-1, τ = 1.53 - 3.32 s.

4.3.2. Reaction performance of the multi-layer Pt/γ-Al2O3 catalyst system
To further investigate the influence of internal diffusion within the coating layer, the multi-layer

catalyst coatings were prepared inside the capillary microreactor. Two different cases of multilayer Pt/γ-Al2O3 catalysts were designed (Fig. 4.2). The influence of temperature and molar

ratio of O2 to CH4 was investigated in these two cases for the CMC and compared with the single-

layer counterpart.

4.3.2.1 Effect of temperature
Fig. 4.10 compares the methane conversion at different temperatures between the single-layer
(with 1.5 wt%, 3 wt% and 4.5 wt% Pt/γ-Al2O3) and double-layer (with 1.5 wt% and 2.25 wt%

Pt/γ-Al2O3) system at Φ = 2. Case 1 was produced with the double-layer system of 1.5 or 2.25

wt% Pt loading to compare with the respective single-layer 3 or 4.5 wt% Pt loading system. The

double-layer system of 1.5 wt% Pt loading also represents case 2 in relation to the single-layer

system of 1.5 wt% Pt loading. For case 1, the total Pt mass of the double-layer and respective

single-layer systems is theoretically consistent, and thus the Pd loading in the double-layer
system is assumed half of that in the single-layer system. As for case 2, the total Pt loading in
the double-layer and respective single-layer systems is theoretically identical, and thus the total
Pt mass of the double-layer system is assumed twice of that in the single-layer system. For both
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cases, the double-layer system is assumed to have a coating thickness around twice of that in

the respective single-layer system (as also indicated by an almost doubled φ value in the former

system; Table 4.1). The actual Pt loading in both layer systems could be found from the selected
results of ICP-OES in Table 4.1. The actual Pt loading is about 6% to 13% lower than the

theoretical one (i.e., estimated according to the preparation conditions), which could be due to
the uncertainties associated with the experimental coating procedures. Such relatively low
deviation also corroborates the reliability of the current coating preparation method.

Given the more significant internal diffusion limitation caused by thicker coating layers (with
equal Pt mass), the double-layer system in case 1 tends to yield a lower methane conversion

than the respective single-layer system. This trend is seen in Fig. 4.10 when one compares the
methane conversion of the double-layer (with 1.5 or 2.25 wt% Pt/γ-Al2O3) system with that of

the corresponding single-layer (with 3 or 4 wt% catalyst) system, especially at a relatively high
operational temperature (e.g., > 400 or 450 oC) where the reaction is likely more limited by the

(external and internal) mass transfer. At a relatively low temperature, the reaction tended to be
controlled by kinetics, thus the conversion difference between the double-layer and respective
single-layer systems is not pronounced.

A further comparsion between the double-layer (with 1.5 wt% Pt/γ-Al2O3) system in case 2
with the corresponding single-layer (with 1.5 wt% catalyst) system reveals a higher methane
coversion in the former system, especially at temperatures above ca. 400 oC (Fig. 4.10). In case
2, the Pt loading (and thus mass) in each layer is the same as that of the single-layer system.

Thus, the above results indicate that in case 2 besides the top coating layer, the bottom layer is
also quite active in the reaction given the large increase of the methane conversion in the

double-layer system (e.g., being 61.5% at 500 oC compared with 37.5% in the single-layer

system). Another implication is that there is not a severe internal diffusion limitation in the

single-layer system. In other words, the reactant could still diffusive through the coating to
reach the inner surface of the pores (especially those near the microreactor wall), leading to the

presence of non-zero reactant concentrations therein. Otherwise, the bottom layer in case 2

would not function actively in the reaction. This further suggests that although the coating

thickness is thicker in case 2, the reaction rate seems to be more limited by the catalyst amount

than the internal diffusion. The fact that the improved conversion in case 2 is more pronounced
at relatively high temperature levels could be explained by the more significantly increased

intrinsic kinetic rate therein. At relatively low temperature levels, the kinetic rate already
became so slow controlling the overall reaction rate that essentially no conversion difference
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existed in both the double- and single-layer systems.

Fig. 4.10 also correctly reflects the positive effect of increasing the Pt loading (or mass) on the

reaction performance improvement, as supported by the increased methane conversion when
the Pt loading was changed from 1.5 wt% all the way up to 4.5 wt% in the single-layer system,
and from 1.5 wt% to 2.25 wt% in the double layer system.

