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This study brings new understanding of the interaction of nitrogen oxides (NOx) with cement-based materials,
necessary for optimizing these materials for NOx sequestration. The masses of nitrites and nitrates produced
through NOx uptake in cement-based materials are quantiﬁed for both plain portland cement pastes (OPC) and
nano TiO2-doped OPC. Both nitrite and nitrate were bound within plain OPC, with a nitrite:nitrate ratio of 1:2.
This intrinsic NOx sequestration capacity is attributed to the microstructural features and alkalinity of cementbased materials. The capacity is increased by 360%, with a lower nitrite:nitrate ratio of 1:1.3, in TiO2-doped
OPC. The increase in NOx uptake and the change in nitrite:nitrate ratio is attributed to the microstructural
diﬀerences and activation of photocatalytic reactions that are associated with TiO2 addition. Comparing NOx
exposure with and without UV on TiO2-doped OPC shows that photocatalytic activities have greater inﬂuences
on NOx uptake than microstructural diﬀerences induced by TiO2 addition.

1. Introduction
Nitrogen oxide (NOx) emission is one of the most hazardous air
pollutions, causing a variety of health problems such as respiratory
system impairment and vision problems. NOx also contributes to global
warming, acid rain, ground-level smog, and decreased water quality
[1,2]. The two most common forms of NOx in the troposphere are nitric
oxide (NO) and nitrogen dioxide (NO2). NO is directly emitted from
high temperature combustion, in particular from combustion engines in
motor vehicles. NO2 is produced from the interaction of NO with ozone
or molecular oxygen [3,4]. Decades-long eﬀorts to reduce NOx levels
have been mainly devoted to environmental legislation, improvements
in combustion eﬃciency, and technologies to reduce post-combustion
NOx [5,6].
Among diﬀerent technologies for reducing atmospheric NOx, titanium dioxide (TiO2) photocatalysts [7,8] have been of great interest.
Since concrete is a widely used material globally, substantial eﬀorts
have been dedicated toward understanding its potential roles in NOx
binding through the introduction of photocatalysts. For example,
paving with concrete containing or coated with TiO2 nanoparticle
photocatalysts [9,10] has been shown to reduce the amount of motor
vehicle emission-derived NOx in the air [11–13]. Given the ubiquity of
concrete infrastructure, interest in expanding the applications of cement-based materials, such as to concrete bridges and buildings, is
⁎

growing.
Previous research has mainly focused on the manner of photocatalyst addition (i.e., interblended vs. coatings) and their percent addition in cementitious substrates [14–16]. In these applications, both
anatase and rutile TiO2 nanoparticles have been shown to eﬀectively
remove NOx from the atmosphere in the presence of water, oxygen, and
UV light [17,18]. Studies have investigated the eﬀects of microstructure
and surface features on the photocatalytic performance of TiO2 nanoparticles blended cementitious materials [19,20]. Studies also examine
the eﬀects of mixing and operation conditions on photocatalytic eﬃciency [21–23], and the feasibility of using alternative cementitious
materials in combination with TiO2 nanoparticles [24,25]. Yet, despite
the considerable eﬀorts in the above areas, a fundamental understanding of the speciation and fate of sequestered NOx in the cementitious materials remains elusive.
In general, photocatalysis is believed to result in the oxidation of
NOx by hydroxyl radicals (OH%) and superoxide radicals (O2%-). This
leads to the formation of nitrite (NO2−) and/or nitrate (NO3−) through
a series of photocatalytic oxidation reactions [26–30], which can be
generalized through the following equations:
hv

TiO2 → TiO2 + e− + h+

(1)

h+ + H2 O → H+ + OH•

(2)
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e− + O2 → O•2−
NO +

O•2−

NO +

OH•

(3)

→

NO−3

→

NO−2

Table 2
Characteristics of TiO2 photocatalyst (provided by manufacturer).

