Journal of Photochemistry and Photobiology A: Chemistry 216 (2010) 275-282

Journal of Photochemistry and Photobiology A:

journal homepage: www.elsevier.com/locate/jphotochem e

—
Contents lists available at ScienceDirect 8 _

Photochemistry

Phoroi;iology

Chemistry

Preparation of Fe-modified photocatalysts and their application for generation of
useful hydrocarbons during photocatalytic decomposition of acetic acid

Sylwia Mozia*, Aleksandra Heciak, Antoni W. Morawski

West Pomeranian University of Technology, Institute of Chemical and Environment Engineering, ul. Putaskiego 10, 70-322 Szczecin, Poland

ARTICLE INFO

Article history:
Available online 29 September 2010

Keywords:
Photocatalysis
Hydrocarbons
Methane
Acetic acid
Fe/TiOz

ABSTRACT

The present study was focused on the photocatalytic generation of useful hydrocarbons and hydrogen
from acetic acid under N, atmosphere. The photocatalysts applied in the study were prepared from a
crude TiO, modified with Fe(CH3COO), and calcinated at the temperatures of 400, 500 or 600°C in argon
atmosphere. In order to compare the results, the commercially available photocatalyst AEROXIDE® P25
(Evonik, former Degussa, Germany) was also used in the experiments. The photocatalysts were character-
ized by UV-vis/DR and FTIR spectroscopy, N, adsorption-desorption at 77 K and XRD measurements. The
crystallite size of anatase was in the range of 7-28 nm and the anatase over rutile ratio was from 82:18
to 95:5. The main gaseous products of CH3COOH decomposition were CH4 and CO,. Moreover, ethane,
propane and hydrogen were detected in the gaseous reaction mixtures. The most active photocatalyst
towards CH,4 generation was TiO; containing 20 wt.% of Fe calcinated at 500 °C. After 27 h of the process
conducted with this catalyst the amount of CHy4, CO,, C;Hg, C3Hg and H; evolved was 3.36, 2.97, 0.13,
0.01 and 0.14 mmol/mol CH3COOH, respectively. It was concluded that photocatalytic decomposition of
organic compounds, such as acetic acid, under N, atmosphere could be regarded as a method of pro-
duction of environmentally friendly “photo-biogas”; however, since the yield of hydrocarbons formation
was very low, deep and extensive investigations are still necessary in order to improve the efficiency of

the process.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Progressively decreasing resources of fossil fuels as well as the
global warming problem have recently resulted in the develop-
ment of new alternative methods of energy production. Taking
into consideration that another global problem is pollution of the
environment, it would be desirable to link both, waste or wastew-
ater treatment and their conversion into useful energy [1-3]. One
solution for that could be biogas production.

A promising alternative to the traditional method of biogas pro-
duction which is anaerobic digestion seems to be generation of
methane and other useful hydrocarbons via photocatalytic reac-
tions. Since photocatalysis, in general, is not specific for particular
substrates, it could be applied for any types of contaminants, even
those, which are toxic to bacteria [4]. This enhances the competi-
tiveness of photocatalysis in the discussed application.

The most often applied photocatalyst, due toits significant activ-
ity, high stability and low cost, is TiO,. A majority of the already
published papers [5-10] describing the photocatalytic production
of methane concern a reduction of CO, under UV light in the
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presence of pure or modified TiO,. For example, Tan et al. [6,7] pre-
sented their experimental study on the photocatalytic reduction
of CO, in the presence of H,0 using TiO, pellets illuminated with
UV light. The authors found that during the process low amounts
of Hy, and CO were produced except from methane. When UVC
(253.7 nm) light was used, the total yield of methane was approxi-
mately 200 ppm. Switching from UVC to UVA (365 nm) resulted in
a significant decrease in the yield of CH4 generation [7].

The literature data concerning photocatalytic generation of
methane from organic compounds in liquid phase are very limited.
All of them describe production of CH4 from aliphatic acids [11-14]
and alcohols [15]. In 1970s Kraeutler and Bard [11-13] published a
series of papers reporting photocatalytic decarboxylation of acetic
acid in the presence of Pt/TiO, catalyst. The main products of the
reaction were methane and carbon dioxide. Similarly, Sakata et al.
[14] observed methane and ethane formation during photodecom-
position of acetic and propionic acids in the presence of TiO, and
Pt/TiO,.

