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The gypsum building material was enriched with photocatalytic properties for indoor air purification. The photocatalytic additive to gypsum
was TiO2 modified with carbon from various sources. The photocatalytic activity of gypsum plates was performed towards NOx removal.
Carbon doping into TiO2 improved not only total degradation of NOx on corresponding gypsum plates but also NO2 selectivity was
changed, limiting the production of toxic NO2. The exhibition of photocatalysts on the visible and ultraviolet irradiation has been also
carried out to examine their durability. First, the stability of modifying element – carbon in TiO2 structure was analysed, indicating on the
gradual reduction of carbon content with irradiation time, especially when the carbon source was cyclic hydrocarbon. Second, the
photocatalytic activity of the gypsum plates was performed at each stage of the ageing process. Based on this insight, the correlation
between carbon content in modified photocatalysts loaded to gypsum plates and photocatalytic activity of them was described in detail.
1. Introduction: The interest in photocatalysis branch grew
considerably involving different areas of human life. Recently,
photocatalytic building materials with the incorporation of
titanium dioxide have been shown to be a promising technique to
reduce the number of air contaminants such as NOx and volatile
organic compounds (VOCs) as well as their self-cleaning
properties were confirmed [1, 2]. Construction materials represent
the most easily available medium to distribute photoactive
substances over the widest surface area possible, gaining the
maximum efficiency [3]. Mainly, the cement and concrete as
matrixes in photocatalytic construction materials have been
studied [4]. Meanwhile, another very important material in civil
engineering is gypsum, widely used in indoor applications [5].
Apart from the pure TiO2 the modified photocatalysts with incor-

porated additional elements have been studied in mere applications.
Non-metal doping of TiO2 (e.g. nitrogen, carbon, fluorine and
sulphur) enhance the solar efficiency of the photocatalyst and
favour electron–hole separation, limiting their disadvantageous re-
combination [6]. Hence, the modified forms of TiO2 in building
applications seem to be more competitive and promising.
The durability in the air-purifying and self-cleaning activity is es-

sential in photocatalytic building materials. Therefore, the ageing
trials of photocatalytic building materials have been undertaken, re-
lating to both the natural outdoor exposure and the artificially accel-
erated condensation cycles in a chamber. The results indicated that
the durability depends greatly on the type of building material. In
some cases, the photocatalytic activity was unaltered, whereas in
other cases was reduced due to the removal of titanium dioxide
nanoparticles from the surface. A decrease of TiO2 content was
observed, but photodegradation efficiency seemed not to be
affected [7]. Other scientists assigned the decrease of photocatalytic
activity of photoactive mortars in time to the soiling process [8].
However, there are still questions and doubts, on the one hand

about the ‘life time’ of these photoactive building materials, on
the other hand about stability of the modified forms of photocata-
lysts. In this Letter, both issues were concerned. The photocatalytic
properties of modified gypsum building materials during their ex-
position to different irradiation conditions were investigated. The
impact of visible as well as UV irradiation was considered. The
physicochemical properties of the added modified TiO2/N,C photo-
catalysts were studied at each stage of the ageing process.
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2. Experimental section
2.1. Preparation of modified TiO2/N,C photocatalysts: The
commercial titanium dioxide supplied by Grupa Azoty Zakłady
Chemiczne ‘Police’ S.A. (Poland) was used as a starting
material for synthesis of modified photocatalysts. Before TiO2

modification with carbon, the starting material was rinsed with
ammonia water (2.5 wt%) until pH reached ca. 6.8. The obtained
suspension was filtered and the remained slurry was pre-dried for
24 h at 100°C (denoted as starting TiO2/N). Modification of the
starting TiO2/N in the carbon atmosphere was as follows: 6 g of
starting TiO2/N was placed in a central part of tubular furnace
and heated (10°C/min) up to 300°C in argon flow 200 cm3/min
(99.999%, Messer, Austria). After the desired temperature was
reached, the inert gas was bubbled through Dreschel bottle
containing 50 cm3 of carbon source (n-hexane or cyclohexane –

to obtain different amount of carbon in photocatalysts structure).
The final step of the preparation process was maintained for 4 h
at temperature of 300°C.

The modified TiO2/N,C photocatalysts were irradiated in differ-
ent conditions in order to check their characteristic after the expos-
ition to various kinds of environmental impact. At the beginning the
modified TiO2/N,C photocatalysts were irradiated with visible light
for a period of 24 h. Then, the source of irradiation was changed to
the UV light, which was applied for 15 and 30 h, successively. The
starting TiO2/N was exhibited to the same irradiation conditions for
comparison.