(4)

+

TiO2 content

H+

> 85%

NO + OH• → HNO2

(6)

HNO2 + OH• → NO2 + H2 O

(7)

NO2 + OH• →

NO−3

Phase

Density

(5)

+ H+

Anatase

3.9 g/cm

3

Bulk density

Speciﬁc surface area

300 g/L

> 225 m2/g

To increase the surface area and the reaction potential between NOx
and the cementitious materials, crushed samples were produced from a
cementitious plate. The plate was cast by ﬁrst adding TiO2 to deionized
water (18.2 mΩ-cm) and mixing for 1 min using a handheld electric
mixer to facilitate dispersion [31]. Then cement was added to the TiO2
suspension and mixed for an additional 2 min. Cementitious plates were
cast in plastic molds with dimension of 50.8 mm × 50.8 mm × 9.5 mm
(width × length × height) and stored at 23 ± 2 °C under polyethylene
sheeting to maintain a high humidity. After 24 h, the plates were removed from the molds and subsequently cured in limewater at room
temperature (23 ± 2 °C) for 28 days. After curing, the plates were
conditioned at 23 ± 2 °C and 50 ± 5% relative humidity until
reaching constant mass (i.e., < 0.5 wt% change over a 6-h period). The
crushed samples were obtained by hand crushing the conditioned plate
and sieving to obtain particles which passed the No.18 (1 mm) and were
retained on the No. 30 (0.6 mm) sieves. Samples were stored in double
sealed plastic bags prior to the microstructural analysis and NOx photodegradation tests to avoid drying or carbonation.

(8)

However, the relative abundance of the produced nitrite and/or nitrate
has not been clearly deﬁned, and likely depends on the characteristics
of the substrate material.
Because cement-based materials are structurally and chemically
complex hydrated materials, they may inﬂuence and participate in
these photocatalytic reactions, such as aﬀecting the amount of nitrite
and/or nitrate formed and the manner in which NOx is bound within
the material. Such information on N speciation and mass distribution is
important for a number of reasons. First, due to the intrinsic chemical
diﬀerences between nitrite and nitrate, they can interact diﬀerently
with cementitious phases. For example, these ions could dissolve in the
alkaline pore solution [31], adsorb to hydrate surfaces [31], and/or to
substitute for sulfate ions within aluminum-bearing hydrated phases
(AFm and AFt) [32]. Second, nitrite and nitrate, when incorporated into
steel-reinforced concrete, can serve as corrosion inhibitors, with nitrates considered to be better inhibitors [33]. Recent studies have also
shown that adjusting nitrite and nitrate concentrations to achieve a
desirable ratio with chloride concentrations can enhance the corrosion
resistance [34]. Therefore, information about the concentration and
relative percentages of nitrite and nitrate formation is critical to understanding their interactions with the complex cementitious materials
and to designing these materials for maximized NOx uptake and corrosion resistance.
To quantify the concentration and relative percentages of nitrite and
nitrate in TiO2-doped cementitious materials after NOx exposure, this
study employs a novel experimental method combining wet chemical
extraction, ultraviolet-visible (UV–vis) spectrophotometry, and ion
chromatography (IC) measurements. While these approaches have been
widely used in determining nitrite and nitrate concentration in other
systems [35,36], this is the ﬁrst time that these approaches have been
used in cement-based materials. The NOx sequestration capacity of
various cementitious materials is determined through the measured
nitrite and nitrate concentrations. The mass balance between the NOx
input and NOx measured at the outlet is compared to measured nitrite
and nitrate quantities in the exposed cement paste. Microstructural
analysis is also carried out in this study to establish a relationship between microstructural features of cement-based materials with NOx
uptake.

