
Keywords

Highlights

Abstract

Graphical abstract

1

Research Paper

Received 2022-02-27
Revised 2022-05-27
Accepted 2022-05-27
Available online 2022-05-27

Formic acid
Photocatalytic oxidation
Silver
Titanium dioxide membrane
Water treatment 

•	 TiO2-ceramic membranes were prepared using commercial TiO2 
powder (P25, Evonik)

•	 Solvent-free dry deposition followed by heating and low-
temperature wet deposition were compared

•	 Silver was photo-chemically deposited onto the TiO2 membranes
•	 Formic acid decomposition rate was depending on the 

preparation method of TiO2 membranes
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1. Introduction

The variety of chemicals discharged from factories is increasing as the 
industry creates new types of products. Poorly bio-degradable chemicals 
in wastewater remain in the environment for a long time. Some of such 
persistent organic pollutants (POPs) are suspected to pose a health risk even 
in dilute concentrations [1]. For example, polyfluoroalkyl substances (PFAS) 
are used in coatings, firefighting forms, and other products [2]. Among 
PFAS, perfluorooctanesulfonate (PFOS) and perfluorooctanate (PFOA) are 
recognized as persistent, bioaccumulative, and with possible health risk 
chemicals even in ppb or ppm orders [3]. New water cleaning technologies 
are required to treat these dilute but persistent chemicals. 

Photocatalysis with semiconductors is one way to treat dilute but poorly 
biodegradable organic pollutants in water [4,5]. The process is simple as it 
does not require any additional chemicals and can decompose pollutants at 
ambient temperature and pressure. Titania dioxide (TiO2) and TiO2-based 
materials are the most studied semiconductors for such applications as 
they are robust and cost-effective [6]. Various modifications have also been 
proposed to make TiO2 active under visible light [7]. Visible light-driven 
water treatment is attractive especially for places with unreliable electricity 
supply due to an insufficient facility or under natural hazard conditions. 

The applications of semiconductors for water treatment are performed 
often by dispersing powder materials in contaminated water. Immobilizing 
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A commercial titanium dioxide powder (TiO2, P25, Evonik) was immobilized on porous mullite tubes by simple mechanical scrubbing followed by heat treatment at 673 K in air and 
by dip-coating followed by curing at 393K in air. A dispersant of P25 powder in isopropyl alcohol with a small amount of titanium isopropoxide (TIPP) was used for dip-coating. 
The surface morphology of TiO2 membranes was different depending on the preparation method: mechanical scrubbing resulted in a smoother surface and dip-coating resulted in a 
rougher surface consisting of particles smaller than 0.1 μm, which size is almost the same as P25. TiO2 and Ag-TiO2 membranes were tested with formic acid decomposition in water. 
The difference in morphology influenced the photochemical deposition of silver on the TiO2 membranes. Silver deposition improved the formic acid decomposition rate of TiO2 
membranes prepared by mechanical scrubbing. This decomposition rate decreased when silver was deposited on TiO2 membranes prepared by dip-coating.
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these powder catalysts on a membrane will make the water treatment process 

simpler as a separation of catalysts from treated water is not required. While 

photo-catalytic membranes have less surface area than a powder dispersed 

system which reduces the performance [8], membrane configurations can add 

extra functions. For example, if TiO2 membranes are applied as membrane 
filtration, some contaminants are rejected by the pores of the membrane, and 

others are decomposed while permeating through the membrane [9]. 

Photocatalysts fixed on membranes reduce the fouling influence by 
decomposing pollutants clogging the pores [10]. It can also enhance the 

hydrophilicity of the membrane that results in the higher water flux through the 

membrane [11]. Alternatively, membranes can be used as a contractor. In this 
configuration, water flows over the catalytic membrane surface and oxygen, 

which is required to decompose dissolved pollutants by catalytic oxidation, is 

supplied through a porous membrane. As water flows along the membrane 
surface, fouling is reduced in this configuration. In addition, the facilitated 

oxygen supply to the photocatalysts in the contactor configuration was reported 

to improve the reaction kinetics [12].  
TiO2 membranes have been prepared by different methods. Typical 

conditions are listed in Table 1. The sol-gel method is a common procedure to 

form a thin mesoporous TiO2 layer on porous ceramic support [9,13,14]. 