2.2. Gypsum samples preparation: Gypsum (Dolina Nidy Sp z o.o.,
Poland) was used as a base material to obtain gypsum–TiO2

composites. The mortar for plates preparation was obtained by
addition of 3 wt% of photocatalyst to gypsum matrix and then the
mechanical grinding for 20 min was performed. The loading of
3 wt% of TiO2 in gypsum mass was chosen as the optimal dose
on the basis of our earlier works. The homogenous powders were
mixed with water (water-to-gypsum ratio w/g = 0.8). The obtained
pastes were poured into silicone moulds (20 × 20 × 6 mm) and set
aside for solidification of the materials. Then, the gypsum plates
were removed from moulds and dried in the air to dry matter.
Gypsum plates with the modified TiO2/N,C photocatalysts were
prepared, which were exposed to various irradiation conditions,
as was described in the previous section. Pure gypsum plates and
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Fig. 1 XRD patterns of used photocatalysts

Table 1 Phase participation and crystallite size of the photocatalysts

Photocatalyst
sample

TiO2 crystalline phase
participation

Anatase crystallite
size, nm

Anatase,% Rutile,%

TiO2/N 96.3 3.4 12.2
TiO2/N,C-n-hex 95.8 4.2 12.8
TiO2/N,C-cyclohex 95.7 4.3 12.4

Fig. 2 SEM images of
a TiO2/N,C-cyclohex
b TiO2-n-hex
gypsum plates with starting TiO2/N were applied as the reference
gypsum samples.

2.3. Characterisation of modified TiO2/N,C photocatalysts: The
phase composition of the samples was determined by powder
X-ray diffraction (Empyrean; PANalytical). The diffractometer was
equipped with a wide angle detector (PIXcel 3D; PANalytical) and
a monochromator which greatly lowers the signal-to-noise ratio.
The X-ray radiation source was cooper (λCuKα=0.154056 nm).
Copper tube with 35 kV voltage and 35 mA current was used. The
measurements were performed in the range of 10–80° in 2θ scale
with 0.05° scanning step. The mean crystallite size of photocatalysts
was calculated from full-width at half maximum of the corresponding
X-ray diffraction peaks by the following equation (Sherrer’s
formula): D= λ/(β * cosθ), where λ is the wavelength of X-ray radi-
ation, β is the full-width at half maximum (rad) and θ is the reflected
angle.

To identify the surface functional groups of the TiO2/N,C photo-
catalysts, the FTIR-4200 spectrophotometer (Jasco, Japan),
equipped with a diffuse reflectance accessory (Harrick, USA),
was used. The Fourier-transform infrared spectroscopy (FTIR) ana-
lyses were carried out in the mid-infrared region, covered wave
numbers ranging from 400 to 4000 cm−1.

The determination of elemental carbon in TiO2/N,C photocatalysts
at different stages of irradiation exposition was obtained using
an Organic Elemental Analyser Flash 2000 (Thermo Scientific,
Germany). Simultaneously, the content of nitrogen in the samples,
which is derived from pre-preparation process, was determined.

The light reflectance abilities of the TiO2/N,C photocatalysts
were determined by UV–visible (UV–Vis)/diffuse reflectance
(DR) technique using a V-650 spectrophotometer (Jasco, Japan)
equipped with an integrating sphere accessory for diffuse reflect-
ance spectra acquisition.

2.4. Photocatalytic oxidation reactions: The photocatalytic activity
of the prepared gypsum plates was determined during degradation
of the NOx gases under UV–Vis irradiation tests. NO (air liquid,
1.989± 0.040 ppm) was used as the target pollutant which was
diluted with humidified air in ratio 1:1. As the result, the inlet NOx

concentration was about 1 ppm and relative humidity was 50%.
The oxygen and water were necessary for ·OH radicals production
which are clue in photocatalytic reactions. A continuous flow
system was used with the total mixed flow rate of 500 cm3/min.
The experimental set-up was shown schematically in our previous
work [9]. A cylindrical Pyrex glass vessel with the inner dimension
of φ×H=9 cm×32 cm was used as the photoreactor. The reactor
was surrounded by UV lamps 4× 22 W (Philips) with the cumulative
radiation intensity of 100 W/m2 UV and 4 W/m2 Vis. Temperature
of the whole system during the experiments was controlled at the
level of 22°C using thermostatic chamber. An on-line chemilumines-
cent NOx analyser (Model T200, Teledyne Advanced Pollution
Instrumentation, USA) continuously monitored NO and NO2 con-
centrations for gas analysis in the outlet. The test results were inte-
grated for every 1 min. In this work, in the typical experiments
eight gypsum plates were placed in a central part of the reactor
using a frame to allow all samples on direct contact with gases.
After assembling the samples the reactor was tightly closed and the
NO gas stream was introduced under dark condition until the concen-
tration of the NO reached equilibrium (∼35 min to level of ∼1 ppm).
Then the samples were exposed to irradiation for 1 h. After this time
the lamps were switched off and the continuous flow of NO was
maintained still for 15 min. All the experiments were conducted
twice and the average values were reported in this work. The blank
experiments were also performed under the similar conditions:
(i) gypsum plates without photocatalysts and (ii) photolysis of NO.

