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This study quantifies NOx uptake efficiency and explores NOx binding mechanisms in calcium aluminate
cementitious (CAC) materials. Comparison between unmodified and TiO2-modified CAC separates intrinsic NOx
binding mechanisms from those related to photocatalysis. Attributed to surface-related heterogeneous reactions,
the NOx binding occurs in unmodified CAC at nitrite-to-nitrate ratio of 1: 1.3 and can be increased with surface
area. The photocatalytic reactions in TiO2-modified CAC increase NOx uptake, and ~50% of converted NOx
resists releasing back into the environment via dissolution. Compared to previously studied ordinary portland
cement (OPC) materials, CAC increases NOx uptake capacity and demonstrates a more permanent NOx binding,
potentially mitigating concerns related to the release of previously bound N-species in OPC. Examination of the
interaction between NOx and a synthetic pure aluminum-bearing phase shows that the permanent NOx uptake in
CAC could be largely attributed to the chemical binding of converted NOx within aluminum-bearing phases.

1. Introduction
Nitrogen oxides (NOx) are hazardous and highly reactive air pollut
ants, causing a wide variety of health and environmental problems such
as impairment of the human respiratory and visual systems and the
formation of tropospheric ozone and urban smog [1]. