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A B S T R A C T

It was previously reported that CO2 could be reformed into CO, CH4, etc., which can be used as fuels, by

TiO2 as the photocatalyst and under UV radiation. If this technique could be applied practically, a carbon

circulation system would then be able to be constructed by reforming CO2 from combustion, using solar

energy, to fuel, which would solve the problem of global warming and fossil fuels depletion all together.

However, the technology is not yet practicable as the fuel concentration of products is too low. To

increase the concentration and improve CO2 reforming performance on TiO2, a membrane reactor

composed of TiO2 and gas separation membrane prepared by sol–gel and dip-coating method has been

built. Study on the factors influencing membrane performance, e.g. rising speed in the dip-coating

process, has been carried out with the reactor. The results of the study are reported in this paper.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Due to mass consumption of fossil fuels, global warming and
fossil fuels depletion have become the serious global environ-
mental problems in the world. After the industrial revolution, the
averaged concentration of CO2 in the world has been increased
from 280 ppmV to 383 ppmV. Therefore, it is necessary to develop
new energy production technologies with less or no CO2 emission.

It is reported that CO2 can be reformed into fuel of CO, CH4,
CH3OH, H2, etc., by TiO2 photocatalyst under UV illumination [1–
11]. If this technique could be applied practically, a carbon
circulation system would then be able to be constructed by
reforming CO2 from combustion, using solar energy, to fuel, which
would solve the problem of the global warming and fossil fuels
depletion all together. Many works on this technology have been
carried out, but mainly for the experimental systems that TiO2

particle loaded with Cu, Pd, Pt reacts with CO2 dissolved in solution
[5,7,8,12–18]. Recently, nano-scale TiO2 [19–21], porous shape
TiO2 [22], TiO2 film combined with metal [23,24], and dye
sensitized TiO2 [25,26], are developed for this process. However,
the fuel concentration in the products is still low ranging from
10 ppmV to 1000 ppmV [5,7,8,10–14,18,19,21]. For the fuel is able
to be used practically, the lowest combustible concentration, for
example, for CH4 and CO is 5.3 vol.% and 12.5 vol.%, respectively.
Therefore, the big breakthrough is necessary to improve the CO2

reforming performance.
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To improve CO2 reforming performance, our previous works
were concentrated on the preparation of the TiO2. We have
adopted the sol–gel and dip-coating method for the preparation of
TiO2 film. In our former papers [27–31], we reported the
investigation of the effect of TiO2 film preparation conditions
such as coating number of film (N), firing duration time (FD) and
firing temperature (FT) in the drying process of dip-coating
method, and ratio of added TiO2 powder to the amount of TiO2 in
sol solution on CO2 reforming performance. In addition, we also
studied the effect of metal deposition on TiO2 film because it was
thought that the metal deposition on TiO2 film would prevent the
recombination of hole and electron produced in reaction from the
other report on TiO2 photocatalyst study [7]. Cu, Pd and Pt were
selected for the metal deposition. With investigating the perfor-
mances of these TiO2 film in the batch reactor which was filled with
CO2 gas and water vapor, the concentration of reforming product
was increased up to 3 vol.% as the maximum [27–31]. This increase
is due to the increase in the reaction surface area of TiO2, good
arrangement of thickness of TiO2 film, upgrading TiO2 crystal-
lization, and preventing recombination of electron and hole by
loaded metal. However, it is necessary to further improve if the
products are to be used as fuel. In this study, the new approach,
which is different from the previous approaches focusing on the
preparation method of TiO2 film, has been undertaken.

According to the calculation by the author, the mass transfer
time of 105 s to 10�1 s is slower than the photo reaction time of
10�9 s to 10�15 s. Therefore, it is thought that the mass transfer is
the inhibition factor to speed up photocatalyst reaction. Another
reason courses the low reforming rate is the re-oxidization of the
products. Namely, due to the reaction surface covered by products,
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Fig. 1. Sol–gel and dip-coating method to prepare TiO2 film in this study.

Fig. 2. Gas separation membrane.
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the movement of the reactants to the reaction surface is prevented
and the reverse reaction, i.e. re-oxidization, which reproduces CO2

from CO and CH4 is occurred. Therefore, it is desirable that the
products, i.e. CO and CH4 are removed from the reaction surface as
soon as they are produced, so that the reactants, i.e. CO2 and water
vapor can continue to react on the reaction surface. Fuel
production can be sustained by maintaining the non-equilibrium
reaction state.