3. Results and discussion: X-ray diffraction patterns measurements
for starting TiO2/N, TiO2/N,C-n-hex and TiO2/N,C-cyclohex
740
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photocatalysts were performed (Fig. 1). It was found that the starting
TiO2/N and both modified samples consist of anatase phase with a
small amount of rutile. The presence of rutile in the starting photo-
catalyst is directly connected with the production process.
Generally, no significant changes were observed in the XRD patterns
of the photocatalysts. The detailed phase composition and anatase
crystallite size estimated on the basis of peak intensities of anatase
(2θ=25.3°) and rutile (2θ= 27.5°) are gathered in Table 1.

In the modified samples, the slight increase of rutile phase despite
of the relatively low temperature of modification (300°C) was
noticed. However, in Table 1 the relative crystalline phase partici-
pation (anatase to rutile) is given. It should be mentioned that the
starting TiO2 apart from rutile seeds contained also the amorphous
phase of TiO2. The modification process of TiO2 might contribute
to the partial transformation of the amorphous to anatase phase
rather than the direct transformation of the anatase to rutile phase.
The inconsiderable increase of anatase crystallite size in TiO2/N,
C-n-hex and TiO2/N,C-cyclohex photocatalysts in comparison to
starting TiO2/N was also observed. In Fig. 2, the scanning electron
microscopy (SEM) images of photocatalysts modified by n-hexane
and cyclo-hexane are presented; there were no significant differ-
ences possible to be observed.

FTIR/DR spectra shown in Fig. 3 were applied to compare
the surface character between the studied photocatalysts. In
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photocatalysts TiO2/N, TiO2/N,C-n-hex and TiO2/N,C-cyclohex,
the characteristic bands appeared around 1000 cm−1, which are
connected with Ti–O and Ti–O–Ti bonds [10]. The next band at
1440 cm−1 is assigned to ammonium groups NH4

+ [11]. Its presence
is directly connected with the photocatalysts preparation step. The
narrow band at about 1640 cm−1 is assigned to the molecular water-
bending mode, while the wide bands at the range 3300–3695 cm−1

are attributed to adsorbed water and hydroxyl groups on photocata-
lysts surface [12].
Annealing at higher temperature (300°C) as well as the modifica-

tion process caused a marked reduction in intensity of hydroxyl
groups in the wavelength range of about 3800–2600 cm−1 due to
the changes in content of surface –OH groups [13]. On the spectra
of photocatalysts modified with carbon, new bands appeared at
1450–1470 and 720–730 cm−1. The former one might be attributed
to the –CH2 bending group while the latter one could be assigned
to –CH2 rocking group [14]. Additionally, the –CH3 group can be
also present on the surface of TiO2 modified with n-hexane,
however the characteristic wavelength of the band overlaps with am-
monium group [15], what prevents to identify it unequivocally. The
application of UV or visible irradiation did not involve any of signifi-
cant changes in FTIR spectra of modified photocatalysts. Regardless
of the source of carbon, the groups –CH2 were present on the photo-
catalysts surfaces after different type of irradiation conditions.
Table 2 includes elemental analysis of all photocatalysts towards

nitrogen and carbon content. The application of carbon involved the
lower nitrogen content in TiO2. The modified samples show the
similar initial carbon content. However, a decreasing tendency in
C content with increasing irradiation time was observed, especially
for TiO2/N,C-cyclohex. This behaviour can be explained by the
structure of the carbon sources. Carbon from n-hexane can be
Fig. 3 FTIR spectra of starting and modified photocatalysts

Table 2 Nitrogen and carbon elemental analysis of the photocatalysts

Photocatalyst
sample

Irradiation
conditions

Carbon
content, wt%

Nitrogen
content, wt%

TiO2/N 0 h 0.09 0.49
24 h Vis — 0.45
15 h UV — 0.41
30 h UV — 0.39

TiO2/N,C-n-hex 0 h 0.86 0.23
24 h Vis 0.88 0.28
15 h UV 0.65 0.27
30 h UV 0.62 0.27

TiO2/N,C-cyclohex 0 h 0.81 0.25
24 h Vis 0.68 0.29
15 h UV 0.56 0.29
30 h UV 0.47 0.29
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embedded into TiO2 in easier and stable way in comparison to
the cyclic compound but the loss of C in case of TiO2/N,C-n-hex
also achieved ca. 28% after 30 h of UV irradiation.