Fig. 4.10. Methane conversion as a function of the reaction temperature over the single-layer

(with 1.5 wt%, 3 wt% and 4.5 wt% Pt/γ-Al2O3) and double-layer (with 1.5 wt% (cases 1 + 2)
and 2.25 wt% (case 2) catalyst) systems in the microreactor. Conditions: T = 350 - 500 oC, Φ =
2, Qtot = 70 mL min-1, τ = 1.42 s. The single-layer systems correspond with entries 1, 5 and 8 in
Table 4.1, and the double-layer systems with entries 9 and 11 in Table 4.1.

The above discussions are limited to qualitative analysis, since it is not possible to directly
quantify the rates of surface reaction and internal diffusion within the coating in the current
experiment. It is reported that the internal diffusion rate is directly correlated to particle
properties (e.g., size, pore structure and tortuosity). A small particle size facilitates more
reactants to access the interior of the catalyst and is characterized by a low value of Thieles

modulus (defined as the ratio of the surface reaction rate to the internal diffusion rate), so that
catalyst and the surface reaction rate tends to be limiting [71]. Similarly, for thicker coatings in

the double-layer system, an increased diffusion path is expected. Moreover, in, the repetitive

coating procedures in cases 1 and 2 might cause the pore structure of the bottom coating layer
to be modified to some extent by another coating layer on the top. These eventually may result
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in an increase of the internal diffusion resistance within the (bottom layer of) coating. However,
selected BET analyses have revealed no significant surface area or pore volume change of the

catalyst in the double-layer system as compared with its single-layer counterpart, as indicated
in Table 4.B.1 of the appendix. Thus, a more detailed study concerning the impact of the double-

layer and single-layer systems on the coating structure and the diffusion/reaction behavior
therein is still needed for an in-depth elucidation of the current experimental results. In

addition, given the strongly exothermic nature of the methane combustion reaction, the
adiabatic temperature rise is estimated ca. 2000 oC at Φ = 2 [72]. Thus, the external surface

temperature of the catalyst could be much higher than that inside the catalyst, and with that a
much higher reaction rate may be facilitated at the exterior of the catalyst. Such temperature
effect should be also well taken into account in the analysis of diffusion/reaction behavior
within the coating layer.

The impact of using single-layer and multi-layer catalyst systems on the methane conversion
under methane-rich conditions (Φ = 1) is shown in Fig. 4.11. The multi-layer (double-/triple-

layer) systems here are according to case 2, and were produced by maintaining the theorteically

idential Pt loading (3.5 wt%) as that in the corresponding single-layer system. A generally

insignificant difference in the methane conversion was found between the single-layer and

double/triple-layer systems under the tempearture tested (350 – 500 oC). As shown in Fig. 4.10

(Φ = 2), a higher methane conversion for the double-layer stystem in case 2 could be obtained
than that of the single-layer system, due to more Pt avaiable despite the thicker catalyst coating
layer. The insignificant conversion difference noticed here at Φ = 1 is thus mainly due to the

insufficient oxygen supply as the dominant factor to limit the adsorbed methane to be further

converted some slight conversion difference could be due to the experimental uncertainties
inccurred in either the coating preparation or reaction testing).
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Fig. 4.11. Methane conversion as a function of the reaction temperature over the single-layer

system and double-/triple-layer systems (case 2) in the microreactor. Conditions: T = 350 oC -

500 oC, Φ = 1, Qtot = 70 mL min-1, τ = 1.42 s, 3 wt% Pt/γ-Al2O3. The single-layer system

corresponds with entry 2 in Table 4.1 and the multiple-layer systems with entries 12 and 13 in
Table 4.1.

4.3.2.2 Effect of molar ratio of O2 to CH4
The methane conversion as a function of Φ for the single-layer and multi-layer (double-/triple-

layer; case 2) 3 wt% Pt/γ-Al2O3 catalyst systems was investigated by maintaining the flow rate

at 70 mL min-1 and operational temperature at 400 oC (Fig. 4.12). The methane conversion for
the multi-layer catalyst system presented a significant increase in the order: Φ = 1 > Φ = 5 > Φ

