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A B S T R A C T

This study aims to understand the impact of carbonation mechanism of C-S-H and CH in photocatalytic mortars
on NOx removal efficiency. Changes in surface chemistry and microstructure induced by the carbonation of
portlandite and C-S-H (AFm/AFt) were correlated with the photocatalytic efficiency of the mortars doped with
three types of titania-based photocatalysts. Furthermore, the influence of cementitious matrix on the photo-
catalytic selectivity was evaluated by studying the capacity of hydration/carbonation products to adsorb NO2.
The study revealed that in terms of both photocatalytic efficiency and selectivity, mortars with microsilica
addition exhibit superior properties over the pure cement-based mortars upon carbonation. Carbonation of C-S-H
(AFm/AFt) gel results in the formation of capillary pores between10–50 nm, which outbalances the shielding
effects of carbonates formed, leading to the enhanced photocatalytic properties. Moreover, C-S-H gel maintains
its high NO2 adsorption capacity even after carbonation, resulting in the high selectivity of the photocatalysis.

1. Introduction

Concrete is the most produced man-made material worldwide, and
the consequent large concrete surfaces exposed to the solar irradiation
provide an excellent opportunity for applying the photocatalytic oxi-
dation (PCO) technology for air purification purpose, especially in the
highly polluted urban areas. Incorporation of photocatalytic semi-
conductors into a concrete surface layer or as a surface coating induces
the photocatalytic oxidation of air pollutants and in the meantime
provides self-cleaning effects to the concrete [1,2]. Among available
semiconductors, TiO2-based photocatalysts are most commonly used
and investigated due to their high photocatalytic efficiency, high sta-
bility and low price [3]. Since nitrogen oxides (NOx) (the generic term
for a group of highly reactive gases, including nitric oxide (NO) and
nitrogen dioxide (NO2)), cause a great concern on health and en-
vironment, in recent years, photocatalytically active materials for NOx
removal have been extensively investigated [4–7]. The photocatalytic
conversion of NO with the use of TiO2 photocatalyst can be described in
a simplified way with the following reaction [8]:
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The pollutants degradation efficiency of photocatalytic concrete
depends on the mix design and the production approach. The main

parameters affecting the photocatalytic performance of concrete are the
type of binder used (pH, phase composition), porosity, microstructure,
surface roughness, colour of concrete, and type and dosage of photo-
catalyst [6,9–11].

The photocatalytic oxidation of pollutants is a superficial reaction,
taking place on the concrete surface that is exposed to the atmospheric
conditions, therefore, durability issues are of high significance. Among
various durability aspects, carbonation is one of the most important
aging-related factors. Upon carbonation, phase composition of concrete
is altered and so the pH, specific surface area and porosity are also
affected. Moreover, the overall titania content in the total volume of
solids is reduced since the absorbed CO2 reacts with the hydration
products to form calcium carbonates. However, up till now the under-
standing of the carbonation effects on photocatalysis is very limited.
Previous few studies implied that carbonation of the photocatalytic
concrete causes the reduction of photocatalytic efficiency, possibly due
to the shielding effects of carbonation products on titania particles and
the reduction of porosity [12,13]. However, these assumptions can be
only valid when Portland cement carbonation is considered. As widely
described in the literature, the impact of carbonation on the concrete
microstructure does not necessarily result in a porosity decrease e.g.
when pozzolanic materials are added [14–16]. Moreover, it is not clear
whether the changes in porosity or shielding effects are the governing
factors causing the reduction of the photocatalytic performance. Even
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more importantly, with the addition of pozzolanic materials, it is un-
known whether the decrease of photocatalytic performance upon car-
bonation is actually observed. Up to now, no systematic study has been
performed on this topic.

The microstructural changes in concrete upon carbonation depend
on the CO2 binding capacity and phase composition of concrete, with a
particular impact of the quantity of portlandite. The reaction of CO2
with portlandite leads to the formation of CaCO3 and consequent
structural densification. With the addition of pozzolanic material, the
CO2 binding capacity of concrete is reduced due to the lower overall
CaO/SiO2 ratio, and portlandite is consumed to form additional C-S-H
gel. Thermodynamic modelling predicts that carbonation of C-S-H gel
takes place after the carbonation of CH [15,17], whereas the experi-
mental data show that carbonation of C-S-H and CH occurs simulta-
neously [14,18,19]. Carbonation mechanism of C-S-H gel differs from
the carbonation of CH being governed by the decalcification of the C-S-
H layers and formation of amorphous silica [20]. In consequence, the
reduction of the volume of the solids (known as carbonation/dec-
alcification shrinkage) and coarsening of the pores is often accom-
panied by the increase of the total concrete porosity upon carbonation
of C-S-H gel. Morandeau et al. [21] showed that when a part of cement
is substituted with class F fly ash, the formation of big capillary pores
(> 50 nm) occurs during carbonation. Similarly, Shi et al. [15] reported
an increased volume of the pores in the range between 10 and 100 nm
for metakaolin and metakaolin/limestone mortars. It is worth men-
tioning that also for Portland cement mortars, even if the total amount
of pores is reduced, coarsening of the pores is observed upon carbo-
nation [14].