The gas separation membrane is usually used for the gas
separation process like H2 production from hydrocarbon, O2

enrichment from the air, and CO2 capture of the industrial power
plants. Since the molecular diameters of reactant of CO2 and water
vapor are smaller than that of CO and CH4 (CO2: 0.33 nm, water
vapor: 0.28 nm, CH4: 0.38 nm, CO: 0.38 nm) [32–34], the promo-
tion of mass transfer by gas separation is thought to be possible
and was attempted in this study. This is a novel approach to
improve CO2 reforming performance over the TiO2. No similar
attempts have been reported yet.

The aim of this study is to investigate the effect of mass transfer
promotion and maintaining non-equilibrium reaction state by
separating product from reactant on CO2 reforming performance of
TiO2.

The rising speed (RS) of gas separation membrane from the TiO2

sol solution in dip-coating process, which influences the thickness
and physical and chemical structure of TiO2 film prepared on the
gas separation membrane, is in the range of 0.11–3.3 mm/s, in this
study. The surface structure and crystallization characteristics of
TiO2 film on gas separation membrane, prepared by different RS are
analyzed by SEM (Scanning Electron Microscope, JXA8900R, JEOL
Ltd.) and EPMA (Electron Probe Micro Analyzer, JXA8900R, JEOL
Ltd.) in order to understand the relationship between RS and the
surface structure and crystallization characteristics of TiO2 film, as
the first step in this study. CO2 reforming and permeation
performance of TiO2 film coated on gas separation membrane is
evaluated firstly in the batch type reactor to select the TiO2 film
coating condition which is thought to be suitable for the
membrane reactor of gas circulation type. In other words, the
ideal TiO2 film for this application should have large reaction
surface areas and high crystallization characteristics but does not
block the pores of gas separation membrane. After that, TiO2 film
on the gas separation membrane is investigated in a reactor of gas
circulation type. The effect of gas separation and circulation on CO2

reforming performance is verified by comparing it with the results
obtained from the batch type reactor.

2. Experimental

2.1. Preparation method of TiO2 film coated on gas separation

membrane

Sol–gel and dip-coating method was used for preparing TiO2

film in this study. Fig. 1 represents the flow chart of the sol–gel and
dip-coating method. TiO2 sol solution was made by mixing
[(CH3)2CHO]4Ti (purity of 95 wt.%, Nacalai Tesque Co.), anhydrous
C2H5OH (purity of 99.5 wt.%, Nacalai Tesque Co.), distilled water,
and HCl (purity of 35 wt.%, Nacalai Tesque Co.). The gas separation
membrane (silica–alumina gas separation membrane, Noritake
Co., Ltd.), which was the porous multilayer ceramic tube shown in
Fig. 2, was dipped into TiO2 sol solution and pulled up at the fixed
speed. Then, it was dried out and fired under the controlled FT and
FD, resulting that TiO2 film was fastened on the surface of gas
separation membrane. N was fixed at 1. FT and FD was set 623 K
and 180 s, respectively. RS varied from 0.11 mm/s to 3.3 mm/s.



Table 1
Physical properties of gas separation membrane.

Thickness

[mm]

Mean pore

size [nm]

Void

ratio [�]

Permeability

[m2]

(1) Silica (SiO2) layer 0.2 0.4 0.27 5.44 � 10�22

(2) g-Alumina (Al2O3) layer 2 4 0.44 8.88 � 10�20

(3) a-Alumina (Al2O3) layer 100 60 0.39 1.76 � 10�17

(4) a-Alumina (Al2O3)

supporter

1000 700 0.40 2.45 � 10�15

Silica layer is the top layer of this gas separation membrane. g-Alumina layer is the

second layer. a-Alumina layer is the third layer. a-Alumina supporter is the bottom

layer of gas separation membrane.