= 2, which is in line with the results demonstrated in the molar ratio experiment for the single-

layer system (Fig. 4.5). This proves that the multi-layer system as a whole functioned well. There

only exists a minor conversion difference at Φ = 1 for the single-, double-, and triple-layer

systems, since the insufficient oxygen supply is limiting factor (as already presented in Fig. 4.11
above). At Φ = 2 and 5, the methane conversion was found to generally increase when the

number of coating layer was further increased in case 2 (if one neglects the local anomaly

present at Φ = 5, which might be due to experimental error). This finding is consistent with the
results of Fig. 4.10 according to which a higher methane conversion could be obtained in the

multi-layer system in case 2 than that in the single-layer system. Thus, it can be also assumed

in both the double- and triple-layer systems, all coating layers (actively) contributed to the
reaction.
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Fig. 4.12. Methane conversion as a function of Φ over the different catalyst layer systems in the

miroreactor. Conditions: T = 400 oC, Φ = 1, 2 and 5, Qtot = 70 mL min-1, τ = 1.42 s. 3 wt% Pt/γ-

Al2O3. The single-layer system corresponds with entry 2 in Table 4.1 and the multiple-layer
systems with entries 12 and 13 in Table 4.1.
4.3.3. Catalyst stability

The catalyst stability under reaction conditions was tested in a span of 5 days over the single-

layer 4.5 wt% Pt/γ-Al2O3 catalyst system in the microreactor (Fig. 4.13). The test was conducted
at a total flow rate of 70 mL min-1 under 500 oC and Φ = 2, which consisted of each daily run for

6 hours, with the reaction being stopped in between, until five days’ data were collected. The
methane conversion was found at the highest level in the first 6 h (the average value being
86.4%), and the lowest was in the last 6 h (the average value being 79.3%). Thus, there is a

gradual catalyst activity loss (indicated by ca. 7% conversion drop over a reaction time of 30 h).

As Fig. 4.14 reveals, a considerable difference in the light-off curve was found when comparing
the fresh catalyst (time on stream at 0 h) and aged catalyst (times on stream at 35 h and 40 h),

with the more aged catalyst requiring a higher T50 value. A possible reason for catalyst activity
loss is the catalyst sintering and the formation of less active species (PtO2) during the reaction

[9,73,74]. An aged catalyst probably resulted in the structural changes (e.g., Pt particle size,
pores narrowing/blockages), which could further affect mass transfer within the coating layer
and kinetics. Thus, an improved catalyst preparation method is required to enhance the catalyst

stability. The above results also indicate that the coating adhesion on the microreactor wall was
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strong enough under the applied reaction conditions, though the adhesion test using (possibly
harsh) ultrasonic treatment caused a relatively large weight loss percentage of the coating and

the SEM-EDS analysis seems to suggest some local structure imperfection in the coating (cf.
Appendix 4.C for more details and discussion).

Fig. 4.13. Catalyst stability over the single-layer 4.5 wt% Pt/γ-Al2O3 catalyst system (cf. entry 8
in Table 4.1) in the microreactor. Conditions: T = 500 oC, Φ = 2, Qtot = 70 mL min-1, τ = 1.42 s.

Fig. 4.14. Methane conversion at a function of the reaction temperature in the single-layer
system with different catalyst ages in the microreactor. Conditions: T = 350 - 500 oC, Φ = 2, Qtot
= 70 mL min-1, τ = 1.42 s, 4.5 wt% Pt/γ-Al2O3 (cf. entry 8 in Table 4.1).
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4.4. Conclusions
In this work, the dynamic slug flow method was used to washcoat Pt/γ-Al2O3 catalyst in the

capillary microreactor (made of stainless steel) in one step. Both the single- and multi-layer

catalyst coating systems were prepared and tested for the catalytic methane combustion. Two
different cases were designed in the multi-layer system. In case 1, the total weight of Pt in the

multi-layer system was maintained theoretically the same as that in the respective single-layer
system. In case 2, the theoretical Pt loading in the multi-layer system was kept identical to the
single-layer system. For both cases, the coating thickness was assumed to increase
proportionally with the number of layers coated.

For the single-layer system, the effect of the reaction temperature, molar ratio of O2 to CH4 (Φ),

and total mixture flow rate was investigated over catalysts with different Pt loadings. A best
methane conversion of 95.17% could be obtained under 500 oC at 30 mL min-1 and Φ = 2. The

light-off curves exhibited a remarkable increase in the methane conversion as increasing Pt

loading from 1.5 wt% to 4.5 wt% at Φ = 2 and 5, especially at relatively high temperatures