Considering the impact of carbonation-induced microstructural
changes on the photocatalytic performance of concrete, it needs to be
kept in mind that whereas porosity has a significant influence on the
efficiency of the pollutants oxidation process, a higher porosity of
concrete does not necessarily result in better photocatalytic properties
[22,23]. Moreover, the strong presence of nanopores (< 50 nm) is
found to negatively affect the photocatalytic properties [9,22]. Ji-
menez-Relinque et al. [9] suggested an optimum pore size range be-
tween 50 and 500 nm for the NOx, and between 100 and 500 nm for the
organic dyes degradation, while investigating 28 days hydrated mor-
tars. However, it needs to be noticed that the inner porosity of mortars
does not reflect the real surface porosity, where carbonation is un-
avoidable. Therefore, the re-evaluation of the impact of surface prop-
erties of mortars, affected by the mortars capacity to bind CO2 and the
carbonation mechanism, on the photocatalytic properties is required.
Owing to the porosity increase when C-S-H gel carbonates and porosity
decrease when portlandite carbonates, we hypothesize that from the
microstructural point of view, photocatalytic properties can be opti-
mized by controlling the changes in the pore structure of concrete
surface upon carbonation, which are directly related to the initial mix
design.

Another important aspect is the carbonation impact on the se-
lectivity of the photocatalytic process. Even if the optimal properties of
concrete for the photocatalytic oxidation are provided, the total out-
come of air purification can be still very limited or even take a negative
value [24]. This can be attributed to the insufficient conversion of air
pollutants to final products, e.g. nitric oxide (NO) to nitrates or volatile
organic pollutants to CO2 and H2O. During the photocatalytic oxidation
of NO, firstly NO2 is formed that is then oxidized to nitrates (NO3−).
Instead of being further photocatalytically oxidized, part of the pro-
duced NO2 can be potentially released to the atmosphere. Since the
toxicity of NO2 is significantly higher than NO [7], the ability of pho-
tocatalytic mortars for selective oxidation is an important feature,
whereas only limited research can be found on this topic. Previous
studies were mainly focused on the improvement of the photocatalytic
reaction selectivity through the modification of the photocatalyst itself,
which in turn often results in the reduction of the NO conversion
[24,25]. At the same time, higher values of the selectivity are observed

when the photocatalyst is loaded into the cementitious matrix in
comparison to pure photocatalysts [26]. Nevertheless, the under-
standing of this behavior remains limited and the effects of carbonation
on the selectivity have never been thoroughly investigated.

The photocatalytic oxidation of NO2 is only one of the possible
routes for the NO2 elimination. For example, Araña et al. [8] recently
revealed that NO2 abatement by a photocatalyst is not necessarily an
effect of photocatalytic oxidation but rather of the adsorption of NO2 on
the photocatalyst surface, which later undergoes a disproportionation
reaction as a prevalent mechanism for NO2 elimination. Moreover, a
few studies already indicated that the chemical composition of the
hosting matrix, where photocatalyst is loaded, affects the NO2 abate-
ment [27,28]. Thus, providing a surface with a high NO2 adsorption
capacity could be a potential solution for the selectivity improvement.
Taking into account the high NO2 adsorption capacity of portlandite
and C-S-H gel [29,30], the cementitious matrix seems to be an excellent
substrate for photocatalytic processes. Nonetheless, the carbonation
impact needs to be further evaluated since the ability of calcium car-
bonates to adsorb NO2 is substantially lower than that of portlandite
and C-S-H gel [31]. Furthermore, it is especially important to combine
the effects of the formation of carbonates with lower NO2 adsorption
capacity with the accompanying structural changes in order to reveal
the real impact of carbonation on the selectivity.

This study aims to explore the role of the carbonation mechanisms
on the photocatalytic degradation of NOx by cement mortars. The
carbonation-induced physicochemical changes are analyzed and com-
pared for two mortars series, the first one rich- and the second one free
of portlandite. White cement is employed as the primary binder in both
mortar series and pozzolanic microsilica is applied in the second mix to
adjust the portlandite content. This strategy is used in order to differ-
entiate between the impact of carbonation of CH and C-S-H phase on
the photocatalytic performance, and in consequence, to propose a mix
design optimization method in order to retain the photocatalytic effi-
ciency during the service life of photocatalytic mortars. For a deeper
understanding of the impact of the surface chemistry and micro-
structure on the selectivity of the photocatalytic processes, the capacity
of un‑carbonated and carbonated mortars to adsorb toxic NO2 in
darkness is analyzed in this study.