A development of an effective photocatalyst is one of the most
important aspects in the photocatalytic generation of methane.
The already published papers focus on the application of either
TiO, or Pt/TiO, photocatalysts [11-15]. To our best knowledge,
no attempts to utilize Fe-modified TiO, in this process have been
undertaken till now. During the present research different TiO,
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powders modified with Fe compounds were applied for photocat-
alytic generation of useful hydrocarbons, mainly methane, under
N, atmosphere. Moreover, the effectiveness of H, formation was
also determined. The influence of catalyst properties on the reac-
tion yield was especially investigated. Fe was selected on a basis
of literature data concerning degradation of organic compounds
[16,17] and hydrogen production [18]. Papers show that Fe, in a
proper concentration, can increase the photoactivity of TiO, pho-
tocatalysts. In the literature data it can be found that the amount
of Fe incorporated in a photocatalyst could be as low as 0.05 at.%
[16] or as high as 50 at.% [21]. In general, Fe-modified TiO, could be
divided into two main groups: (1) low-loaded (or doped) photocat-
alysts [16-20] and (2) high-loaded (or composite) photocatalysts
[19,21-23]. Zhu et al. [22] reported that at low Fe doping concen-
trations (<2 wt.%), Fe atoms substitute for the sites of Ti atoms in
the anatase lattice, whereas at higher Fe concentrations iron exist
in two forms: some Fe ions are incorporated into the anatase lattice,
while others aggregate to Fe; 03 or Fe304.

During the present research we have focused on high-loaded
photocatalysts, which, in general, are much less investigated than
the Fe-doped TiO,. An important advantage of the Fe-modified TiO,
with high iron content is high stability of these catalysts, in terms
of photocorrosion, compared to Fe-doped titania, as reported by
Litter and Navio [19]. Moreover, photocatalytic activity of heavily
loaded Fe/TiO, samples has been proved [21].

Acetic acid was used as a source of “photo-biogas”. The main
reason for studying decomposition of this compound was that
it undergoes the “photo-Kolbe” reaction in which methane and
carbon dioxide, being the main components of the conventional
biogas, are formed. Moreover, an application of acetic acid as a
model compound seems to be reasonable since amongst the final
by-products of photocatalytic degradation of most organic com-
pounds in water different aliphatic acids, including CH3COOH, are
present.

2. Experimental
2.1. Photocatalysts

The photocatalysts used in this study were prepared from crude
TiO, obtained directly from the production line (sulphate tech-
nology) at the Chemical Factory “Police” (Poland). The crude TiO,
was modified with Fe(CH3COO), as follows. A defined amount
of TiO, was introduced into a beaker containing aqueous solu-
tion of Fe(CH3COO), and stirred for 22 h. After that water was
evaporated and the samples were dried at 80°C for 24h in an
oven. Such prepared samples were calcinated at 400, 500 or 600 °C
in Ar atmosphere for 1h (83 dm3/min). The amount of Fe intro-
duced to the samples was 10, 20 or 30 wt.%. The samples modified
with Fe(CH3COO), were denoted as A-FeXAcY (A-Fe10Ac400, A-
Fe10Ac500, A-Fe10Ac600, A-Fe20Ac500 and A-Fe30Ac500), where
X refers to Fe content (10-30wt.%) and Y to the calcination tem-
perature (400-600 °C). In order to compare the results crude TiO,
without Fe(CH3COO), was calcinated at 500°C for 1h (A500).
Moreover, the commercially available photocatalyst AEROXIDE®
P25 (Evonik, formerly Degussa, Germany) and Fe304 nanopowder
(<50nm, >98%; Aldrich) were also applied in the photocatalytic
experiments.

2.2. Characterization of the photocatalysts

The XRD patterns were recorded using X'Pert PRO diffractome-
ter with Cu Ko radiation (A =1.54056 A). TiO, anatase over rutile

ratio was calculated from [24]:

1
anatase contentA = m (1)

where I, and Iz are the diffraction intensities of the (101)
anatase and (11 0) rutile crystalline phases at 26 =25.3° and 27.4°,
respectively. The average anatase crystallite diameter D (nm) was
calculated using Scherrer’s equation [24,25]:

KA
" Bcosh

(2)

where K=0.9 is a shape factor for spherical particles, A is the wave-
length of the incident radiation (A=1.54056A), 6 is half of the
diffraction angle (rad) and g is the line width at half-maximum
height. The phase identification was conducted by comparing
the measured patterns against the JCPDS cards from the powder
diffraction file database published by the Joint Committee on Pow-
der Diffraction Standards.

The FTIR spectra were recorded using Jasco FT-IR 430 spectrom-
eter (Japan) equipped with a diffuse reflectance accessory (Harrick,
USA).

The UV-vis/DR spectra were recorded using Jasco V 530 spec-
trometer (Japan) equipped with an integrating sphere accessory for
diffuse reflectance spectra. BaSO4 was used as a reference.

The Brunauer-Emmett-Teller (BET) surface area of the powders
was determined on the basis of nitrogen adsorption-desorption
measurements at 77 K conducted in Quadrasorb SI (Quantachrome,
USA) apparatus. All of the samples were degassed at 80°C prior
to nitrogen adsorption measurements. The BET surface area was
determined by multipoint BET method using the adsorption
data.