(above ca. 400 oC). A lower methane conversion at Φ = 5 could be attributed to the increased
competitive adsorption of reactants, where the predominantly adsorbed oxygen could prevent

the weakly adsorbed methane over the catalyst surface for its further conversion. The
increment of the methane conversion with increasing Pt loading tended to slow down, possibly

due to the more significant internal diffusion limitation in the coating given the increased
kinetic rate. A higher methane conversion was found in the molar ratio experiment than that in

the light-off experiment under otherwise identical conditions possibly due to the hysteresis
effect, since the high conversion state can be maintained by varying the molar ratio of O2 to CH4

in the experiment at a relatively high temperature level. A decrease of the methane conversion
was found for each Pt loading upon increasing the total mixture flow rate due to the reduced

residence time, though it became insignificant at sufficiently high flow rates at which the

external mass transfer could be largely improved to compensate the conversion loss. In
addition, a slight catalyst activity decrease over time was noticed. Thus, the catalyst preparation
method in microreactors still needs further improvement.

The multi-layer (or more specifically, double-layer) system in case 1 was found to yield a lower

methane conversion at Φ =2 and 5 than the respective single-layer system, possibly due to the

increased internal diffusion resistance in the thicker coating layer. For case 2, the multi-layer
(or more specifically, double- and triple-layer) system generally exhibited a higher methane
conversion at Φ = 2 and 5 than the corresponding single-layer system, indicating the (active)
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participation of all coating layers (instead of the top layer alone) in the reaction. This suggests

that in case 2, the reaction rate tends to be more limited by the catalyst amount than the internal

diffusion. The methane conversion is nearly identical between the single-, double- and triple-

layer systems at Φ = 1 thoughout the temperature range of 350 to 500 oC, due to the reaction
rate being mainly limited by the insuffieinct oxygen supply.

The above findings may provide useful guidelines in the catalyst coating preparation and
microreactor operation for the catalyst methane combustion. However, further studies of the

reactant transport within the coating (as a function of local temperature profile and coating

properties), reaction kinetics and mechanisms, are still required for a more in-depth
understanding of the reaction behavior in microreactors.
Appendix 4.A

Influence of temperature on the residence time
The residence time in this work was calculated based on the total mixture flow rate at 20 oC and

1 atm (cf. Eq. (4.4)). Under the reaction conditions, the actual residence time is shorter due to
the increased temperature, as shown in Table 4.A.1.

Table 4.A.1. Comparisons of the mean residence time as a function of the reaction temperature.
Reaction temperature
(oC)

b

(mL min-1)

(s)

At 20 oC

At

0.67

350

70

1.42

450

70

1.42

400

a

Total flow rate a Mean residence time b

500

70
70

Based on 20 oC and 1 atm.

1.42
1.42

the

temperature
0.62
0.58
0.54

Calculated with Eq. (4.4), assuming 1 atm pressure and the ideal gas behavior.
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Appendix 4.B
BET analyses of the coated catalyst after reaction
The specific surface area of Pt/γ-Al2O3 catalyst coated in the capillary microreactor was

measured after reaction, as presented in Table 4.B.1. No clear relation could be found between

the Pt loading and the BET surface area or the pore volume/size. In all tested cases, the catalyst
with a 3 wt% Pt loading provided the highest surface area. It might be due to the favorable

catalyst structure (e.g., pore size and volume) formed therein with γ-Al2O3 as support. However,

this is not conclusive since the evidence from such limited BET analyses is still insufficient. As

the catalysts characterized here were after reaction uses for certain hours and scrapped from
the microreactor surface, a small difference in the surface area and pore characteristics likely

occurred as a result of the variation of different operational conditions, as also revealed in this
table. However, the general similarity in these analysis results corroborates the good

reproducibility of the catalyst coating procedures in both single- and double -layer systems with

different Pt loadings.
Table 4.B.1

Summary of BET analyses for different used catalysts.
Entry a

(wt%) b

φ

Catalyst age BET

(g m- (h) c

area

2)

1

1.5

53.6

25

7

4.5

56.5

25

5

a

Pt loading

11

3

2.25

43.9
101.1

18
8

surface Pore volume Pore size
(cm3 g-1)

(nm)

74.34

0.459

24.71

78.49

0.482

24.56

(m2 g-1)
92.28
81.42

0.643
0.458

27.88
22.51

Corresponding with Table 4.1. b According to the preparation conditions; calculated based on

the slurry composition and the dry weight of the obtained coating. c Time spent in the CMC
reaction test.
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Appendix 4.C
Coating adhesion Test
In order to simplify the coating procedure, the one-step approach was used in this work to

washcoat a mixture of the alumina slurry and Pt(NH3)4(NO3)2 solution under dynamic slug flow
inside the capillary microreactor (cf. Section 2.2.2). The adhesion of the prepared Pt/γ-Al2O3

catalytic coating was investigated by measuring its weight loss in the ultrasonic test (cf. details
in Section 2.4). The results are presented in Table 4.C.1. It seems that the addition of

Pt(NH3)4(NO3)2 solution into the alumina slurry improved the coating adhesion onto the

microreactor wall when comparing the adhesion test results of γ-Al2O3 alone and Pt/γ-Al2O3

catalyst. However, a high weight loss percentage was observed after ultrasonic tests, which
amounts to be as high as 100% in the case of the single-layer 1.5 wt% Pt/γ-Al2O3 catalyst after
3 h in ultrasonic bath.