2. Experimental

2.1. Materials

CEM I 42.5 LA white cement (Aalborgportland), microsilica (Elkem
920ED) and standard sand were used in this study as the raw materials.
In order to provide representative results, which are valid for different
types of photocatalysts, three photocatalysts were selected and in-
vestigated, including commercially available Aeroxide TiO2 P25
(Evonik Industries) consisting of 80% of anatase and 20% of rutile
(specific surface area (SSA) ~ 50 m2/g), KRONOclean 7000 carbon-
doped titania (SSA ~ 251 m2/g) (Kronos International), and one home-
synthesized composite photocatalyst consisting of 85% of SiO2 and 15%
of TiO2 (SSA ~ 200 m2/g) prepared with a sol-gel method (more de-
tailed synthesis information is presented elsewhere [32]). The P25 and
KRONOclean 7000 (Kronos) TiO2 were used as reference photo-
catalysts, the first one being photocatalytically active only under UV
irradiation and the second one with the photo-response extended to the
visible regions. To the homemade composite, the coating of titania over
silica nanoparticles was applied with the aim to increase the specific
surface area of the photocatalyst and in the meantime to improve its
mechanical properties and thermal stability [33]. Furthermore, the
photocatalytic activity of silica-titania composite over pure titania
could be enhanced due to: i) the ability of silica for long-term adsorp-
tion of the pollutant molecules, ii) high redox potential of the electrons
and holes, iii) additional scattering of the light to the titania surface
[34]. The efficiency of the applied coating method was examined by the
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FTIR measurement (Fig. 1). The band located at 946 [cm−1] corre-
sponds to the vibration of Si-O-Ti, confirming the formation of the in-
organic network between SiO2 and TiO2 [35–37].

2.2. Methodology

2.2.1. Mix design
Two series of standard mortars with the water to binder ratio (w/b)

of 0.5 were prepared and tested in this study. The first series consisted
of white cement-based mortars while in the second series, 30 wt% of
cement was replaced with microsilica. For each composition, three
photocatalysts were investigated, keeping the amount of photocatalyst
at a constant level of 5 wt% of the binder. Superplasticizer
MasterGlenium® 51 was used to adjust the consistency of the mixtures.
The mix design of the mortars is described in Table 1.

2.2.2. Mortars manufacture
Cement and microsilica were firstly intermilled in a planetary ball

mill (Pulverisette 5, Fritsch). Milling was employed in this study in
order to ensure a proper homogeneity of the binder, which nevertheless
would unavoidably cause slight alteration of the specific surface area of
cement and microsilica. Subsequently, the photocatalysts were dis-
persed in 200ml of water with an ultrasonic device (Hielscher UP400S)
for 10min (amplitude of 75%). An ice water bath was used to prevent
heating of the solutions. Before mixing with cement (cement and mi-
crosilica) and sand, the temperature of the solutions was controlled and
kept constant at 21 ± 1 °C. Mixing of the mortars was performed in
accordance with EN 196-1:2005 standard. The amounts of super-
plasticizer were adjusted to provide similar workability of the mortars,
falling in S4 class according to EN 206-1 standard. The mortars were
cast into 10× 20×2 cm3 molds, vibrated for 1min and covered with
plastic sheets to prevent the moisture loss and carbonation. After 24 h,
all mortars were demolded, sealed with self-adhesive aluminum foil,
placed in the humidity chamber (RH > 95%, 20 °C) and cured for
5months to ensure sufficient hydration. At the end of the curing period,
the samples were cut in half with a saw, to create plates with a thickness
of about 1 cm. This procedure was applied in order to provide surfaces

with the same roughness, to eliminate wall effects and to avoid the
eventual early age carbonation during casting and demolding of the
samples. As water treatment during the cutting could not be avoided,
and the photocatalytic efficiency is strongly influenced by the moisture
level, after cutting, the samples were immediately inserted and dried in
a nitrogen chamber to limit the carbonation.

2.2.3. Scanning Electron Microscopy + Energy Dispersive X-ray
Spectroscopy (SEM+EDX)

For Scanning Electron Microscopy (SEM) investigations, hydration
of mortars was stopped by immersing the samples in isopropanol for
3 days and subsequent drying in an oven at 40 °C. The extracted mortar
specimens were epoxy-impregnated, ground and polished with a series
of successively finer grades of alumina powders. Polished sections were
sputtered with gold by using an Emitech K550X sputter coater (current
65mA, coating time 20 s). Phenom ProX scanning electron microscope
with an accelerating voltage of 15 kV was used to perform images.
Mapping analysis was conducted with the Element Identification (EID)
software package with fully integrated Energy Dispersive Spectrometer
(EDS).

2.2.4. Accelerated carbonation and phenolphthalein test
The 5months old mortars were exposed to CO2 atmosphere for

28 days in a carbonation chamber. The conditions of 3% CO2 and
RH=65% were selected in order to facilitate the formation of carbo-
nates, preserve the nanostructure of C-S-H and at the same time to
mimic the natural carbonation process [19,38]. Phenolphthalein test
was used to determine the carbonation depth in the samples at the end
of the carbonation period. The mortar plates were split with a saw and
the carbonation profiles were obtained by spraying the cross-sections
with a 1 wt% phenolphthalein aqueous solution.