2.2. Microstructural analysis
The speciﬁc surface area (SSA) and pore size distribution of the
crushed samples, prior to NOx exposure, were determined by N2 adsorption and desorption. Approximately 2 g of each sample were analyzed in a speciﬁc surface area gas analyzer (Micromeritics ASAP 2420)
over a relative pressure range of 0.01 to 0.99. The crushed samples
were degassed at 10 μmHg pressure for 12 h prior to the analysis. The
SSA was determined by Brunauer–Emmett–Teller (BET) theory [38]
using N2 adsorption isotherm performed over a relative pressure range
of 0.05 to 0.30. The pore size distribution was determined using Barrett,
Joyner and Halenda (BJH) method [39] on the data obtained from the
desorption isotherm [40].
Although it has been noted that surface area measurements vary
with technique, adsorbate, and sample preparation [41], the variation
due to the sample preparation was minimized in this study by using a
consistent experimental method and procedure, as described above,
facilitating comparison among samples. In addition, the N2 adsorption
and desorption technique for obtaining SSA and pore size distribution
has been commonly used for cementitious materials and can ensure
semiquantitative comparisons of diﬀerent cementitious materials [42].

2. Experiments and methods

2.3. NOx photodegradation

2.1. Materials

A schematic illustration of the NOx photodegradation test setup is
shown in Fig. 1. The test was performed following procedures in ISO
22197 [43] and JIS R 1701 Standards [44]. Two grams (2.00 ± 0.01 g)
of samples were placed in a borosilicate photoreactor, with both ends
sealed with a ﬁlter and screw cap. As recommended by the aforementioned standards, the NOx gas used in this study was prepared by mixing
1000 ppb nitric oxide gas in ultrapure dry air and passed through the
reactor at a constant ﬂow rate of 1 L/min. For the purpose of consistency, the NOx in this study refers to this particular mixed gas. The
reaction was conducted at 23 ± 2 °C and 50 ± 5% relative humidity.
The sample-loaded reactor was placed under two 40 W UV ﬂuorescent
lamps (Damar Worldwide) with peak emission at 365 nm. The UV light
intensity at the sample surface was maintained at 10 W/m2 by adjusting
the distance between the UV light source and the samples, which reside
on the bottom surface of the photoreactor. The initial gas concentration
was kept at 1000 ppb before turning on the UV light. Once the gas

The samples were prepared from ASTM C150 Type I/II ordinary
portland cement (OPC, Argos, Atlanta, Georgia, USA), combined with
5 wt% TiO2 (KRONOClean® 7050, Kronos Worldwide). The water-tosolid ratio was kept constant at 0.40. The chemical composition of the
cement was obtained by oxide analysis (ASTM C114 [37]) and used to
determine the Bogue composition (Table 1). The characteristics of the
TiO2 are listed in Table 2.
Table 1
Composition (wt%) and loss on ignition (LOI) of the cement.
C3S

C2S

C3A

C4AF

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

LOI

62.9

7.6

6.9

9.2

19.2

4.5

3

62.8

3.6

3.1

0.5

2.6
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Fig. 1. Experimental setup for NOx photocatalytic degradation test.

2.5. Nitrite and nitrate measurements

concentration stabilized (1 h stabilization time), the UV light exposure
started and continued for 5 h. After the UV light was turned oﬀ, the gas
concentration was allowed to re-stabilize for another hour. The gas
concentration throughout the experiment was measured by a chemiluminescent NO/NO2/NOx analyzer (Model 200A, Teledyne API). The
entire test setup was covered by a black light-blocking canvas to prevent ambient light from aﬀecting the reaction.

The recovered samples were suspended in anoxic deionized (DI)
water (purged by N2 gas) in amber bottles to prevent further photoinduced reactions. Preliminary tests were conducted to determine the
appropriate solid:liquid ratio (0.1 g in 10 to 100 mL), extraction time
(4 h to 1 week), and solvent (DI water or KCl solution). A solid:liquid
ratio of 0.1 g in 40 mL DI water, and 48 h reaction time were selected
for all experiments. Varying these parameters to facilitate extraction –
such as increasing dilution, increasing reaction time – produced no
measurable increase in nitrite and nitrate concentration, demonstrating
the suitability of this method for full extraction. After the extraction,
the suspension was ﬁltered through a 0.45 μm syringe ﬁlter. The pH of
the ﬁltrate was measured by pH test strips (EMD chemicals) and was
found to be around 10. The ﬁltrate was then analyzed for both nitrite
and nitrate concentrations.
Nitrite concentration was determined using a colorimetric assay kit
(Roche, Sigma Aldrich) and measured at 540 nm on a UV–vis spectrometer (Cary 60, Agilent). Nitrate concentration was determined using
ion chromatography (IC, Dionex). The IC is equipped with an Ionpac®
AS14A column (4 × 250 mm) combined with an Ionpac® AG14A guard
column (4 × 50 mm), and a Dionex ED40 electrochemical detector. The
mobile phase contained 8 mM Na2CO3 and 1 mM NaHCO3, and the ﬂow
rate was 0.8 mL/min.