Fig. 4. CO2 reforming and permeation experiment system.
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Downing speed (DS) of gas separation membrane into TiO2 sol
solution in dip-coating process was kept at the constant speed of
1.7 mm/s. Table 1 lists the physical properties of the gas separation
membrane. It can be seen, the mean pore size of silica layer is not
between the molecular diameter of reactants and that of products,
as required. It is difficult to find the gas separation membrane with
the ideal pore size. However, the gas separation membrane
selected is capable of separating gases through both molecular
sieving diffusion and so called Knudsen diffusion mechanisms,
therefore it can be used in this study. The Knudsen diffusion can
separate the gases though the pore size of silica layer is larger than
the molecular diameter of gas to be separated. Since the molecular
diameter of reactant and that of product is actually different as
described above, we have decided to adopt this gas separation
membrane.

The TiO2 films prepared were observed by SEM to evaluate the
influence of RS on their surface structures. In addition, they were
analyzed by EPMA to understand the influence of RS on crystal-
lization characteristics of TiO2 film coated on gas separation
membrane.

2.2. Experimental apparatus and procedure

Fig. 3 illustrates the CO2 reforming reactor that is termed as CO2

reformer, with TiO2 film coated on gas separation membrane. This
reactor consists of one gas separation membrane with TiO2 film
(150 mm (L) � 6 mm (O.D.) � 1 mm (t), whose reaction surface
area is equal to the outer surface area: 2.26 � 10�3 m2 and gas
Fig. 3. CO2 reformer composed of TiO2 film coated on gas separation membrane. (UV
filling volume: 2.88 � 10�4 m3), one quartz glass tube (266 mm
(L) � 42 mm (O.D.) � 2 mm (t)), and four UV lamps (FL16BL/
400T16, Raytronics Corp., 400 mm (L.) � 16 mm (D.)) located at
20 mm apart from the surface of gas separation membrane
symmetrically. These parts are assembled with stainless plates
by bolts and nuts. The center wave length and mean light intensity
of UV light illuminated from every UV lamp is 365 nm and 2.4 mW/
cm2, respectively. This is similar to the average light intensity level
of UV ray in solar radiation in the daytime through the year.

Fig. 4 illustrates the whole experimental system set-up, which
is termed as membrane reactor. With this membrane reactor, not
only batch type but also gas circulation type experiment can be
conducted. When it is used for batch type experiment, the valves
located at inlet and outlet of CO2 reformer are closed. The
membrane reactor is composed of CO2 reformer, CO2 gas cylinder,
mass flow controller (MODEL3660, KOFLOC), mass flow meter (CK-
1A, KOFLOC), pressure gauge, gas drier and tube pump (WM-520S/
R2, Iwaki Pumps).

In the CO2 reforming experiment by the batch type reactor, CO2

gas whose purity was 99.995 vol.% was flowed through the CO2

reformer as a purged gas for 15 min at first. After that, the valves
located at inlet and outlet of CO2 reformer were closed. After
lamp is removed from this figure for understanding the inside of CO2 reformer.)



Fig. 5. Arranged CO2 reforming and permeation experimental system for CO2

permeation experiment.
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confirming the gas pressure and gas temperature in the reactor at
0.1 MPa and 298 K, respectively, the distilled water of 1.00 mL
(55.6 mmol) was injected into the CO2 reformer and UV light
illumination was started at the same time. This water was
vaporized after injected into the reformer. Despite the heat of UV
lamp, the temperature in CO2 reformer was kept about 353 K
during the CO2 reforming experiment. The amounts of the injected
water and the CO2 in the batch type reactor are 55.6 mmol and
13.0 mmol, respectively. The gas in CO2 reformer was sampled
every 24 h in CO2 reforming experiment. The sampled gas was
analyzed by FID gas chromatograph (GC353B, GL Science) and
methanizer (MT221, GL Science). In this experiment, only CO was
detected as the product.

In the CO2 permeation experiment, the CO2 reforming and
permeation experimental system shown in Fig. 4 was arranged.
Fig. 5 illustrates the arranged CO2 reforming and permeation
experimental system for CO2 permeation experiment by batch
type. In the CO2 permeation experiment, the CO2 permeation flux
was measured under the condition that the absolute pressure and
temperature of supply gas to the apparatus was 0.10–0.38 MPa and
298 K, respectively. The flow rate of supply gas was set 500 mL/min
Fig. 6. SEM images of TiO2 film prepared u
by mass flow controller. The flow rate of permeation gas was
measured by mass flow meter.