2.2.5. Mercury intrusion porosimetry and thermogravimetry
For mercury intrusion porosimetry (MIP) measurements, 3 mm

thick surface plates were cut from the un-carbonated and carbonated
mortars. The plates were subsequently split with the tongs into cubic
pieces, immersed in isopropanol for 7 days and dried in a desiccator for
another 7 days. The AutoPore IV Series Mercury Porosimeter
(Micromeritics), working with a pressure between 14 kPa and 228MPa,
was used for the measurements. The surface tension of mercury (γHg)
was 485 N/m and a contact angle (θ) of 130° was applied [39].

The remaining parts from the surface plates were powdered in a
planetary ball mill (Pulverisette 5, Fritsch). About 50mg of powders
were thermally treated using a Jupiter STA 449 F1 Netzsch instrument.
The samples were heated up from 40 to 1000 °C at the rate of 5 °C/min
using nitrogen as the carrier gas.

2.2.6. Photocatalytic efficiency assessment
The photocatalytic oxidation (PCO) experiments were carried out in

accordance with ISO 22197-1:2016 standard, using a plug-flow setup
(Fig. 2). Nitric oxide (NO) was employed as a model pollutant. The
mortars were tested before and after the accelerated carbonation.

The mortars were firstly assembled in the reactor and the position of
the samples was adjusted to create a 3mm gap between the sample
surface and the top of the reactor. The reactor was covered in order to
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Fig. 1. FTIR spectrum of silica- titania composite.

Table 1
Mix design of the photocatalytic mortars.

Cement [g] Microsilica [g] Sand [g] TiO2 P25 [g] KRONO-clean [g] TiO2-SiO2 [g] w/b SP dosage [%]

White cement P25 450 – 1350 22.5 0.5 0.4
Kronos 450 – 1350 22.5 0.5 0.4
SiO2-TiO2 450 – 1350 22.5 0.5 0.4

White cement
+ microsilica

P25 270 180 1350 22.5 0.5 1.2
Kronos 270 180 1350 22.5 0.5 1.2
SiO2-TiO2 270 180 1350 22.5 0.5 1.2
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prevent the uncontrolled degradation of pollutants while adjusting the
measurements parameters. All the measurements were performed
under stable conditions, described in Table 2. The desired concentration
of NO pollutant was achieved by mixing the NO with the synthetic air.
Firstly, the gas was allowed to flow through a by-pass until the stabi-
lized values of the light radiation, NO concentration and humidity were
reached. Afterwards, the gas flow was switched from the by-pass to the
reactor and the data acquisition was started. During the first 15min of
the measurements, the reactor was kept covered in order to ensure
stable conditions. Subsequently, the samples were illuminated through
the glass plate for 1 h, when steady-state condition was reached. The
APNA-370 (Horiba) analyzer was used to monitor the concentration of
the pollutants.

Taking into account the eventual NO2 release, the photocatalytic
efficiency of the designed materials was characterized by the NOx (NO
+ NO2) conversion and calculated according to

= ×Convertion
c c

c
%

[ ] [ ]
[ ]

100%NO in NO out

NO in

x x

x (1)

where [cNOx]in is the average initial concentration [ppm] of the first
5min before turning on the light; [cNOx]out is the average outlet con-
centration [ppm] of the last 5min of the irradiation period.

The selectivity of photocatalytic reaction towards the formation of
nitrates S(%) [24,28] was calculated with the following formula

= ×S
c c

c c
%

[ ] [ ]
[ ] [ ]

100%NO in NO out

NO in NO out

x x

(2)

In order to evaluate how the selectivity of NO to NO2 is influenced
by the cementitious matrix, adsorption of NO2 on the surface of he
mortars was also measured with the PCO setup. Tests were performed
in darkness by flowing a mixture of synthetic gas and 0.5 ppm of NO2
through the reactor. The measurement time, humidity, and gas flow
were kept identical as for the PCO measurement.

3. Results analysis

3.1. Mortars characterization

3.1.1. EDX mapping analysis
In highly alkaline cement environment, titania nanoparticles tend to

agglomerate [40], while providing a homogenous dispersion of pho-
tocatalyst in the cementitious matrix is crucial to ensure the high ef-
fective surface area of the photocatalyst for the air purifying reactions
to occur and to eliminate the statistical error of the measurements of
photocatalytic oxidation caused by the local agglomeration of titania
particles. This was therefore addressed in this study by applying the
ultrasonic treatment (see Section 2.2.2). The dispersibility of the pho-
tocatalysts in cement mortars was examined with EDX mapping ana-
lysis. It can be seen from Fig. 3 that satisfying dispersion of titania was
achieved. The homemade silica-titania photocatalyst was characterized
by a larger size variability compared to P25 (Fig. 3b vs. Fig. 3a), which
was caused by agglomerates with the size up to ~10 μm formed during
the manufacture of the composite. Nevertheless, the overall distribution
of the composite in the mortars was homogenous. The homogenous
dispersion of the different types of photocatalysts contributed to the
maximization of their potential in terms of air pollutant removal effi-
ciency.