2.4. Sample matrix
Six groups of experiments were conducted in triplicate, with varied
sample composition and reaction conditions. Sample labels, test matrix,
material composition, and exposure conditions are summarized in
Table 3. Samples PB, PB-N and PB-N-V were control groups prepared
with plain OPC (i.e., no TiO2 doping), and Samples PT, PT-N and PT-NV contained 5% TiO2 by weight of OPC. As outlined in Table 3, both
doped and un-doped samples were subjected to three exposure conditions: 1) without NOx or UV exposure; 2) with NOx but without UV
exposure; and 3) with both NOx and UV exposures. The samples subjected to Condition 3 were exposed to NOx and UV for 5 h, plus onehour stabilization time at beginning and another hour for re-stabilization time at the end (see Section 2.3 for detailed exposure arrangement). The samples subjected to Condition 2 were exposed to NOx for a
total of seven-hour period without UV (same period of NOx exposure as
Condition 3). These exposure conditions and arrangements were selected to examine the individual and combined eﬀects of NOx exposure,
UV exposure, and TiO2 doping. At the end of each experiment, the
samples were removed from the reactor and subjected to chemical extraction and nitrite and nitrate measurements within 24 h.

2.6. Examination of NOx uptake and nitrite/nitrate formation
The nitrogen (N) mass of NOx uptake (mN) from the photodegradation test was compared with the total N mass from the nitrite
(mN′) and nitrate (mN′′) measurements. The total amount of NOx uptake
throughout the photocatalytic process can be determined by Eqs.
(9)–(11). For the purpose of comparison, the speciﬁc NOx uptake
(normalized by sample mass) is used in this study and with a unit of mg
N per kg solid (denoted as mg/kg for simplicity).

Table 3
Summary on the test matrix, material composition, exposure conditions, and
measured concentration of nitrogen in the forms of nitrite and nitrate.
Group IDa

PB
PB-N
PB-N-V
PT
PT-N
PT-N-V

OPC

×
×
×
×
×
×

5% TiO2

×
×
×

Exposure
Condition

Mass of Nitrogen (mg/kg)

NOx

Nitrite detection

Nitrate detection

BDL
2.77 ± 0.09
2.78 ± 0.02
BDL
5.80 ± 0.22
16.99 ± 0.35

BDL
5.83 ± 0.55
5.66 ± 0.45
BDL
8.08 ± 1.77
22.26 ± 3.25

UV

×
×

×

×
×

×

QN =

f
V

∫0

T

(C[NOx ]uptake ) dt

(9)

C[NOx ]uptake = C[NOx ]in − C[NOx ]out

(10)

mN = QN × MN

(11)

where QN = the amount of N uptake that is measured by NOx analyzer
(mol), C[NOx]uptake=uptake concentration of NOx (ppb), C[NOx]in= inlet
concentration of NOx (ppb), C[NOx]out= outlet concentration of NOx
(ppb), t = time of NOx absorption (min), T = the duration of the photocatalytic process (300 min), f = ﬂow rate of NOx at 23 °C and
1.01 kPa (L/min),V = 24.3 L (the volume of 1 mol ideal gas at 23 °C and
1.01 kPa), mN = the mass of N uptake(mg/kg), and MN = the molar
mass of N = 14 g/mol.
The N mass from nitrite and nitrate measurements is determined by

a
Sample ID: P – OPC, B – plain cement pastes without TiO2, T- 5% TiO2
inclusion, N – samples under NOx exposure, and V – samples under UV radiation. For example, PT-N-V indicates TiO2-doped OPC samples that are exposed
to both NOx gas and UV light; BDL: below detection limit.
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1200