2.3. Photocatalytic reaction

The photocatalytic reaction was conducted in a cylindrical glass
reactor (Heraeus, type UV-RS-2) equipped with a medium pressure
mercury vapour lamp (TQ-150, Amax =365 nm). The total volume
of the reactor was 765 cm?. In the upper part of the reactor a gas
sampling port was located. At the beginning of the experiment
0.35dm3 of CH3COOH solution (1 mol/dm3) and 0.35¢ of a cata-
lyst were introduced into the reactor. Thus, the headspace volume
in the reactor was equal to 415 cm3. Before the photocatalytic reac-
tion N, was bubbled through the reactor for at least 1 h to ensure
that the dissolved oxygen was eliminated. Then, the N, flow was
stopped and UV lamp, positioned in the centre of the reactor, was
turned on to start the photoreaction. The process was conducted
for 27 h. The reaction mixture containing photocatalyst in suspen-
sion was continuously stirred during the experiment by means of
a magnetic stirrer.

All the experiments were repeated at least twice in order to
confirm the reproducibility of the results. The presented data are
mean values obtained from the two experiments (S.D. were below
9%).

Gaseous products of the reaction were analyzed using GC SRI
8610C equipped with TCD and HID detectors, and Shincarbon (car-
bon molecular sieve; 2m, 1 mm, 100-120 mesh) and molecular
sieve 5A (3 m, 2 mm, 80-100 mesh) or 13 x (1.8 m, 2 mm, 80-100
mesh) columns. Helium was used as the carrier gas. The compo-
sition of the liquid phase was determined using GC SRI 8610C
equipped with FID detector and MXT®-1301 (60 m) column. Hydro-
gen was used as the carrier gas.
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Fig. 1. XRD patterns of photocatalysts: (A) anatase; (R) rutile; (1) Feq66Ti03403; (2)
FeTiO;; (3) FE304.

3. Results and discussion
3.1. Physico-chemical properties of the photocatalysts

Fig. 1 shows the XRD patterns of the TiO, and Fe/TiO, photocat-
alysts. The phase composition of the photocatalysts is presented in
Table 1. It can be observed that crude TiO, contained anatase and
rutile phases in the ratio of 85:15. The diffraction lines were weak
and broad suggesting poor crystallinity of the sample. The crystal-
lite size of anatase in the crude TiO, was 7 nm. The heat treatment
of crude TiO, (A500) resulted in an improvement of TiO, crys-
tallinity associated with anatase crystals growth (12 nm vs. 7 nm,
Table 1).In case of the sample modified with Fe(CH3COO), the crys-
tallite size of anatase was in the range of 12-28 nm. It was also
found that the heat treatment of Fe/TiO, resulted in sharpening and
narrowing of diffraction lines (Fig. 1). The thermal treatment signif-
icantly affected the crystallite size of anatase, which was increasing
with increasing calcination temperature. This indicates aggrega-
tion of TiO, nanoparticles upon annealing. The samples A500 and
A-Fe10Ac500 annealed at the same temperature of 500 °C have dif-
ferent crystallinity (12 nm vs. 21 nm). These results indicate that Fe
catalyzes a growth of crystallites of anatase upon annealing [25].
Moreover, the obtained data suggest that the properties of the prod-
ucts obtained during modification of TiO, with iron compounds
strongly depend on the concentration of Fe introduced into the
samples and temperature of calcination.

According to Litter and Navié [19] TiO, particles can be simply
substitutionally doped by iron, the photocatalysts can be mixtures
of TiO, with iron oxide, or coexisting mixed oxides can be present.
Since the Fe3* radius (0.64 A) is similar to that of Ti4* (0.68 A) [26]
the substitution of iron in the matrix is an easy process. During
calcination, the preadsorbed precursor is decomposed, and iron
initially present at the surface diffuses into the bulk producing

Table 1
Physico-chemical properties of the photocatalysts: (A) anatase; (R) rutile.

a solid solution. Specimens containing less Fe are substitutional
solid solutions in which iron ions are dispersed in the lattice of
TiO,. Specimens containing higher iron contents accommodate any
excess of iron as minute particles or small aggregates of iron oxide
and/or mixed oxides of Fe and Ti at the surface of the solid solution
particles. Some intermediate states could be present, depending on
the transformation of anatase to rutile and on the solubility limit
of iron in both phases [19]. Detailed analysis of the XRD patterns of
our photocatalysts revealed that in case of the samples containing
10 wt.% of Fe such intermediate state is present (Fig. 1). It was iden-
tified as FeqggTig3403. The composition of this mixed oxide was
calculated from a correlation curve representing the dependence
of the lattice constant (d) on Ti fraction in the oxide. During the cal-
culations the following JCPDS cards were applied: 01-089-0599,
04-009-5898, 04-006-6608, 01-0708156, 01-070-8179, 04-006-
6576, 04-006-6577, 01-073-1256, 01-073-1255, 01-075-1207. In
case of the samples containing 20 and 30 wt.% of Fe both, iron oxide
(Fe304) and mixed oxide - ilmenite (FeTiO3) were identified. The
presence of these species suggests that Fe2* from Fe(CH3;COO), was
only partially oxidized to Fe3*. Fe304 and FeTiO3 were identified
by comparison of the measured XRD patterns with the JCPDS cards
(Nos. 01-089-0599 and 01-071-6766).