Despite this, it appears that the adhesion of the catalyst coating is strong enough under the
applied reaction conditions, as a good catalytic activity could be sustained over long hours of

operation (cf. Fig. 4.13). This is also supported by the fact that no signs of catalyst loss could be
noticed when comparing the reactor weight before and after the reaction testing.
Table 4.C.1

Adhesion test of Pt/γ-Al2O3 washcoated catalyst on the stainless steel capillary microreactor.
Pt loading
(wt%)
4.5 b
1.5 c

mass Total mass loss of catalyst

of catalyst

(g)

0.0817

0.0487

(g)

0.1934

1ha

2ha

3ha

0.1740

0.1948

0.1985

0.0553

0.0633

Final mass Weight

percentage at 3 h

0.0181

77.8

(g)
0

(wt%)
100

0.0414

0.0289

0.0311

0.0328

0.0086

79.3

3f

0.0400

0.0097

0.0170

0.0199

0.0291

49.8

3f

0.0433
0.0404

Ultrasonic bath time.

0.0249
0.0131

0.0260
0.0139
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0.0273
0.0158

loss

of catalyst

0e
0e

a

Initial

0.0201
0.0246

63.0
39.1
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b

Used catalyst after reaction (ca. 15 h on stream), cf. entry 7 in Table .4.1.

c

Fresh catalyst, cf. entry 10 in Table 4.1.

f

Fresh catalyst and the length of capillary microreactor is 50 mm.

e

It refers to the γ-Al2O3 support and the length of capillary microreactor is 50 mm.

Fig. 4.C.1 presents the SEM-EDS analysis results of the triple-layer 3 wt% Pt/γ-Al2O3 catalyst.
As shown in the SEM image (Fig. 4.C.1a), some internal cracks and disconnection between the
catalyst and the microreactor wall could be clearly observed. Although these imperfections of
the coating layer on the microreactor seem to not affect the reaction performance during the

short time on stream tested in this work, the coating method needs to be improved (e.g., in the
coating step and/or the thermal treatment) in order to keep a better coating integrity for its
long-term durability. The EDS spectrum illustrates the presence of a thin layer of iron oxide over

the microreactor surface (Figs. 4.C.1b and 4.C.1c). It was likely generated during the thermal
pre-treatment of the microreactor at 900 oC for 10 h (cf. Section 2.2.2). Such oxide layer could

function as a strong bonding with the catalyst coating layer, at least under the reaction
conditions tested in this work.

Fig. 4.C.1. Results of SEM-EDS annlysis for the triple-layer system with 3 wt% Pt/γ-Al2O3

catalyst (cf. entry 13 in Table 4.1). (a) SEM images, (b) EDS spectrum, (c) eZAF smart quant
results.

The above results also suggest that the ultrasonic treatment herein might be a rather harsh
procedure to test the adhesion of the catalytic coating prepared in 316 L stainless steel

microreactor using the current one-step coating method. On the other hand, this ultrasonic
treatment offers a convenient way for the catalyst removal from the microreactor, which opens
up opportunities to recycle the deactivated/used catalyst and reuse the microreactors [75].
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G. Pecchi, P. Reyes, T. Ló pez, R. Gó mez, Pd-CeO2 and Pd-La2O3/alumina-supported catalysts: their effect on
the
catalytic
combustion
of
methane,
J.
Non-Cryst.
Solids.
345
(2004)
624-627.
https://doi.org/10.1016/j.jnoncrysol.2004.08.110.
[28]
S. Specchia, E. Finocchio, G. Busca, G. Saracco, V. Specchia, Effect of S-compounds on Pd over LaMnO3·2ZrO2
catalysts
for
CH4
combustion,
Catal.
Today.
143
(2009)
86-93.
and
CeO2·2ZrO2
https://doi.org/10.1016/j.cattod.2008.10.035.
[29]
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