Eqs. (12)–(15):
(12)

m NO3− = CNO3− × DF

(13)

mN′ = m NO2−

MN
×
MNO2−

mN′ ′ = m NO3−

MN
×
MNO3−

1000
NOx concentration (ppb)

m NO2− = CNO2− × DF

(14)

(15)

where mNO2−= the mass of nitrite (mg/kg), mNO3−= the mass of nitrate
(mg/kg), CNO2−= the concentration of nitrite measured by UV–vis
(ppm), CNO2−= the concentration of nitrate measured by IC (ppm),
DF = dilution factor used for wet chemical extraction (400 for all
samples), mN′= the mass of nitrogen from nitrite (mg/kg), mN′′= the
mass of nitrogen from nitrate (mg/kg), MNO2−=the molar mass of nitrite = 46 g/mol, and MNO3−=the molar mass of nitrate = 62 g/mol.

60

120
180
240
Time (mins)

300

360

The NOx uptake by cement-based materials can be considered to
occur via a two-step process: (1) the conversion of NOx to nitrite and
nitrate and (2) the binding of formed N species with cement paste. The
diﬀerence in NOx uptake is related to the diﬀerences in microstructural
features (i.e. SSA and pore size distribution) and the photocatalytic
activity induced by TiO2 addition. These factors can be examined independently by comparing results among diﬀerent sample groups.
3.3.1. Eﬀect of microstructural features
For the plain OPC samples that are exposed to NOx (PB-N and PB-NV), both nitrite and nitrate are detected after exposure. As shown in
Table 3, similar amounts of nitrite and nitrate are measured regardless
of the presence of UV light. Therefore, the mechanism of converting
NOx to nitrite and nitrate by plain OPC is unlikely to be photocatalytic.
The mechanism of NOx conversion to nitrite and nitrate should be
related to heterogeneous catalytic reactions on the surface of hydrated
cements. Researchers have demonstrated these reactions of NOx on
many diﬀerent hydrated mineral surfaces [48–50]. For example,
Grassian showed that NOx reacts on the surface of hydrated SiO2 particles (particles exposed to water overnight) but not on dehydrated SiO2
particles (particles evacuated overnight) [48]. The detection of nitrite
and nitrate in this study suggests that the complex surfaces of hydrated
cementitious materials with their monolayers of water and pore-solution containing nanopores can also facilitate these heterogeneous catalytic reactions. Horgnies et al. [51] also observed decreased NOx levels
in the presence of conventional plain concrete and suggested that the
high alkalinity in the cementitious environment also played an important role in NOx conversion to nitrite and nitrate. Their proposed
reactions with hydroxyls are as below:

0.0025
Differential Pore Volume (mL/g.nm)

0

3.3. NOx uptake

The result of the NOx photodegradation test during the UV-irradiation period for Sample PT-N-V (TiO2-doped OPC exposed to both
NOx and UV) is shown in Fig. 3, where an instantaneous drop of NOx
concentration occurred upon UV illumination. This photodegradation
of NOx continued throughout the 5 h test period, but at a decreasing

PB
0.0020
PT
0.0015

0.0010

0.0005

0.0000
100

200

rate. This phenomenon agrees with ﬁndings by other researchers
[10,12,21]. When the UV light was turned oﬀ, NOx concentration returned to the initial value. The total N mass of NOx uptake (mN) is
denoted by the shaded region in Fig. 3 and calculated to be
25.82 ± 0.57 mg/kg.
The N masses from nitrite and nitrate measurements are listed in
Table 3. The N mass of nitrite and nitrate formation due to photocatalytic reactions can be estimated by the diﬀerence between Sample
PT-N and PT-N-V. The N mass present in nitrite form (mN′) is
11.20 ± 0.42 mg/kg and in nitrate form (mN′′) is 14.18 ± 3.70 mg/kg.
The total N mass in nitrite and nitrate combined (mN′ + mN′′) is
25.38 ± 3.73 mg/kg. Therefore, a mass balance is achieved with total
N mass in NOx uptake during the photocatalytic process falling within
the margin of error for the total N mass presented in nitrite and nitrate
(mN ≅ mN′ + mN′′).