Fig. 2a shows FTIR spectra of the crude, annealed and Fe-
modified TiO,. It can be seen that the intensity of the bands
associated with ~OH vibrations (3300-3500 cm~1) decreased with
increasing the heat treatment temperature. This indicates that the
amount of hydroxyl groups present on TiO, surface was reduced
upon annealing, especially in case of Fe/TiO,. These data sug-
gest that the presence of Fe ions changes the content of surface
—OH groups [19]. The bands observed at 1630-1640cm~! can be
assigned to molecular water bending mode [27]. Pure titania (P25,
A500, crude TiO;) and A-Fe10Ac400 spectra exhibit, in the v(OH)
region, one band with a maximum at 3685-3700 cm~!, which char-
acterizes the stretching vibrations of Ti**-~OH surface hydroxyl
groups. In the low frequency region (below 1000cm~1) the self-
absorption of titania [21] is observed, which is especially strong
in case of pure TiO, and the samples with low Fe content. More-
over, in the spectra of TiO, containing 20 and 30 wt.% of Fe (Fig. 2b)
the absorption bands between 600 and 750 cm~! can be seen. The
intensity of these bands is stronger in case of the photocatalyst with
higher iron content (A-Fe30Ac500) than in case of A-Fe20Ac500.
The observed absorption in the 600-750 cm~! region could be asso-
ciated with the presence of iron in the catalysts structure. This
supposition could be confirmed by a comparison of the spectra of
the Fe-modified TiO, with the spectra of Fe304 and TiO, (A500). In
the spectrum of pure titania no bands between 600 and 750 cm™!
are present, whereas the spectrum of Fe304 exhibits a distinct
increase of absorbance in this region.

Fig. 3 shows UV-vis/DR spectra of the TiO, and Fe/TiO, powders
containing different Fe concentration and calcinated at different
temperatures. In general, the light absorption characteristic of
TiO; is affected by the presence of metal ions [16]. A significant
increase in the absorption at wavelengths longer than 400 nm was
observed for the Fe-modified samples (Fig. 3). The spectra of these

Sample Specific surface area, Sger [m?/g] Phase composition by XRD Crystallite size of anatase [nm] Anatase over rutile ratio (A:R)
Crude TiO, 215 AR 7 85:15

A500 103 AR 12 92:8

P25 50 AR 22 82:18

A-Fe10Ac400 82 A, R, Fe166Ti03403 12 90:10

A-Fe10Ac500 34 A, R, Fey66Tio3403 21 93:7

A-Fe10Ac600 18 A R, Fe166Tip3403 28 90:10

A-Fe20Ac500 19 A, R, FeTiO3 24 95:5

A-Fe30Ac500 19 A, R, FeTiO3, Fe304 24 95:5
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Fig. 2. FTIR spectra of photocatalysts and Fe304.

photocatalysts show a strong absorption in the visible light region
and are red shifted compared to the spectra of pure titania. Red
shift associated with the presence of Fe ions could be attributed
to a charge transfer transition between Fe ions electrons and TiO,
conduction or valence bands [28]. With increasing Fe concentration
the samples show a stronger absorption in the visible range which
might be attributed to a dark color of the powders. The observed
absorption in the vis region might indicate that TiO, samples mod-
ified with Fe could be active under visible light [29].

The specific BET surface area (Sggt) of the photocatalysts is pre-
sented in Table 1. It can be seen that the surface area of the pure
titania samples decreased with increasing calcination temperature
from 215 m2/g in case of crude TiO, to 103 m?2/g for A500. In case
of the Fe-modified TiO,, the BET surface area decreased with the
annealing temperature from 82 m?/g for A-Fe10Ac400 to 18 m2/g
for A-Fe10Ac600. Moreover, it could be observed that the Sggr of
the Fe-modified photocatalysts calcinated at 500 °C was 3-5 times

100 4 A500
Crude TiO2\
80 -
P25
o 601
%
A-Fe10Ac400
40 emne A-F620Ac500
A-Fe10Ac600
20 1
0 A-Fe30Ac500
250 300 350 400 450 500 550 600 650 700 750 800

Wavelength [nm]

Fig. 3. UV-vis/DR spectra of different photocatalysts.

lower than the Sggr of A500. These results clearly show that the
presence of Fe compounds strongly affects the surface area of the
photocatalysts [21]. A decrease of Sger might be also attributed to
larger crystallite size of anatase in the Fe/TiO, compared to pure
titania A500 (Table 1).

3.2. Photocatalytic decomposition of acetic acid

The commercially available P25, crude and annealed TiO, as
well as the Fe modified TiO, photocatalysts were applied in the
photocatalytic decomposition of acetic acid under N, atmosphere.
The reaction was conducted for 27 h. Regardless of the photocata-
lyst used the gaseous products identified during the photocatalytic
decomposition of CH3COOH were CHy4, CO,, CoHg, C3Hg and Hj.
The concentrations of these compounds in the gaseous phase
(headspace volume of the reactor) were dependent on the photo-
catalyst applied. Nevertheless, in all the experiments CH4 and CO,
were obtained at the highest amounts.