Various techniques, such as chemical vapor deposition (CVD) [15], 

anodization of Ti foil to form TiO2 nanotubes [16], and hydro/solvothermal 

syntheses are also reported to synthesize TiO2-ceramic composite membranes. 
Details can be found in several review papers [17]. In these cases, titanium 

precursors, such as titanium isopropoxide (TIPP), are often used as a starting 
material followed by heat treatment typically over 737K. The preparation 

conditions affect the microstructure and crystalline phases of TiO2 and change 

the catalytic performance [18].  
Alternatively, powder TiO2 can be shaped as a membrane. In this way, 

powder catalysts with known performance, such as commercial P25 (EVONIC 

Industries, Germany) being used as a benchmark of photo-catalyst [19], can be 
employed. Membranes are shaped by dispersing powder in a polymer matrix 

and forming polymer-TiO2 films [20,21] or by sintering the powder on support. 

Binder-less immobilization is also possible by e.g. calcining a porous ceramics 
support coated with TiO2 powder at 673K [12]. Low-temperature synthesis is 

investigated especially for the production of dye-sensitized solar cells to use 

polymeric film as support. However, lowering the calcination temperature 

reduces the sintering degree. Accordingly, it results in poorly jointed TiO2 

powder and fragile TiO2 membranes. Adding a small amount of inorganic 

binders, such as TIPP and Ca(OH)2, enhances the adhesion between TiO2 
powders and between TiO2 and support even with curing at low temperatures 

e.g. 393K [22,23]. The low-temperature TiO2 membrane preparation is 

attractive as it does not require expensive facilities. Application of this method 
to form a TiO2 layer on a porous tubular support is limited and the membrane 

stabilities are not well-known. In addition, the binders may hinder the 

photocatalytic activity of the TiO2 powder by covering its surface. 
In this study, we compared TiO2 membranes prepared by immobilizing 

P25 powder on porous ceramic tubes by different methods. Binder-less 

immobilization by heating at 673K, dip-coating using a dispersant of P25 in 

isopropanol with TIPP as an inorganic binder, and a combination of these two 

methods were used. Deposition of metals is reported to enhance the 

photocatalytic activity of TiO2 [24,25]. In this study, silver was 

photochemically deposited into TiO2 membranes prepared by different 
methods. The photocatalytic performance of these membranes was evaluated 

by formic acid decomposition in water.  

 
2. Material and methods 

 
2.1. Materials 

 

Mullite porous tubes (NIKKATO Corporation, Japan, mean pore size 

1.3μm, porosity 42%, o.d. 12mm, i.d. 9mm, length 100 mm) were used as 

supports. P25 (EVONIC Industries, Germany) was used as TiO2 powder. 
Titanium tetra-iso-propoxide (TTIP, FUJIFILM Wako Pure Chemical 

Corporation, Japan, purity 95%) was used as a binder of P25. Isopropanol (IPA, 

FUJIFILM Wako Pure Chemical Corporation, Japan, purity ≥99.7%) was used 
as a dispersant of P25. Silver acetate (CH3COOAg, FUJIFILM Wako Pure 

Chemical Corporation, Japan, purity 97%) was used as a silver source. P25 was 

provided from EVONIC Industries. Other materials were purchased.  

 
2.2. Powder and membrane preparations 

 

P25 powder was mechanically scrubbed onto the outer surface of mullite 
tubes. Then, coated membranes were heated at 673K for three hours in the air. 