3.2. Mass balance of NOx uptake and nitrite/nitrate formation

60
80
Pore Size (nm)

UV light off

400

Fig. 3. Photodegradation of TiO2-doped OPC sample (PT-N-V) that are exposed
to both NOx and UV light.

The measured speciﬁc surface area (SSA) was 10.23 ± 0.98 m2/g
for the plain OPC samples (PB) and 16.90 ± 0.06 m2/g for the TiO2doped OPC samples (PT) after 28 days of hydration. The SSA is increased by 65% due to the TiO2 addition. The pore size distribution
proﬁles of the PB and PT samples (Fig. 2) show larger amount of very
small pores (< 5 nm) in Sample PT. The higher SSA and greater amount
of micropores are attributed to the inclusion of TiO2 nanoparticles,
which possess intrinsically high SSA and ability to accelerate alite (C3S)
hydration due to nucleation and growth eﬀects [45,46]. The surface
area of C-S-H is in the range of 10s to 100s of m2/g [47] and that of
TiO2 nanoparticles is larger than 225 m2/g (Table 2). Therefore, while
it is diﬃcult to discern between the physical and chemical eﬀects of
nanoparticle addition, it is clear that TiO2 addition leads to a higher
SSA and larger amount of micropores in hydrated cementitious materials. The relationship between the microstructural property and NOx
uptake will be further discussed in Section 3.3.1.

40

UV light on

-60

3.1. Microstructure

20

600

0

3. Results and discussion

0

800

120

Fig. 2. Pore size distribution of plain OPC (PB) and 5% TiO2-doped OPC (PT)
samples.
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NO + NO2 + 2 OH− → 2 NO−2 + H2 O

2 NO2 + 2

OH−

→

NO−2

+

NO−3

+ H2 O

(16)

compared in this study. Because NOx is converted to nitrite and nitrate
ions on the material surface, a combination of wet chemical extraction,
UV–vis spectrophotometry and ion chromatography methods were used
to quantify the concentrations of nitrite and nitrate that are bound
within the hydrated cement paste. A mass balance is achieved between
the total NOx uptake and nitrite and nitrate formation. The eﬀects of
microstructural properties and photocatalytic reactions on NOx uptake
are examined. The conclusions are given below:

(17)

The previous studies also suggested that the heterogeneous surface
catalytic reactions could be accelerated by high surface area, which
relates to surface roughness, amount of micropores, and particle size
[48–50]. This is also evidenced in this study by examining samples that
are only exposed to NOx (PB-N and PT-N), but with diﬀerent SSA and
amount of micropores. For Sample PT-N, the increase in NOx uptake can
be associated with the eﬀect of TiO2 addition on increased SSA and the
amount of micropores with a size of < 5 nm (Section 3.1). Lee et al.
[31] have also observed similar results indicating that a greater degree
of NOx degradation was achieved in TiO2-doped cement pastes with a
larger SSA. They have also suggested that the greater amount of micropores could also help hold more alkaline pore solution, which in turn
could accommodate more nitrite and nitrate. Therefore, the NOx uptake
can be directly related to the microstructural features of cementitious
materials.
Although the above studies have demonstrated the heterogeneous
surface catalytic reactions in Sample PB-N and PT-N, none of them
quantiﬁed the NOx uptake. This information is critical to understand
the intrinsic NOx sequestration capability of cementitious materials and
can be used it to remediate NOx emissions resulting from their own
production. This study quantiﬁes the amount of NOx uptake by measuring the concentration of nitrite and nitrate. The results are listed in
Table 3. The concentration of both nitrite and nitrate in Sample PT-N
increases compared to PB-N. The total N mass of NOx uptake of PT-N is
increased by 65% compared to PB-N. This increase coincides with the
increase of SSA measured in Section 3.1. The increase in the nitrite is
about 110% while the increase in the nitrate is about 30%. This difference leads to a change of the nitrite:nitrate concentration ratio from
1:2 in Sample PB-N to 1:1.3 in Sample PT-N. As discussed in Section 3.1,
the higher SSA and greater amount of micropores in Sample PT-N induced by TiO2 addition indicates a greater volume of C-S-H, in addition
to the surface area and porosity intrinsic to the TiO2 nanoparticles.
Therefore, the increase of total NOx uptake and larger increase of nitrite
could be related to the increased amount of and more dispersed C-S-H
and its diﬀerent interaction with nitrite and nitrate. Again, the microstructural features, including SSA and pore size distribution, could be
used as indicators to design cementitious materials for optimized NOx
uptake.