3.1.2. Thermogravimetric analysis & phenolphthalein test
Fig. 4 shows the differential thermogravimetric (DTG) profiles of

mortars before and after the accelerated carbonation treatment. The
thermogravimetric (TG) data were collected from the powdered 3mm
upper layers of mortar plates. After 5months of hydration, two main
mass losses were observed in pure cement-based samples due to the
release of water from C-S-H (AFt/AFm) phases (30–300 °C) and por-
tlandite (400–450 °C), whereas no portlandite was observed in the
mortars with microsilica addition. The successful elimination of por-
tlandite in mortars with microsilica enables differentiation between
carbonation of C–S–H (AFt/AFm)/ CH (white cement mortars) and
C–S–H (AFt/AFm) (white cement + microsilica mortars) in this study.

After 28 days' treatment in the carbonation chamber (3% CO2),
samples revealed an additional mass loss at the temperature range be-
tween 600 and 800 °C in pure cement-based mortars, and a broad peak
between 300 and 700 °C in the mortars with microsilica addition. These
two new peaks are assigned to the decomposition of calcium carbo-
nates. It is evident that the carbonation products of C–S–H gel and AFt/
AFm decompose at significantly lower temperatures than the carbo-
nates in CH abundant mortars. Decomposition of carbonates at lower
temperature ranges in mortars with the addition of pozzolanic material

Fig. 2. The scheme of the PCO experimental set-up.

Table 2
PCO experimental conditions.

Parameter Value Unit

Relative humidity 50 %
Initial NO concentration 1 ppm
Volumetric flow rate 3 L/min
Light intensity (UVA) 10 [W/m2]
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has been reported in previous studies [14,15], and this is attributed to
the formation of amorphous/poorly crystalline carbonates [41,42]. It
should be mentioned that whereas portlandite carbonates mostly to
calcite [38], carbonation of C-S-H gel leads also to the formation of
vaterite [38,43], which decomposes at lower temperatures than calcite
even in the crystalline form [44]. Sevelsted et al. [20] showed with the
13C{1H} CP/MAS NMR that in a hydrous environment, the formation of
calcium carbonate hydrates can also take place. Thermal decomposition
of these compounds occurs between 400 and 500 °C [45].

Different mechanisms of carbonation in mortars rich and lean of
portlandite led to the substantial differences in the carbonation extents.
Comparison between the phenolphthalein profiles of carbonated sam-
ples and amounts of carbonates formed in both systems clearly in-
dicates that pure cement mortars are more resistant to the carbonation
than mortars with the microsilica addition. In the cement mortars,
crystalline carbonates are formed, whereas in mortars with the pozzo-
lanic material predominance of amorphous/poorly crystalline carbo-
nates is observed.

3.1.3. Porosity and pore size distribution
The microstructure of the mortars surface layer (3mm), which was

altered by the carbonation, was investigated via Mercury Intrusion
Porosimetry. The cumulative porosity results (Fig. 5) revealed that
carbonation of portlandite and C–S–H led to a decrease in the total
porosity of the pure cement mortars surface, whereas an increase in the

total porosity was observed in the mortars with microsilica addition.
These findings are in agreement with the observations made in the
previous studies on the carbonation of mortars with SCMs [14,15], and
it is worth noting that the addition of photocatalysts did not alter the
pore structure evolution beyond carbonation. In the cement based
mortars changes in the total porosity were substantially lower than that
in microsilica mortars which correlates well with the lower carbonation
extent in cement mortars as described with DTG and phenolphthalein
test data. Changes in the total porosity between the samples with dif-
ferent photocatalysts can be explained by slight differences in mortars
consistency.

The changes in the pore size distribution for both mortar series
during the carbonation are presented in Fig. 6. For pure cement-based
mortars, a clear decrease of the number of capillary pores between the
10 and 50 nm, accompanied by slight coarsening of the pores, was
observed upon carbonation process. Mortars with microsilica addition
initially contained higher amounts of pores below 10 nm, after carbo-
nation, however, the number of capillary pores between 10 and 50 nm
drastically increased. Coarsening of the pores during the carbonation of
mortars with SCMs was also reported elsewhere [14,15,46], and can be
explained by the so-called “decalcification shrinkage”. Decalcification
shrinkage is particularly visible for C-S-H gels with Ca/Si ratios below
1.2, as reported in the study of Chen et al. [47] where, similar to our
system, the paste containing 70% of white cement and 30% of micro-
silica was investigated. The appearance of bigger pores of ~1 μm in

50 µm

a)

50 µm50 µm

b)

Fig. 3. EDX mapping showing the distribution of a) titanium in the cement mortar with the P25 addition and b) titanium (in pink) and silicon (in gold) in the cement
mortar with the silica-titania composite addition (selected areas represent silica-titania agglomerates formed during the manufacture of photocatalyst). (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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measured with phenolphthalein test are representatively visualized regardless of the type of titania used.
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microsilica mortars can be assigned to the formation of cracks during
the carbonation of C-S-H gel. Formation of cracks upon C-S-H gel car-
bonation is found to occur in both accelerated and natural conditions
[38].