A ramp rate of 10 K/min was used for the heating and the furnace was naturally 

cooled down to the room temperature. After heating, membranes were washed 
with water to remove any loosely attached powder and dried at 353K in an air-

drying oven.  

Dip-coating was used as another method of applying P25 on the supports. 
First P25 powder was dispersed in IPA solution and ultra-sonification was 

applied for 30 minutes. Then, TTIP solution was added dropwise under stirring 

until the molar ratio of TTIP to P25 became 0.1: 1. Mullite supports and 
mechanically P25-coated mullite supports were dipped into the solution, dried 

in the air, then heated at 393 K for one hour. After cooled down to room 

temperature, membranes were washed with water and dried overnight at room 
temperature and then 353K in an air-drying oven. 

Silver was deposited by photo-reduction onto some of the TiO2 

membranes. Similar conditions as described in the previous study [26] were 
used. First, a membrane was soaked into 1x10-5 mol/L silver acetate solution 

and the light was irradiated for 1.5 hours. Black lamps (11 μW/cm2, λmax = 

352 nm, FL8BLB, Toshiba Co., Japan) were used as the light source. The 
change of Ag concentration in the solution was measured by inductivity 

coupled plasma (ICP, SPS3500, SII nanotechnology co., Japan).  

 

 
 

 

Table 1 

 TiO2-ceramic composite membrane preparation examples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
*TTIP: Titanium tetraisopropoxide (Ti[OCH(CH3)₂]₄), **Tween 80: Polyoxyethylenesorbitan monooleate, ϯ P25: Commercial TiO2 powder (EVONIC Industries, Germany)  

 
 

 

 

 

TiO2 layer preparation conditions  Photocatalytic performance tests 

Ref. 
Method Raw materials Support 

Heat treatment 

conditions 

 
Pollutants Conditions 

Sol-Gel / Dip coating 
1 TTIP* : 14 isopropanol : 4 

H2O : 0.4 HCl 

α-Alumina tube 

(pore size 1 μm) 

Calcination at 723 

K 

 
Trichloroethylene and 

polyethyleneimine 

4W Black light lamp (peak 

350 nm) 
[9] 

Sol-Gel / Dip coating 
1 TTIP* : 45 isopropanol : 6 

acetic acid : 1 Tween 80** 

Glass plate and 

alumina disk (pore 

size 0.1 μm) 

Calcination at 737 

K for 15 minutes 

 3.0 mM methylene blue 

and 0.2 mM Creatinine in 

water 

15W mercury lamp (peak 

365 nm, 3.48 mW/cm2) 
[14] 

CVD TTIP* vapor with N2 sweep 
Vycor glass tube 

(pore size 4 nm) 
473-673 K, 1 atm, 

 
- - [15] 

Anodization + annealing Ti foil 
Placed on a glass 

plate with TiO2 sol 

Annealing at 573-

1173 K for 2 hours 

 5 mg/L Rhodamine B in 

water 

300 W UV lamp (peak 365 

nm) 
[16] 

Doctor blade (Polymer-

TiO2 composite) 

P25ϯ dispersed in 

polyethylene oxide and 

polyethylene glycol 

Glass plate 673 K for 3hours 

 
Disinfection test with E. 

Coli 

20W Black light lamp (ca. 

1 mW/cm2) 
[20] 

Spin coating (Polymer-

TiO2 composite) 

Commercial TiO2 powder 

dispersed in poly vinyl 

alcohol 

Alumina flat sheet 1073 K for 3hours 

 
5 mg/L humic acid in 

water 

UV lamp (peak 365 nm, 

2.5 mW/cm2) 
[21] 

Mechanical scrubbing / 

Dip-coating 
P25 ϯ with/without TTIP* 

Mullite tube (pore 

size 1.3 μm) 

Calcination at 673 

K or at 393 K 

 240 mg/L formic acid in 

water 

0.8W Black light lamp 

(peak 352 nm, 11 μW/cm2) 