3.2.1. Hydrocarbons production from acetic acid

The principal purpose of this study was to investigate the pho-
tocatalytic generation of hydrocarbons, mainly methane, in the
presence of different photocatalyst. The obtained results are pre-
sented in Figs. 4 and 5.

Methane formation during photocatalytic decomposition of
acetic acid follows the so-called photo-Kolbe reaction pathway. The
products of this reaction are methane and carbon dioxide [11-14]:

CH3COOH —> CHy4 +CO, (3)

Reaction (3) represents the photocatalytic decarboxylation of
acetic acid. The reaction is initiated by photogenerated holes and
can be also written as follows [14]:

CH3COOH + h* — CH3® + CO, +H* (4)
H+e — H (5)
CHs* + H* — CH4 (6)
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Fig. 4. Comparison of the amounts of CH4 and CO; evolved after 27 h of irradiation
in the presence of different photocatalysts.

The reaction of the formation of ethane from acetic acid can be
presented as follows [14]:

CH3COOH — CyHg+2C0O;5 +Hy (7)

or, taking into consideration the recombination of methyl radicals
[10]:

CHs3* + CH3* — CyHg (8)

In the same way the reaction of the formation of propane could
be written as:

3CH3;CO0H — C3Hg 4 3CO, +2H, (9)

Fig. 4 shows the amounts of methane and carbon dioxide
evolved after 27 h of irradiation. It was found that the amounts
of both gases continuously increased during the process. After the
initial 5h of the reaction the amount of CH4 was in the range
of 0.33-0.88 mmol/mol CH3COOH. The highest yield of methane
evolution was observed for A-Fe20Ac500 and the lowest for P25
photocatalysts. In case of CO,, the amount of this product in
the gaseous phase after 5h of irradiation ranged from 0.52 to
0.98 mmol/mol CH3COOH. The lowest amount of carbon dioxide
was produced in case of A500. The highest yield of CO, evolution
was observed in the presence of P25 catalyst. Elongation of the reac-
tion time resulted in further increase of the concentrations of both
gases. After 27 h of irradiation the amount of CH4 was in the range of
1.39-3.36 mmol/mol CH3COOH being the highest for A-Fe20Ac500
(Fig. 4). The amount of CO, at the end of the process ranged from
2.34 to 3.32 mmol/mol CH3COOH. The lowest concentration of CO,
was observed in case of A-Fe10Ac500, whereas the highest was
found in case of P25.

As was mentioned earlier, amongst the gaseous products of the
reaction ethane and propane were also identified. The amounts of
these gaseous compounds evolved in the presence of different pho-
tocatalysts are shown in Fig. 5. In general, the amounts of C;Hg and
C3Hg were significantly lower compared to those of CH4 and CO,.
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mmol of gases / mol CH;COOH
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Fig.5. Comparison of the amounts of C;Hg and C3Hg evolved after 27 h of irradiation
in the presence of different photocatalysts.

The amount of C,Hg after 5h of the irradiation was in the range
of 0.03-0.06 mmol/mol CH3COOH. The amount of ethane after 27 h
of irradiation ranged from 0.08 to 0.18 mmol/mol CH3COOH. The
highestyield of ethane evolution was observed for crude TiO,, A500
and A-Fe20Ac500, whereas the lowest for A-Fe10Ac600. At the end
of irradiation the amount of C3Hg was found to be in the range
of 0.003-0.010 mmol/mol CH3COOH. The highest effectiveness of
propane generation was observed in case of A-Fe20Ac500, and the
lowest in case of A-Fe10Ac400.

The presented data show that the transformation efficiency of
CH3COOH to CH4 determined after 27 h of irradiation was about
0.14-0.34%, depending on the photocatalyst. One might regard it
as a drawback of this process. However, it should be noticed that
the concentration of acetic acid at the beginning of the experiment
was 1 mol/dm3, which is very high. Therefore, the time necessary
for a complete decomposition of CH3COOH is very long. The process
was conducted for 27 h only. Taking into consideration that the con-
centration of CH4 was continuously increasing in time, it could be
supposed that the transformation efficiency at longer times would
be higher. However, in order to state it unequivocally, further inves-
tigations are necessary.

The yields of ethane and propane evolution were significantly
lower than that of methane which clearly indicates that the reac-
tions (7) and (9) are of minor importance.

From the reaction (3) it could be found that every one mole of
acetic acids gives one mole of methane and one mole of carbon
dioxide, i.e. the CH4/CO; ratio should be equal to 1. However, in the
performed experiments the CH4/CO, ratio differed from unity. The
CH4/CO,, ratio calculated after 27 h of irradiation was equal to 0.96,
0.97 and 0.42 for crude TiO,, A500 and P25 respectively, and 0.78,
0.91,0.91, 1.13,0.92 for A-Fe10Ac400, A-Fe10Ac500, A-Fe10Ac600,
A-Fe20Ac500 and A-Fe30Ac500, respectively. Due to the fact that
solubility of carbon dioxide in water, although limited, is still about
one order of magnitude higher compared to that of methane, one
might expect that concentration of CO, in the gaseous phase should
be lower than that of CH4. Such a situation was observed only in case
of Fe[TiO, with 20 wt.% of Fe (A-Fe20Ac500). However, in case of
all other samples the amount of CO, evolved from the solution was
higher than that of methane. This might suggest that except from
the photo-Kolbe reaction (3) some other reactions in which CO,
is produced proceed in the system. Carbon dioxide is also gener-
ated in the reactions (7) and (9). However, taking into consideration
that the amounts of ethane and propane were very low, it is rather
doubtful that such a high concentration of CO, as one observed in
case of P25 was produced in these reactions.