3.1.4. SEM analysis
The microscopic observations of the surface of the mortars after

accelerated carbonation treatment (Fig. 7) showed that carbonation of
white cement hydration products led to the formation of a dense layer
of carbonate crystals, strongly affecting the effective exposure of pho-
tocatalyst (Fig. 7a). In contrast, in mortars with microsilica addition
(Fig. 7b), only a limited formation of crystalline carbonates was ob-
served and the gel-like structure of C-S-H phase was preserved. Ad-
ditionally, in agreement with the porosity results, the formation of
cracks was observed in microsilica mortars.

3.2. Photocatalytic efficiency

3.2.1. NOx oxidation rate
The efficiency of photocatalytic oxidation of NOx before and after

carbonation is presented in Fig. 8. Comparison of the results obtained
for pure cement-based mortar and microsilica mortars clearly reveals
that both, photocatalyst type and matrix composition/microstructure
strongly influence the photocatalytic performance. In regard to the
photocatalytic oxidation rate, in un-carbonated white cement mortars,
the best performance was observed for P25, followed by the SiO2-TiO2

composite and Kronos. Furthermore, the photocatalytic efficiency of the
mortars with SiO2-TiO2 composite was the most sensitive to the surface
changes upon carbonation. As SiO2-TiO2 composite formed agglomer-
ates (as shown with EDX mapping, see Section 3.1.1), it is apparent that
due to the microstructural changes there was a limited exposure of
SiO2-TiO2 composite for the photocatalytic reaction.

It is worth mentioning that the photocatalytic oxidation rates of
cement mortars before the carbonation were similar to those observed
in other studies [9,10]. Upon carbonation, a decrease of photocatalytic
performance was observed in all pure cement mortars and increase in
all microsilica containing mortars, following the observed micro-
structural changes. This behavior will be discussed later in this paper.

3.2.2. Selectivity
The selectivity of the photocatalytic oxidation of NO, which ac-

counts for the formation and release of NO2, is presented in Fig. 9. The
selectivity of photocatalytic conversion observed in this study for the
mortars before the carbonation (up to 97%) is higher than that ob-
served e.g. by Yang et al. [26], where similar formulation of the mortar
was used. This can be an effect of differences in the porosity [11],
dispersion of titania in the mortar matrix and strong carbonation im-
pact which is unavoidable during the standard curing of the samples.
These effects are later discussed in this study. Among the investigated
photocatalysts, silica-titania composite revealed the highest selectivity,
followed by carbon-doped Kronos titania and titania P25 as the least
effective photocatalyst, regardless of the carbonation stage. The
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Fig. 7. SEM images of a) pure cement mortars surface and b) microsilica mortars surface after carbonation.
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superior performance of silica-titania composite and Kronos titania over
P25 can be a result of around 4 times higher specific surface area of
these photocatalysts. A higher specific surface area results in a higher
NO2 adsorption capacity of the photocatalyst, which is a crucial factor if
one considers that NO2 can be not only further photocatalytically
converted but also be adsorbed on the surface and e.g. undergoes dis-
proportionation, as shown by Arana et al. [8]. Additionally, silica-ti-
tania composite offers extra hydroxyl groups on the surface and en-
hanced hydrophilic properties [34]. Even though in the study of Hakki
et al. [48] it was shown that Ti-O-Si binding negatively affects the ni-
trate selectivity, the abovementioned features seem to outbalance this
effect. After carbonation, the selectivity of the samples dropped sig-
nificantly for pure cement-based mortars, whereas only a slight drop
was observed for microsilica mortars.

3.2.3. NO2 adsorption
The adsorption of NO2 gas on the surface of the mortars was in-

vestigated in darkness following the experimental scheme of PCO test,
before and after carbonation. The results shown in Fig. 10 express that
the highest adsorption capacity was observed for mortars with micro-
silica addition. Furthermore, microsilica mortars maintained their high
adsorption capacity even after carbonation. In contrast, a drastic drop
of NO2 adsorption capacity was observed for pure cement-based mor-
tars after carbonation - the measured values were only slightly higher
than for borosilicate glass which was used as a reference.