This 

study 
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2.3. Characterization 
 

Powder samples were analyzed by transmission electron microscopy 

(TEM, JEM-2100, JEOL Ltd., Japan) and X-ray diffraction (XRD, XRD-6100, 

SHIMADZU Co., Japan) with Cu-Kα radiation. The TEM sample was prepared 

by dispersing the powder sample in ethanol with ultrasonication and drop-
casting the suspension to the TEM grid (Cu200J, JEOL, Tokyo, Japan). The 

specific surface area (BET) was calculated from an N2 adsorption isotherm, 

measured with a BELSORP MAX G instrument (MicrotracBEL Corp., Osaka, 
Japan). The adsorption of N2 was measured at the temperature of liquid nitrogen 

(77K). Before measuring, all of the samples were degassed at 393 K for 3 hours. 
Membranes were characterized by XRD and scanning electron microscopy 

(FE-SEM, JSM-6335F, JSM-7600F, JEOL Ltd., Japan). 

Membrane performance was investigated by the oxidation rate of formic 
acid in water. Fig. 1 shows a schematic view of a rig. As a light source, 4 pieces 

of UV (black lamps, 11 μW/cm2, λmax = 352 nm, FL8BLB, Toshiba Co., 

Japan) were placed as shown in the figure. Oxygen was supplied as bubbles at 
a flow rate of 20 mL/min. All the experiments were performed at room 

temperature. 

 

 
 

Fig. 1. Schematic view of a photocatalytic membrane test unit (left: side view, right; top 

view) 

 

 
3. Results and Discussion 

 
3.1. P25-TTIP composite material 

 

TTIP solution formed white powder by reacting with humidity in the air 
[27]. The following equations show examples of the hydrolysis and the 

condensation reactions. 

 
Ti(OCH(CH3)2)4 + 2H2O → Ti(OCH(CH3)2)3OH + C3H8O 

2Ti(OCH(CH3)2)3OH → Ti(OCH(CH3)2)3OTi(OCH(CH3)2)3 + H2O 

 
The obtained powder was amorphous as analyzed by XRD (Fig. 2, the 

sample indicated as TTIP-RT). Heating the powder at 393 K for one hour did 
not change the XRD pattern and the powder remained amorphous. On the 

contrary, after heating the powder at 673 and 873 K in the air for three hours, 

the amorphous phase changed to crystalline as shown in the figure. The main 
peaks corresponded to anatase and rutile after heat treating the powder at 673 

and 873 K, respectively.  

P25 powder was dispersed in isopropanol, then 10 mol% of TTIP to TiO2 
was added. Drying the dispersant at room temperature formed white powder. 

Then the powder was heated at 393K for one hour (the sample is named P25- 

TTIP-393K). Fig. 3a shows the XRD patterns of the sample. No significant 
difference was observed in the XRD patterns compared with P25 powder. No 

trace of amorphous phase was found in the P25- TTIP -393K sample, for the 

amount of amorphous phase formed by the hydrolysis and condensation of 

TTIP was small. Fig.s３b and c show the morphologies of pristine P25 and 

TTIP modified P25 (P25-TTIP-393K) powders, respectively. While XRD 

peaks were the same with these powders, TEM analyses revealed the existence 
of some amorphous material in between P25 particles as shown in Fig. 3b. Such 

an amorphous phase was not observed in the original P25 powder. As reported 

by H. Kim et al., TTIP seemed to be working as an inorganic binder of P25 
particles [23]. A large part of the TiO2 surface was not covered by amorphous 

material from the TEM observations. Fig. 3d shows the N2 isotherms. The BET 
surface areas of P25 and P25-TTIP-393K were 50 and 57 m2/g, respectively. 

The pore size distribution with BJH analysis showed some mesopores in the 

P25-TTIP composite powder (Fig. 3e). Even though P25 particles were 
partially covered by the amorphous material originating from TTIP, the 

amorphous layer is porous and expected to allow the access of reactants to the 

P25 surface. 