The formation of higher amount of CO, than CH4 during pho-
tocatalytic decomposition of acetic acid was already reported in
the literature [14,30-32]. These reports were published during
the last 30 years, nevertheless, none of them explicate that phe-
nomenon unequivocally. Sakata et al. [14] concluded that the
CO,/CH4 ratio greater than unity suggested that the oxidation of
organic acids proceeded further, but no mechanism for that was
proposed. Yoneyama et al. [30] argued that a high concentration
of CO, might result from decomposition of organic intermediates,
like ethanol or acetaldehyde to CO, and H,. However, in their inves-
tigations a significant yield of hydrogen formation was observed,
a phenomenon that did not take place in our system (see Section
3.2.2).The authors [30] also postulated a formation of hydroxyl rad-
icals in competition with methyl radicals and their involvement in
the subsequent reactions to yield finally CO, as the main prod-
uct. On the basis of the results obtained during our investigations
(Fig. 4), we suggest that the excess of carbon dioxide originated
from the mineralization of acetic acid to H,O and CO,. Very high
photocatalytic activity of the commercial P25 in degradation and
mineralization of organic compounds is well known and widely
described in numerous publications. This high photoactivity is



280 S. Mozia et al. / Journal of Photochemistry and Photobiology A: Chemistry 216 (2010) 275-282

associated mainly with efficient formation of hydroxyl radicals,
being the main oxidizing agents during photocatalytic reactions.
However, direct oxidation of acetic acid with *OH does not result
in the formation of CO, and H,0 [30]:

CH3COOH + OH* — CH3® + COy +H,0 (10)

The mineralization of acetic acid to CO, and H, O could take place
in the presence of oxygen:

CH3COOH + 20, — 2C0; + 2H,0 (11)

Since atmospheric oxygen was not present in the system, the
involvement of photogenerated O, should be considered [33,34]:

OH* + OH* — H,0, (12)
H,0, +2h™ - 0, +2H" (13)
H,0, + OH* — H,0 + HO,* (14)
HO,* + OH* — H,0 + O (15)
HO,* + H* +e~ — Hy0, (16)
2H,0, — 2H,0 + 0, (17)

The reaction of photogenerated oxygen with acetic acid could
subsequently lead to mineralization of CH3COOH according to Eq.
(11).

It could not be excluded that mineralization of CH3COOH took
place not only in the presence of P25 but also in case of other pho-
tocatalysts. However, since the CH4/CO-, ratio obtained with these
samples was close to 1 it could be supposed that the photo-Kolbe
reaction pathway was the primary one in case of these catalysts.

In order to clarify the reaction mechanism it is important to
identify the products in the aqueous medium besides those in the
gaseous phase. The compounds detected in the liquid phase dur-
ing photocatalytic decomposition of acetic acid were methanol
(CH30H), ethanol (C;H50H), acetone (CO(CHs3),), acetaldehyde
(CH3CHO) and methyl acetate (CH3COOCH3).

The concentrations of these products were very low and did
not exceed 10 wmol/dm?3. *OH radicals are known to have a strong
oxidation power and can easily oxidize various organic compounds.
The presence of the reaction products in liquid phase is explained
reasonably by assuming an involvement of these radicals [14]:

CHs3* + OH* — CH;OH (18)
CH30H + CH3COOH — CH3COOH; +H,0 (19)
C,Hs* + OH* — C,HsOH (20)
C,HsO0H + 20H* — CH3CHO + 2H,0 (21)

Some of the organic intermediates, e.g. methanol might be fur-
ther decomposed to form CO; and H; [14]:

CH30H + H,0 — CO, +3H> (22)

Moreover, other compounds obtained during acetic acid decom-
position, such as acetaldehyde might undergo mineralization
yielding CO, as the product [35,36]. Liu et al. [35] proposed the
following mechanism of acetaldehyde mineralization when the
number of the holes photogenerated on TiO, surface is much larger
than the number of the adsorbed acetaldehyde molecules:

CH3CHO + 3H,0 + 10h* — 2CO5 + 10H* (23)

Taking into consideration Egs. (10)-(23) it could be concluded
that in the presence of hydroxyl radicals or photogenerated oxy-
gen numerous reactions might occur in the system investigated,
including mineralization of acetic acid or formation of organic
intermediates in the liquid phase and their further decomposition.
These reactions might yield CO, as the main product, which could

explicate why the CH4/CO, ratio differs from unity in case of some
TiO, samples.