In the CO2 reforming experiment carried out by the membrane
reactor of gas circulation type, UV light was being illuminated
under the same condition of batch type reactor until the steady
reaction state was confirmed. After that, the gas circulation by tube
pump was started. The suction pressure and flow rate of
permeation gas was controlled to evaluate the effect of gas
separation and circulation on CO2 reforming performance of this
membrane reactor. The produced CO would be removed from the
CO2 reformer to outside of the system by switching the outlet valve
of CO2 reformer on and off when needed. The distilled water of
1.00 mL was injected into CO2 reformer when the CO2 reforming
experiment under the condition of batch type reactor was
established. The gas sampled every 24 h from CO2 reformer was
analyzed by FID gas chromatograph and methanizer.

3. Results and discussion

3.1. Analysis result of TiO2 film coated on gas separation membrane by

SEM and EPMA

Fig. 6 shows SEM images of TiO2 film prepared under conditions
of different several RS. These SEM images are taken by 200 times
and 1500 times magnification under the condition of acceleration
voltage of 15 kV and current of 3.0 � 10�8 A. There is no cluck for
TiO2 film prepared seen if RS is below 0.22 mm/s, indicating a
successful uniform coating. There is cluck, which becomes larger
with the increase of RS in the range from RS = 0.33 mm/s to
RS = 1.1 mm/s. The gap, which contains part of large clucks and
condensed TiO2 film, is observed and becomes larger when the RS

is over 1.1 mm/s. Although it is known that the formation of the
suitable sized clucks has positive effect on CO2 reforming
promotion [28,31], the expansion of gaps area also causes the
decrease in the reaction surface area of TiO2 film and weakens the
fastening force acted on gas separation membrane. Generally
speaking, the thickness and roughness of TiO2 film prepared by
sol–gel and dip-coating method becomes larger with the increase
of RS. Moreover, the thermal stress acted on the interface between
nder conditions of different several RS.



Fig. 7. EPMA images of TiO2 film prepared under conditions of different several RS.
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TiO2 film and the coated substrate in firing process becomes larger
with the increase of RS since the temperature distribution in the
thickness direction is occurred more easily. Therefore, clucks and
gaps are formed easily under the higher RS conditions. It can be
concluded that the general characteristics of TiO2 film prepared by
sol–gel and dip-coating method is confirmed in this study.

Fig. 7 demonstrates EPMA images of TiO2 film prepared under
different several RS conditions. These EPMA images are taken by
1500 times magnification under the condition of acceleration
voltage of 15 kV and current of 3.0 � 10�8 A. In Fig. 7, the
concentration distribution of Ti in observation area is indicated by
the difference of color. Light colors, e.g. white, pink and red mean
that the amount of Ti is large, while dark colors like black, blue and
green mean that the amount of Ti is small. EPMA detects the each
element whose crystallization characteristic is memorized in
advance. Therefore, if the large concentration of Ti is detected, it
means that the amount of crystallized TiO2 coated on gas
separation membrane is large.

The averaged concentration of Ti in the observation area is also
shown in Fig. 7. From this figure, the averaged concentration of Ti
becomes larger with the increase in RS from 0.22 mm/s to
0.88 mm/s. Consequently, it can be known that the increase in
RS brings the thickness of TiO2 film and the large amount of TiO2

film. However, the increase in averaged concentration of Ti is not
confirmed when RS is set too high. Comparing EPMA images with
SEM images shown in Fig. 8, it can be seen clearly that the high and
low concentration area of Ti in EPMA images is observed in the
white and black area in SEM images taken by 1500 times
Fig. 8. Comparison between EPM
magnification, respectively. TiO2 film is contracted by thermal
stress acted on the interface between TiO2 film and gas separation
membrane in the firing process, resulting that large gaps are
formed. In Fig. 8, the concentration of Ti shown as the black area in
SEM images is 0 cps, while the concentration of Ti shown as the
white area in SEM images ranges between 1 cps and 18 cps. The
averaged concentration of Ti for RS = 1.7 mm/s, 2.2 mm/s, 3.3 mm/
s is 2 cps, 3 cps, and 3 cps, respectively. Consequently, it can be
known that the average concentration of Ti under the high RS

conditions becomes small relatively.
The above results demonstrate that the promotion of CO2

reforming performance can be expected when RS is in the range
between 0.22 mm/s and 1.1 mm/s, because the TiO2 films made
from the RS in this range have large reaction surface area as well as
increased amount of coated TiO2. However, further increasing RS,
e.g. from 1.1 mm/s to 2.2 mm/s would decrease reaction surface
areas of TiO2 film.