4. Discussion

4.1. Influence of carbonation on photocatalytic performance

The comparison between the photocatalytic response of mortars
with and without microsilica addition, and three types of photocatalysts
used, enabled determination of the main parameters affecting the
photocatalytic performance of mortars upon carbonation. The highest
photocatalytic activity was observed for pure cement-based mortars
before carbonation. This could be assigned to the presence of capillary
pores in the range between 10 and 50 nm since for microsilica mortars,
with the prevalence of pores below 10 nm, the NO oxidation rates were
about 3 times lower. The predominant role of porosity was further
confirmed by the analysis of the microsilica mortars, where as a result
of C-S-H (AFt/AFm) phase carbonation, an increase of photocatalytic
activity was observed. The improved photocatalytic activity coincided
with the occurrence of capillary porosity between 10 and 50 nm.
Therefore, it can be concluded that the microstructural changes caused
by C-S-H (AFt/AFm) carbonation boost the photocatalytic activity due
to the formation of capillary pores in the range between 10 and 50 nm,
which can outbalance any shielding effects of the carbonates formed (as
revealed with the thermogravimetric analysis and phenolphthalein
test). In contrast, in the cement mortars series, with high portlandite
content, the drop of photocatalytic activity, observed upon carbonation
was a result of both structural densification and formation of a dense
layer of crystalline carbonates, as revealed with SEM analysis.
Moreover, shielding effects of the hydration and carbonation products,
limiting the TiO2 exposure on the surface, were substantially stronger
when photocatalyst was loaded in the form of agglomerates. Whereas
the photocatalytic efficiency of cement mortars with P25 and Kronos
titania addition dropped about 1.5–2 times upon carbonation, in mor-
tars with SiO2-TiO2 composite agglomerates, the photocatalytic per-
formance was reduced>10 times.

The impact of capillary pores between 10 and 50 nm on the pho-
tocatalytic properties of mortars observed in this study argues with the
previous findings on the influence of porosity on the photocatalytic
performance. Contradictory to the optimum porosity ranges for pollu-
tants oxidation presented e.g. by Rimenez-Relinque et al. [9] between
50 and 500 nm, we have found that the presence of pores in the size
range between 10 and 50 nm in the surface of the mortars can sig-
nificantly boost the photocatalytic efficiency. It is shown that capillary
porosity in the range between 10 and 50 nm provides satisfying pho-
tocatalytic properties to cementitious mortars and that the elimination
of portlandite enables to avoid the drop of the photocatalytic properties
upon carbonation.
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4.2. Influence of carbonation on selectivity

The release of NO2 to air is not desired since NO2 is more harmful
than NO [49]. Therefore, the selectivity of the photocatalytic reaction
towards the elimination of intermediate NO2 is one of the main issues in
the practical application of photocatalytic technology to deal with NO
removal. During the photocatalytic process, NO2 can be further pho-
tocatalytically oxidized [50], decomposed via photolysis [4] or be just
adsorbed on the surface and e.g. eliminated via disproportionation [8].
The latter route is pH-dependent and therefore, the impact of carbo-
nation becomes crucial. The observed drop of selectivity after the re-
duction of pH of mortars surface upon carbonation could be partially
explained with this route, however, further investigation is needed.
This study shows that the amount of the NO2 released during the
photocatalytic experiments depends not only on the photocatalyst itself
(as described in Section 3.2.2) but also on the changes of the ce-
mentitious matrix upon carbonation. Before carbonation, the selectivity
of the photocatalytic reaction was very high for pure cement-based
mortars. Similarly, microsilica mortars revealed high selectivity before
carbonation, except the sample with P25 photocatalyst. The lower se-
lectivity of this mortar can be related to the significantly lower specific
surface area of the P25 photocatalyst, which in combination with low
porosity of mortars is insufficient to capture the NO2 when relatively
higher amounts of NO are photocatalytically oxidized. For carbonated
samples, the drastic drop was observed when portlandite reacted with
CO2 forming a ‘protective’ layer of carbonates on the surface and the
selectivity was maintained or only slightly reduced for microsilica
samples, even though their photocatalytic efficiency increased sig-
nificantly after carbonation.

On the other hand, the study on the NO2 adsorption capacity of the
mortars in darkness revealed superior properties of microsilica samples
over cement samples. In the darkness, only two routes for NO2 abate-
ment are possible - physical or chemical adsorption. The higher NO2
adsorption capacity of microsilica mortars over cement mortars could
be related to the higher specific surface area of the C-S-H gel compared
to the surface area of large portlandite crystals. After carbonation, even
though the drop of pH was observed (as shown with phenolphthalein
test) on the surface of both sets of mortars, microsilica mortars main-
tained their high adsorption capacity. In the study of Thomas et al.