Fig. 4 shows the UV–Vis/DR spectra of starting and modified
forms of TiO2 together with the spectra obtained for the modified
photocatalysts irradiated for 30 h of UV irradiation. Modification
of starting TiO2 by carbon leads to slight changes in the energy
bandgap (3.32 eV for starting TiO2/N to 3.43 and 3.41 eV for
titania modified by n-hexane and cyclohexane, respectively). The
redshift was insignificant and was reduced after the irradiation
process (3.38 eV for both photocatalysts after the 30 h of UV irradi-
ation). However, both modified TiO2 powders better absorbed
visible light. It was directly connected with the colour of prepared
photocatalysts. After the process of modification the colour of
photocatalysts was observed to change from white to dark brown.
The irradiation process induced the next changes in the character
of absorption spectra. As it can be seen in Fig. 4, after the same
period of irradiation, the photoabsorption in the visible region
was stronger for TiO2/N,C-n-hex than for TiO2/N,C-cyclohex. In
case of TiO2/N,C-n-hex material, colour of powder was darker
during all irradiation cycles. On this basis, it was possible to
believe that TiO2/C-n-hex photocatalyst contains more carbon
located in a more stable way than the second one photocatalyst
what was additionally confirmed by elemental analysis.

At the beginning of photocatalytic tests it was confirmed that
photocatalysis on pure gypsum or photolysis of NO has not oc-
curred. The exemplary profile of NOx changes during photocatalyt-
ic reactions using photocatalytic gypsum plates as illustrated in
Fig. 5. Generally, the photocatalytic degradation NOx pathway
Fig. 4 UV–Vis/DR spectra of photocatalysts before and after 24 h
Vis + 30 h of UV irradiation

Fig. 5 Changes of NO, NO2 and NOx concentration versus photocatalytic
process time for the exemplary gypsum sample (with TiO2/N,C-n-hex)
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Table 3 Photocatalytic activity of modified gypsum samples under
different irradiation conditions

Gypsum
sample

Irradiation
conditions

NO
removal,
µg/cm2/h

NO2

formation,
µg/cm2/h

Total loss
of NOx,
µg/cm2/h

G+TiO2/N 0 h 13.4 1.5 11.9
24 h Vis 12.9 1.1 11.8
15 h UV 13.5 1.0 12.5
30 h UV 13.1 1.6 11.4

G+TiO2/
N,C-n-hex

0 h 15.6 0.6 15.1
24 h Vis 16.7 0.5 16.2
15 h UV 14.4 0.7 13.7
30 h UV 15.6 0.6 15.0

G+TiO2/
N,C-cyclohex

0 h 16.5 0.6 15.9
24 h Vis 16.4 0.6 15.7
15 h UV 13.4 0.8 12.5
30 h UV 14.5 0.7 13.9
can be presented as follows: NO → HNO2 → NO2 → HNO3. The
clue observation is that the gypsum with modified photocatalysts
showed lower NO2 selectivity than using unmodified ones
(Table 3, we repeated all experiments two times and differences
between the results were <5%), what is very advantageous
because NO2 is considerably more toxic than NO. The higher
photocatalytic activity of gypsum with TiO2 modified with
carbon resulted from carbon presence but it should be also men-
tioned insignificantly bigger crystallite size and slightly higher par-
ticipation of photocatalytic anatase phase in those. Despite of a
gradually decrease of carbon content in TiO2/N,C-n-hex photocata-
lyst, around 28% after 30 h UV, the enhanced photoactivity of cor-
responding gypsum plates was maintained in both NOx removal and
low conversion to NO2.

In case of TiO2/N,C-cyclohex, the applied irradiation consider-
ably more reduced the modifying carbon content, what reflected
in the lower photocatalytic activity of corresponding gypsum
plates. However, here the carbon content after irradiation was
lower about 42%, whereas the decrease of photocatalytic activity
was approximately only 12% in NO removal and 13% in NOx

loss. It is highly probable that initial carbon presence in TiO2 struc-
ture changes the electron structure of photocatalyst inducing oxygen
vacancies, which presence is often responsible for the photocatalyt-
ic activity.

4. Conclusions: The gypsum building materials containing
modified TiO2 photocatalysts were successfully obtained. The
main modifying element in TiO2 structure was carbon from
n-hexane or cyclohexane sources. On the basis of the conducted
studies, the following conclusions were drawn:

† Modification of TiO2 with carbon caused the enhancement of the
TiO2-loaded gypsum photocatalytic activity towards NOx removal
and decreased the production of toxic NO2;
† The exposition of photoactive gypsum plates on the irradiation
(Vis/UV) involved the slight decrease in their photocatalytic
742
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activity in comparison to their starting properties, especially, in
cases where carbon was not stable incorporated in TiO2 structure;
† The type of carbon source influenced on the stability of TiO2

modification indicating on the favouritism aliphatic hydrocarbons
in comparison to cyclic hydrocarbons;
† Even temporary presence of modifying carbon in TiO2 can in-
crease their photocatalytic activity by probably creating oxygen va-
cancies phenomena but this issue requires further study.
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