 

 
 
Fig. 2. XRD of powder samples prepared from TTIP at different temperature (TTIP-RT: 

dried at room temperature, TTIP-393K, 673K, 873K: TTIP-RT powder dried at indicated 

temperature) 

 
3.2. TiO2 membranes prepared by immobilizing P25 particles  
 

The tubular supports were not polished after purchasing. Accordingly, the 

support surface was rather rough and had pores of a few micron maters as 

shown in Fig. 4a. After applying TiO2 particles by different methods, the 
support surface was completely covered with TiO2 particles but the 

morphologies were different from the deposition method. Fig.s 4b and c show 

the surface of a membrane prepared by dip-coating in different magnifications. 
The membrane had many cracks as shown in Fig. 4b. Agglomeration of 

particles during the drying step of membranes after dip-coating may have 

caused these defects. The particles at the surface of the membrane were less 
than 0.1μm, which size and shape were similar to the commercial P25. As the 

membranes were treated with a low curing temperature of 393K, P25 kept its 

morphology. The thickness of the TiO2 layer was about a few micrometers as 
observed by a cross-sectional view of the membrane by SEM. Some TiO2 

particles were found inside the porous support in addition to the surface. This 

is because the support average pore size was 1.3 μm, which is large enough to 
penetrate TiO2 particles having a particle size less than 0.1 μm [28]. 

On the contrary, the membrane surface after mechanical deposition of P25 

powder followed by calcination at 673K was smooth as shown in Fig. 4d. The 
particle size at the surface of the membrane was about 100 to 300 nm and larger 

than the size of P25, showing some degree of sintering during the calcination. 

No change in the TiO2 phase before and after the calcination was observed by 
XRD. The major phase was maintained as anatase, for the calcination 

temperature was lower than the phase transition temperature to rutile. By this 

dry method, about 160±0.7 mg/cm2 of P25 was fixed on the support. The 
standard error was calculated with the results of 21 samples. Repeating the 

mechanical scrubbing did not increase the deposition of P25 particles by more 

than 50mg/cm2. On the contrary, applying dip-coating to the membranes 
prepared by mechanical scrubbing increased the amount of the deposits by 

about 230±5 mg/cm2. TTIP in the dip-coating solution may help the deposition 

of P25 powder to the membrane. The standard error was calculated from 9 
samples. When dip-coating was applied directly to the mullite support, the 

deposition was about 150±2 mg/cm2. A larger amount of P25 can be deposited 

on the tubular support by a combination of dry application and dip-coating. 
Photocatalytic activity of formed TiO2 membranes was studied by 

decomposing formic acid in water under UV light irradiation (λmax = 352 nm). 

Fig. 5 shows the change of formic acid concentration as a function of time. 
Concentration decreased linearly with time. Zero-order assumption fits well the 

data as reported earlier for the oxidation of formic acid in water [29,30]. The 

lines in the figure show the concentration change with a zero-order equation 
using the rate constant (k) in Table 2. Kinetic data obtained with membranes 

prepared under the same conditions had some deviation but can be fitted with 
a rate constant ± 10% to the value listed in the table. Half time (t0.5), the time 

required to achieve a 50% reduction in the concentration from the initial 

concentration, estimated from the zero-order fitting is also shown in the table.  
A TiO2 membrane made by applying dip-coating directly to the mullite 

support showed the slowest oxidation rate even though the membrane deposited 

a similar amount of TiO2 to the membranes prepared by mechanical scrubbing. 
This was due to some parts of the TiO2 powder being located inside the porous 

support as observed by SEM, where light does not penetrate. Employing 

supports with a smaller pore size will avoid such penetration. Asymmetric 

Black lamps

Glass tube

Membrane

O2

Black lamp

Flow controller

Flow meter

Membrane
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ceramic supports with a pore size of e.g. 0.1 μm are commercially available, 

however, the price is one order higher than the cost of symmetric supports used 

in this study.  