On the basis of the results obtained at the end of irradiation the
activity of the photocatalysts towards methane generation can be
put in the following order: A-Fe20Ac500 > crude TiO, ~A500 > A-
Fe30Ac500 > A-Fe10Ac500 > A-Fe10Ac600 > A-Fe10Ac400 > P25.
Comparing these data with the specific BET surface area of the
photocatalysts (Table 1) it could be concluded that Sggr did not
influence the activity of photocatalysts towards CH4 formation. For
example, P25, having about 2.5 times higher BET surface area than
A-Fe20Ac500 (50 m2/g vs. 19 m?/g) exhibited lower activity in CHy4
generation than the sample containing 20 wt.% Fe calcinated at
500°C. The highest surface area exhibited crude TiO, (215 m?/g);
however, it was less effective than A-Fe20Ac500. These results
suggest that some other parameters were responsible for the
activity of TiO, in the photo-Kolbe reaction. Such parameters could
be phase composition, crystallinity and the presence of iron ions
in the samples.

It was observed that A-Fe10Ac400, A-Fe10Ac600 and P25, char-
acterized by the highest rutile content from all the catalysts
(Table 1), were the least effective in CH4 production. In general,
rutile is considered a poor photocatalyst. Low photocatalytic activ-
ity of rutile in photodegradation of organic compounds is usually
attributed to high recombination rate of photogenerated electrons
and holes or changes in the specific surface area and porosity [37].
Higher activity of A-Fe20Ac500 compared to other catalysts cal-
cinated at the same temperature (A500, A-Fe10Ac500) could be
associated with the crystal size of anatase in this sample (Table 1).
The XRD patterns show sharp and narrow diffraction lines in case of
A-Fe20Ac500. This corresponded to the improvement of TiO, crys-
tallinity associated with anatase crystals growth (24 nm vs. 12 and
21 nm). Moreover, the A-Fe20Ac500 catalyst contained a very low
amount of rutile (A:R ratio equal to 95:5, Table 1), which might also
contribute to its activity.

Somehow, Fe must play an important role during the photocat-
alytic reaction. Hung et al. [ 17] proposed that the improved activity
of Fe[TiO, is due to either one or a combination of the follow-
ing factors: (a) increased UV-light absorption capability of Fe/TiO,
compared to pure titania; (b) inhibition of rutile phase formation
due to a small amount of Fe; (¢) acting as both h* /e~ traps to reduce
the recombination rate of those pairs during the photodegradation.
The last factor seems to play a significant role in case of the obtained
results.

During irradiation of Fe-modified TiO, the following events
could take place [25,26,38]:

1. Charge-pair generation:

TiOy + hv— h* +e” (24)
Fe3t + hv— Fe*t +e- (25)
Fe3* + hv— Fe?t +ht (26)

2. Charge trapping

Ti*t + e~ — Tit (27)
Fe3t e~ — Fe?* (28)
Fe3*t £ ht — Fett (29)

3. Charge release and migration
FeZ* + Ti** — Fe* +Ti*+ (30)
4. Recombination
e” +h* - TiO; (31)
Fe?* +h* — Fe3+ (32)
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Fe*t + e~ — Fe3t (33)

Fe*t + Ti*t — Fe3t +Ti** (34)

According to Hung et al. [17] the reactions (32)-(34) take place
when Fe ions concentration is high and they act as recombination
centres. However, a small amount of Fe ions can act as a photogen-
erated h* or e~ trap and inhibit the hole-electron recombination
(Egs. (27)-(30)) [25,26].

From the obtained results (Figs. 4 and 5) it could be found
that the highest effectiveness of CH4 formation was in case of the
sample containing 20 wt.% of Fe (A-Fe20Ac500). The good photo-
catalytic activity of this sample might be attributed to the presence
of ilmenite phase (Fig. 1). FeTiO3 has a good light absorbance and
favourable photo-excited electron-hole separation and lifetime of
those pairs [39]. Above 20wt.% of Fe, the activity towards CHyg
formation decreased (A-Fe30Ac500). One reason for that could
be an increase of recombination rate, which was discussed ear-
lier. Another one could be coverage of TiO, particles with Fe304
(Fig. 4). When concentration of Fe precursor used for modification
is too high titania surface becomes overloaded and its accessibil-
ity to CH3COOH molecules is significantly reduced. This results
in a decrease of the reaction efficiency. In order to confirm the
supposition that the presence of high amount of Fe30,4 could be
responsible for the observed low photoactivity of the A-Fe30Ac500,
an additional experiment was conducted, in which the commer-
cially available Fe304 was applied as the photocatalyst. It was found
that the yields of CH4 and CO, production in the presence of this
iron oxide were very low. After 5h of irradiation the amounts
of methane and carbon dioxide were 0.21 and 0.27 mmol/mol
CH3COOH, respectively. After 27 h of the process the amounts
of both, CH4 and CO, were equal to each other and reached
0.67 mmol/mol CH3COOH. The efficiency of CH4 generation in the
presence of the commercial Fe;04 was significantly lower than that
measured during the process performed with the least active TiO,
P25 (1.39 mmol/mol CH3COOH). The obtained results might lead to
the conclusion that high coverage of TiO, particles with Fe304 has
a detrimental effect on the photocatalytic activity of the catalyst in
the photo-Kolbe reaction. And vice versa, Fe amount at the level of
10wt.% was too low to improve the effectiveness of methane gen-
eration (A-Fe10Ac400, A-Fe10Ac500, A-Fe10Ac600). The observed
decrease of photocatalytic activity of these samples could be asso-
ciated with the presence of the mixed oxide Feq ggTig3403. It could
be supposed that the low Fe loading was sufficient only to change
the number of active sites and the type of surface groups of the pho-
tocatalyst or led to enhancement of surface recombination which
resulted in a decrease of photocatalytic activity [16].