1. Similar NOx uptake is observed in plain OPC samples (PB-N and PBN-V) regardless of the presence of UV light, demonstrating that cement-based materials have the capacity for NOx sequestration even
in the absence of photocatalysts. By conﬁrming the NOx sequestration capability of plain OPC, policy makers can develop new strategies of remediating atmospheric NOx by taking advantage of the
NOx sequestration capability of existing cement-based infrastructure, such as using it to remediate NOx emissions resulting from
their own production and construction.
2. The mechanism of NOx conversion into nitrite and nitrate in samples
that are only exposed to NOx (PB-N and PT-N) is related to the
surface catalytic reactions in cementitious environment. The addition of TiO2 nanoparticles enhanced cement hydration and formation of C-S-H via nucleation and growth eﬀects. The greater amount
of C-S-H and the nano-TiO2 addition contribute to the increase in
SSA and the amount of < 5 nm micropores, and in turn increase the
potential for NOx uptake. The alkalinity in cementitious environment also plays an important role in NOx conversion. With the TiO2
addition, the concentration ratio between nitrite and nitrate changes
from 1:2 to 1:1.3. This change is likely due to the larger amount of
C-S-H in TiO2–doped OPC samples. Therefore, the microstructural
features, including SSA and pore size distribution, can be used as
indicators for designing cementitious materials for optimized NOx
uptake.
3. For TiO2-doped OPC samples that are exposed to both NOx and UV
(PT-N-V), the total NOx uptake increases by 360%, compared to the
plain OPC sample under the same exposure conditions (PB-N-V).
The increase is attributed to the microstructure diﬀerences and activation of photocatalytic reactions induced by TiO2 nanoparticles.
By comparing the TiO2-doped OPC samples with and without UV
light exposure (PT-N-V vs PT-N), it can be concluded that the NOx
uptake is more greatly inﬂuenced by the photocatalytic activity than
the microstructural changes associated with TiO2 introduction.

3.3.2. Eﬀect of photocatalytic reactions
The total amount of NOx uptake is increased by 360% in TiO2-doped
OPC that exposed to NOx and UV light (PT-N-V) compare to the plain
OPC samples (PB-N-V). The increased NOx uptake is related to both the
microstructural diﬀerences and the activation of photocatalytic activities induced by TiO2 addition. The eﬀects of microstructural features of
cementitious materials on NOx uptake have been discussed in the previous section.
The highest increase in NOx uptake in Sample PT-N-V is mainly due
to the photocatalytic activities (Eq. 1–8), which increase the conversion
of NOx to nitrite and nitrate ions and subsequently NOx uptake. The
relative amounts of nitrite and nitrate from the photocatalytic process
alone (i.e., neglecting binding by the cementitious material itself) can
also be determined by comparing Samples PT-N and PT-N-V. The results
are provided in Table 3. Approximately half of the NOx uptake is converted into nitrite during photocatalytic reactions, and the other half
into nitrate. The higher NOx uptake in Sample PT-N-V (360%) compared to Sample PT-N (65%) also indicates that the photocatalytic activity has a greater eﬀect on NOx uptake than the microstructural differences associated with TiO2 introduction.
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