The fastest oxidation rate was obtained with membranes prepared by a 

combination of mechanical scrubbing and dip-coating. The results of three 
membranes prepared under the same conditions are shown in the figure. The 

halftime of membranes prepared by mechanical scrubbing was about 21 

minutes. On the contrary, applying dip-coating after mechanical scrubbing 
improved the decomposition rate and the halftime got shorter to 17 minutes. 

The improvement in the rate constant was about 1.2 times, on the contrary, the 

total TiO2 mass fixed on the membrane was 50% larger. The smaller size of 

TiO2 particles at the surface of the membranes was expected to improve the 

decomposition rate. The miner enhancement observed may be due to the 

shading of particles in the membrane and light was not irradiating all the 

particle surface evenly. In addition, the binder may reduce the light intensity or 
hinder the diffusion of reactants to the TiO2 surface even though they are 

porous. Light strength may be another limitation but due to the space limitation 

to install extra bulbs, strengthening the light intensity was not examined in this 
study. 

 

 
 

 

 
 

Fig. 3. Properties of P25 and P25-TTIP-393K composite powder (a) XRD of P25 powder (bottom) and P25-TTIP-393K composite powder cured at 393K, b) TEM image of P25 powder, 

c) TEM image of P25-TTIP composite powder cured at 393K, d) N2 adsorption/desorption isotherms of P25 (○), P25-TTIP-393K composite powder(Δ), e) BJH pore-size distribution) 
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Fig. 4. Membrane surface views (a) Mullite support, b), c) TiO2 membrane made by dip-coating and curing at 393K, d) TiO2 membrane made by mechanical scrubbing followed by heating 

at 673 K) 

 
 

 
Fig. 5. Normalized formic acid concentration as a function of time (+: TiO2 membranes 

prepared by dip coating, open keys: TiO2 membranes prepared by mechanical scrubbing, 

closed keys: TiO2 membranes prepared by mechanical scrubbing and dip-coating) 

 

 

Table 2 

Comparison of TiO2 membranes prepared on porous mullite support 

 

TiO2 membrane preparation 

method 

Amount of deposition 

(mg cm-2) 

K-value 

(min-1) 

t0.5 

(min) 

Mechanical scrubbing 160±0.7 0.024 21 

Mechanical scrubbing followed 

by dip-coating after 
230±5 0.029 17 

Dip-coating 150±2 0.014 36 

 
3.3. Ag-TiO2 membranes prepared by photoreduction 

 

Silver was deposited on the TiO2 membranes prepared by different 
methods by photo-reduction using a dilute silver acetate solution [26]. The 

concentration of silver in the solution decreased by about 90% after the photo-

reduction analyzed by ICP for all the cases. The total amount of deposited silver 

was about 0.4 mol/m2. The molar ratio between Ag and TiO2 was about 20 ppm 

with a TiO2 membrane prepared by mechanical scrubbing. This ratio was about 
14 ppm with a membrane prepared by mechanical scrubbing and dip-coating. 

No silver was detected by XRD, probably because of its low amount and small 

size. 

The color of the Ag-TiO2 membranes was different from how the TiO2 
layer was prepared. The TiO2 membranes were white and the color changed to 

red-brown for membranes prepared by mechanical scrubbing and yellow-blue 

for membranes prepared by dip-coating after mechanical scrubbing. The color 
of the Ag-TiO2 membranes became white after keeping the membranes in the 

room for a few days. This was probably due to the change of deposited silver 

to colorless silver ion by reacting with oxygen in the air under visible light [31]. 
Membranes got back to color when soaked them into a formic acid solution and 

UV light was applied. Examples are shown in Fig. 6. The difference in the color 

of Ag-TiO2 membranes was due to the differences in the size and the shape of 
the silver particle [32,33]. For example, the color became redder with 

increasing the size of silver particles [34]. TiO2 membranes prepared by dip-

coating after mechanical scrubbing showed the fastest decomposition of formic 
acid as shown in Fig. 5, which indicated a larger photo-active TiO2 surface area 

compared to TiO2 membranes prepared by mechanical scrubbing. As the photo-

reduction sites for silver deposition were larger with the dip-coated membrane, 
silver may be deposited as smaller particles. 