3.2. CO2 reforming by the membrane reactor of batch type

Fig. 9 shows the CO concentration change in products with
illumination time of UV light for several TiO2 films prepared under
conditions of different RS. According to our previous studies, the
reversal of superiority or inferiority on CO2 reforming performance
of TiO2 film among selected parameters was confirmed until UV
light illumination time of 48 h. However, this reversal was not
confirmed and the superiority or inferiority among selected
parameters was kept after UV light illumination time of 78 h.
A images and SEM images.



Fig. 9. Concentration change in produced CO with illumination time of UV light for

several TiO2 film prepared under conditions of different RS.

Fig. 11. Relationship between CO2 permeation flux and pressure difference for

several TiO2 film prepared under conditions of different RS.
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From this reason, I discuss the best condition for promotion of CO2

reforming performance with using the data obtained under UV
light illumination time of 78 h. From Fig. 9, it is known that the
concentration of CO is increased with the films made from higher
RS values up to 1.1 mm/s. However, the concentration of CO is
decreased when RS is over 1.1 mm/s. Referring to the images of the
SEM and EPMA shown in Figs. 6–8, the reason of this is thought to
be that the amount of TiO2 coated on gas separation membrane
becomes larger when RS increases within the range of 0.33–
1.1 mm/s, then the amount would not increase longer when RS

becomes bigger. Instead gaps become larger compared with
RS = 1.1 mm/s. Expansion of gaps area means the reduction in the
reaction surface area of TiO2 film. Although the averaged
concentration of Ti is almost same, the CO2 reforming performance
for the films made from the RS beyond the value of 1.1 mm/s
decreases due to the expansion of gaps area.

According to the reaction scheme [1,5,8,14,28,29,31,35–39]
shown in Fig. 10, the number of electron and hydrogen ion (H+)
decides what products can be produced in the reaction. In this
experiment, CH4 and C2H4 and the other hydrocarbons were not
detected by gas chromatograph, due to less H+ in the reaction.
Fig. 10. Reaction scheme of CO2 reform
Therefore, the amount of water vapor injected into the reactor will
be the next parameter to be investigated since it is the source of H+.
From the reaction scheme, water vapor of 1 mol to CO2 of 1 mol is
necessary to produce CO of 1 mol. In this study, the amount of
substance of injected water and CO2 charged in the batch type
reactor is 55.6 mmol and 13.0 mmol, respectively, resulting that
the molar ratio of water vapor to CO2 is 4.28. Although the amount
of water vapor injected seemed sufficient for this reaction, we are
to check the change in temperature distribution and the
concentration distribution of water vapor in the batch type reactor
with time, in our future research. Another point that can be
confirmed from the experiment is that the metal deposition on
TiO2 film coated on gas separation membrane has positive effect on
the reduction performance of CO2. Deposited metal can supply
electron and prevent the recombination of electron and hole which
are produced by photocatalytic reaction [40,41].

3.3. CO2 permeation by the membrane reactor of batch type

Fig. 11 shows the relationship between CO2 permeation flux
and pressure difference for several TiO2 films prepared under
conditions of different RS. The pressure difference is calculated by
subtracting the pressure after penetrating the gas separation
ing into fuel by TiO2 photocatalyst.



Fig. 12. CO2 permeability for several TiO2 film prepared under conditions of

different RS including no coating.

Fig. 13. Comparison of the results between concentration of produced CO and CO2

permeation flux for each condition.
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membrane from the gas pressure before. CO2 permeation flux is
calculated by the following equation:

FCO2
¼ Vp

Aptp
(1)

where FCO2
, Vp, Ap and tp are CO2 permeation flux [mol/(m2 s)],

volume of permeated gas [mol], outer surface area of gas
separation membrane [m2] and gas penetration time [s], respec-
tively.