[51], it was revealed that specific surface area of C-S-H gel can be even
doubled upon carbonation, as measured by nitrogen gas sorption and
small-angle neutron scattering. Therefore, it is suggested that the drop
in pH was compensated in this case with the higher specific surface area
and porosity of the gel. In contrast, a significant decrease in the NO2
adsorption capacity of cement mortars after carbonation was a result of
the formation on the surface of a dense layer of carbonate crystals
which are found to have a lower capacity to adsorb the pollutants [31].
Following the above discussion, a conceptual description of the ad-
sorption of NO2 on the surface of the mortars is proposed, as shown in
Fig. 11, underlining the high NO2 adsorption capacity of microsilica
mortars after carbonation, where shielding effects are very limited and
the effective surface area is maintained or even increased upon carbo-
nation due to the changes in gel porosity and cracks formation.

It is therefore proposed that the cementitious matrix supports NO2
elimination due to its high NO2 adsorption capacity related to the high
pH and specific surface area of the hydration products. The C-S-H gel is
more favorable over portlandite, being able to maintain its high NO2
adsorption capacity even after carbonation. Furthermore, with low
oxidation rates, the ability of the cementitious products/photocatalysts
to adsorb NO2 is the main selectivity controlling factor, whereas with
high pollutants oxidation rates, porosity starts to play a dominant role.
The capillary porosity in the range between 10 and 50 nm is shown to
increase the selectivity of the photocatalytic reaction. The positive role
of open porosity on the NO2 capture is in agreement with the ob-
servations made by Gauvin et al. [11]. This study shows that capillary
porosity supports the NO2 adsorption, presumably due to the overlong
presence of NO2 close to the sample surface rather than being im-
mediately departed. It is postulated that with lower flows than applied
in this study (3 l/min) the overall selectivity towards the elimination of
NO2 would be even higher. The negative influence of high flow rate and
high concentration of the pollutants have been reported in several
studies [26,52]. Despite the suboptimal experimental conditions ap-
plied in this study, the selectivity values were much higher than those
observed for pure photocatalysts [24,28].

5. Conclusions

The impact of carbonation mechanism on the NOx removal

a)

C-S-H + CH

CARBONATION
b)

C-S-H

Crack

Cementitious matrix

Calcium
carbonate

NO!

Fig. 11. Conceptual model of the adsorption of NO2 on the surface of mortars a) based on pure cement and b) with microsilica addition, before and after carbonation
process.
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efficiency by cement mortars applying heterogeneous photocatalysis
was investigated and the underlying roles of carbonation of portlandite
and C-S-H gel were evaluated in this study. Pore structure, morphology,
and phase composition of the designed mortars were studied.
Photocatalytic oxidation efficiency of NO and the related selectivity
were determined. Table 3 presents the summarized influence of the
carbonation on the properties of mortars and their effect on the pho-
tocatalytic performance. The present study shows that the photo-
catalytic properties can be controlled and optimized with the initial mix
design of the mortars concerning the influence of carbonation on the
mortars microstructure. Pure cement is not recommended to be used as
a matrix for photocatalysts, and instead, the addition of pozzolanic
material is suggested. Here, microsilica was chosen as a pozzolanic
material.

The following detailed conclusions are reached by the acquired re-
sults:

• Carbonation of portlandite leads to the structural densification of
the mortar in the porosity range between 10 and 50 nm, and to the
formation of the layer of crystal carbonates on the surface, limiting
the exposure of TiO2. In consequence, a drastic decrease of photo-
catalytic oxidation was observed for white cement mortars.
Additionally, the agglomeration of the photocatalyst escalated the
negative impact of the shielding effects and microstructural changes
on the photocatalytic activity of mortars upon carbonation.
• Decalcification of C-S-H (AFm/AFt) gel in mortars with the addition
of pozzolanic material results in the formation of capillary pores in
the size range of 10 to 50 nm and increase of photocatalytic effi-
ciency, indicating dominant effects of porosity restructuring on the
photocatalytic performance over the shielding effects caused by the
carbonation products, when C-S-H gel carbonates.
• The selectivity of photocatalytic processes depends on the type of
the TiO2 photocatalyst and the matrix properties. The highest se-
lectivity was observed for the silica supported composite and was
found to be affected by the specific surface area of the photocatalyst.
The cementitious matrix can support the elimination of NO2 due to
its high ability to adsorb NO2, associated with the high pH and
specific surface area.
• The reduction of the mortars selectivity upon carbonation is mini-
mized for mortars with microsilica addition where mainly C-S-H
(AFm/AFt) gel carbonates. The superior impact of the C-S-H gel on
the overall reaction selectivity is mainly related to the high specific
surface area before and after carbonation and therefore, high ca-
pacity to adsorb NO2.
• High pH together with the high specific surface area of the hydra-
tion products favor the NO2 elimination and control the selectivity
level when low oxidation rates of NO are observed. With higher
oxidation rates, cementitious matrix supports the NO2 elimination,
however, the presence of porosity becomes a limiting factor - high
capillary porosity improves the overall selectivity of the photo-
catalytic process possibly due to the prolonged residence time.
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