While the total amount of silver was almost the same, the influence of 

silver deposition on formic acid decomposition was different from how the 
TiO2 membranes were prepared as shown in Fig. 7. Formic acid oxidation rate 

showed a small increase by silver deposition on a TiO2 membrane prepared by 

mechanical scrubbing (Fig. 7a). On the contrary, the silver deposition showed 

a negative influence on TiO2 membranes prepared by dip-coating after 

mechanical scrubbing (Fig. 7b). Two membranes prepared under the same 

conditions showed the same trend as shown in the figure.  
Metal deposition to TiO2 can improve the photocatalytic activity but the 

deposition amount has an optimum value. For example, Sclafani et al. applied 

Ag-TiO2 powder prepared by photo-deposition to 2-propanol oxidation and 
reported about 1 wt% silver deposition improved the oxidation rate [24]. They 

also reported that excess silver than the optimum amount reduced the kinetics. 

A similar tendency was reported by Sobana et al. with azo dye Direct RED 
degradation [35], by Shchukin et al. with 2-chlorophenol [36], and by Shokri 

et al. with chloramphenicol decomposition [37] in water. The optimum metal 

amount varies to the conditions but is often reported to be about 1 wt% [24,37] 
but sometimes less than 0.02 wt% [25,36] to the TiO2 mass. The reason for the 

enhanced photocatalytic activity by adding a small amount of metal was 

explained by the improved charge separation induced by light [24,37]. The 
negative influence of metal addition was suspected to be caused by the increase 

of hole capture probability [24,37], by shading the light irradiation [37], and by 

the agglomeration of metal particles that decreases the adsorption of pollutants 
[38]. Tiny silver particles are reported to increase the recombination rate of 

holes and electrons [36], which may be the situation with Ag-TiO2 membranes 

prepared after dip-coating and the reason for the decreased decomposition rate.  
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Fig. 6. Ag-TiO2 membranes after decomposing formic acid in water (a): the base TiO2 membrane was made by mechanical scrubbing, b): the base TiO2 membrane was made by dip-

coating after mechanical scrubbing) 

 

 

 
Fig. 7. Normalized formic acid concentration in the solution as a function of time (a) Δ: original TiO2 membrane formed by mechanical scrubbing, ▲: Ag-TiO2 membrane by 

photochemically depositing Ag on Δ; b) ○, □: original TiO2 membranes formed by mechanical scrubbing and dip-coating, ●, ■: Ag-TiO2 membrane by photochemically depositing Ag on 

○, □) 

 

 
4. Conclusions 

 

TiO2 membranes were prepared by applying commercial TiO2 powder 
(P25, Evonik) on the outer surface of porous ceramic tubes. TiO2 particles were 

immobilized by heating at 673K after mechanically scrubbing the particles to 

the support. This method did not require any solvent or binder and resulted in 
a smoother surface as a result of partial sintering. Applying dip-coating using 

a dispersant containing P25 particles in isopropanol and low-temperature 

curing prevented the enlargement of TiO2 particles. TTIP added to the 
dispersant acted as an inorganic binder and fixed TiO2 particles to the 

membrane.  

The influence of silver deposition to TiO2 membranes on photocatalytic 
activity depended on how the TiO2 membranes were prepared. The larger 

surface area of TiO2 membranes prepared by dip-coating made the silver 

particle size smaller, which may have increased the recombination of holes and 
electrons, and reduced the photocatalytic activity.  
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