3.2.2. Hydrogen production from acetic acid

As was mentioned earlier, amongst the gaseous products of the
process hydrogen was also detected. The photocatalytic evolution
of hydrogen in the presence of sacrificial agents has been already
described in the literature [14,33,40-46]. In general, when the
reducing agent, or hole scavenger, such as alcohol [33,42,45,46] or
organic acid [14,33] is present in the solution, the photogenerated
holes react with the reducing agent. As a result the photocatalyst
is enriched with electrons and H; evolution reaction is enhanced
[47]:

2H* +2e~ — H, (35)

From the mechanism proposed by Sakata et al. [14] it can be
found that H, is produced from methanol and glycolic acid, which
are formed from acetic acid (Egs. (10), (18), (22), (36), and (37)):

CH3COOH + 2°0H — HOCH,COOH + H,0 (36)
HOCH,COOH + H,0 — 2CO, + 3H, (37)

0.2517

0.2

A-Fe10Ac400

A-Fe10Ac600

0.151
A-Fe30Ac500

0.1 mH,

0.051

mmol of H,/ mol CH;COOH

0
Crude TiO; A500

A-Fe10Ac500 A-Fe20Ac500

Fig. 6. Comparison of the amounts of H, evolved after 27 h of irradiation in the
presence of different photocatalysts.

Patsoura et al. [33] reported that hydrogen was produced from
different alcohols, organic acids and acetaldehyde, although in the
presence of the latter compound rather low production rates were
observed.

Fig. 6 shows H; concentration after 27 h of the irradiation. The
highest yield of hydrogen evolution was observed for A-Fe10Ac500.
After 5h of the process the amount of H, was 0.04 mmol/mol
CH3COOH. A lengthening of the reaction time up to 27 hresulted in
an increase of Hy amount up to 0.19 mmol/mol CH3COOH. The low-
est efficiency of hydrogen formation was observed in case of P25
(0.06 mol/mol CH3COOH at the end of experiment). The obtained
results show that evolution of hydrogen was significantly lower
than that of methane or carbon dioxide. The reason for that could
be acidic pH of the reaction environment. It was reported that the
H, production is favoured at neutral or basic solutions [33].

4. Conclusions

The gaseous products identified during the photocatalytic
decomposition of CH3COOH were CH4, CO,, CoHg, C3Hg and Hs.
The concentrations of these compounds in the headspace volume
of the reactor were dependent on the photocatalyst applied. Nev-
ertheless, in all the experiments CH4 and CO, were obtained at the
highest amounts.

The most active photocatalyst toward CH4 production was
found to be A-Fe20Ac500 obtained by modification of crude TiO,
with iron acetate (20 wt.% of Fe) and calcination at 500°C in argon
atmosphere. This sample contained primarily anatase (95%) with
crystallite size of 24 nm. A good photocatalytic activity of this sam-
ple was attributed to the presence of ilmenite FeTiOs3.

Low effectiveness of CH4 generation and very high yield of CO,
formation in case of TiO, P25 was attributed to mineralization of
acetic acid by photogenerated oxygen. The photocatalytic gener-
ation of O, was associated with high effectiveness of hydroxyl
radicals formation in the presence of P25. Thus, it could be
concluded that a high concentration of hydroxyl radicals is not
desirable for methane formation from acetic acid under N, atmo-
sphere.

In case of Fe/TiO, it was found that the effectiveness of hydro-
carbons and hydrogen generation was influenced mainly by the
amount of Fe. No clear influence of the specific BET surface area on
the evolution rate of gaseous products was observed.

The results of the presented investigations show that photocat-
alytic decomposition of acetic acid could be regarded as a method of
production of environmentally friendly “photo-biogas” containing
useful hydrocarbons (CH4, C;Hg and C3Hg) and H,. In the presented
system after 27 h only the amount of methane was 3.36 mmol/mol
CH3COOH which corresponds to 6.93% of CH,4 in the gas phase when
the head space volume of the reactor applied is taken into account.
A lengthening of the irradiation time could lead to an increase of
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methane concentration. However, since the efficiency of the pre-
sented system remains low, further investigations aiming at the
design of efficient photocatalyst in order to improve the process
performance are necessary. Moreover, an application of organic
substrates other than acetic acid should be considered. These two
key issues are the subject of further investigations.
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