Comparing these results at pressure difference of 0.28 MPa, it is
known that CO2 permeation flux is increased for the films with
higher RS values. CO2 permeation performance is down for the
films with RS value between 0.22 mm/s and 0.66 mm/s since TiO2

film may block the pores openings of gas separation membrane. On
the other hand, CO2 permeation performance for the film with RS

values between 1.7 mm/s and 2.2 mm/s, becomes higher than
others because large gaps are formed in TiO2 film as shown in Fig. 6.

To evaluate the degree of pores blocked by TiO2 film coating,
Fig. 12 shows the CO2 permeability for several TiO2 film prepared
under conditions of different RS including no coating. CO2

permeability is calculated by Eq. (2):

QCO2
¼ FCo2

Ps � Pp
(2)

where QCO2
, Ps and Pp means CO2 permeability [mol/(m2 s Pa)],

pressure of gas supplied to gas separation membrane [Pa] and
pressure of gas after penetrating gas separation membrane [Pa],
respectively.

From Fig. 12, it can be seen that CO2 permeability of gas
separation membrane with TiO2 film is in the range between
7.4 � 10�11 mol/(m2 s Pa) and 1.0 � 10�9 mol/(m2 s Pa), while CO2

permeability of gas separation membrane without TiO2 film is
2.3 � 10�8 mol/(m2 s Pa). According to these results, it is known
that CO2 permeability of gas separation membrane without TiO2

coating is about 20–300 times higher than that of the gas
separation membrane with TiO2 coating.

3.4. Selection of the optimum coating condition

To select the optimum coating condition of coating the TiO2 film
on gas separation membrane which would lead to the highest CO2

reforming and permeation performance, the results by SEM and
EPMA and the results of CO2 reforming and permeation experiment
by the batch type reactor are compared and analyzed. Fig. 13
shows the comparison of the results between the concentration of
produced CO and the CO2 permeation flux for various RS

conditions. In Fig. 13, the concentration of CO after UV illumination
of 72 h and CO2 permeation flux at pressure difference of 0.28 MPa
are shown. It can be seen that CO2 permeation flux is increased
with increase in RS gradually. On the other hand, the concentration
of CO is also increased with the increase of RS up to 1.1 mm/s and
then decreased after RS is over 1.1 mm/s. In addition, it can predict
that the reaction surface area of TiO2 film would decrease when RS

is over 2.2 mm/s due to occurrence of larger gaps as shown in Fig. 6.
From this analysis, it can be concluded that RS equal to 1.1 mm/s is
the optimum value and TiO2 film coated under this RS gives the
highest CO2 reforming performance. According to Fig. 13, the CO2

permeation flux peaks when RS equals 2.2 mm/s but is only 1.4
times as large as that when RS equals 1.1 mm/s. Consequently, RS

equal to 1.1 mm/s is selected as the optimum coating condition for
the best CO2 reforming performance. The results shown and
discussion below in Section 3.5 are all under this optimum
condition.

3.5. CO2 reforming by the membrane reactor of gas circulation type

According to the reaction scheme shown in Fig. 10, CO is re-
oxidized with the O2 that is a by-product in this reaction, after
attaining to the steady reaction state, resulting that the concentra-
tion of CO is decreased. This is the opposite reaction toward CO2

reforming into fuel. Moreover, since the photocatalyst reaction
occurred on the reaction surface, it is easy for the reaction surface to
be covered by the products, which would stop the further reaction to
happen. Therefore, removing the product of CO and CH4 from the
reaction surface as well as transporting the reactants, i.e. CO2 and
water vapor to the reaction surface quickly are necessary to promote
further reaction and prevent the re-oxidization of CO. In this study,
tube pump and gas separation membrane are used to realize this
desirable measure for the promotion of CO2 reforming performance.

Fig. 14 shows the concentration change in produced CO with
illumination time of UV light. To show the effect of gas separation
and circulation on the CO2 reforming performance, the gas
circulation by the tube pump only starts after the steady reaction
state is reached. The steady reaction state was defined as the state
without further increase in concentration of CO with time. Since
the concentration of CO is diluted with the CO2 in the pipe lines of
the gas circulation type reactor after starting gas circulation, the
concentration of CO is corrected by the following equation:

Cc ¼
V totalCd

Vbatch
(3)

where Cc, Vtotal, Cd, and Vbatch mean corrected concentration of CO
[ppmV], total gas volume inside the experimental apparatus
including the gas volume in the pipe lines [m3], detected
concentration of CO [ppmV], and total gas volume inside the



Fig. 14. Concentration change in produced CO with illumination time of UV light.
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experimental apparatus in the case of batch type reactor [m3],
respectively.

The experiment by batch type and gas circulation type was
carried out during the period from 0 h to 216 h and from 216 h to
408 h, respectively. It is observed that the concentration of CO in
the reactor keeps increasing until 168 h and starts decreasing
slightly after 168 h. The highest concentration of CO which is
183 ppmV is obtained at 168 h after illuminating UV light.
Therefore, it is determined that the experiment by batch type
reactor attains to the steady reaction state at 168 h.

After gas circulation, the concentration of CO starts to increase
again, and picked at 502 ppmV at UV light illumination of 384 h.
Consequently, the positive effect of gas separation and circulation on
CO2 reforming performance is confirmed. Although the concentra-
tion of product is still lower comparing with the previous studies
[27–31], the study of using metal deposition on TiO2 film coated on
gas separation membrane to promote the reduction reaction further
and get the synergism between them is being undertaken.

To show that the steady reaction state and inverse reaction have
occurred or not clearly, the change in production rate of CO with
illumination time of UV light is shown in Fig. 15. Production rate of
CO can classify the reaction state into progressive, steady and
inverse reaction state by positive, 0 and negative value, respec-
tively. In Fig. 15, there is no data bar shown for the period from 96 h
to 144 h and from 288 h to 312 h due to missing data. The
production rate of CO, in Fig. 15, which is calculated by Eq. (4):

RCO ¼
Cc

tint
(4)

where RCO and tint means production rate of CO [ppmV/h] and gas
sampling interval [h], respectively. The tint used for calculating RCO

is 24 h.
In the experiment in batch type reactor, it can be seen that the

production rate of CO attains to the peak which is 1.5 ppmV/h at
the UV light illumination of 24 h and is decreased afterwards
gradually. The negative production rate of CO means the inverse
Fig. 15. Change in produced rate of CO with illumination time of UV light.
reaction, i.e. re-oxidization occurring during the period from 168 to
192 h. In the experiment with gas circulation type reactor, the
production rate of CO keeps increasing with increase in illumina-
tion time of UV light just after starting the gas circulation, resulting
that it peaks at the highest value of about 3.5 ppmV/h for the
period from 312 h to 336 h. However, the production rate of CO
became lower after the passage time of 120 h, i.e. after total
illumination time of UV light of 336 h.

Since the production rate of CO just after starting the gas
circulation increases significantly comparing to that at the
beginning of the batch type experiment, it demonstrated the
effectiveness of removing the products from the reaction surface
and transport the reactants to the reaction surface. Consequently,
it shows that using gas separation membrane to prevent the steady
reaction state and reverse reaction from happening works.

4. Conclusions

Based on the above experimental results and discussion, the
following conclusions can be drawn.
(I) T
he uniform coating is achieved for TiO2 film if the RS values
are below 0.22 mm/s, during the preparation. The cluck is
formed and increased with in higher RS values, between
RS = 0.33 mm/s and RS = 1.1 mm/s. The gap size is also
increased with increase in RS when TiO2 film is prepared
over RS = 1.1 mm/s.
(II) T
he averaged concentration of Ti becomes larger with the
increase of RS from RS = 0.22 mm/s to RS = 0.88 mm/s. How-
ever, it may not be the case when RS is set over 1.7 mm/s.
(III) R
S equal to 1.1 mm/s is selected as the optimum coating
condition since the best CO2 reforming performance as well as
the nearly best CO2 permeation performance is obtained
under this condition. The CO2 reforming and permeation
performance in the experiment with the batch type reactor
agrees with the results of SEM and EPMA analysis.
(IV) W
ith the usage of tube pump and gas separation membrane,
the concentration of CO has increased after the steady reaction
state in the batch type reactor. The production rate of CO at the
point of starting the gas circulation is even higher than that at
the starting of the batch type experiment, which demonstrates
the effectiveness of preventing the steady reaction state and
reverse reaction from happening by using this membrane
reactor system, coated with TiO2 on CO2 reforming into fuel.
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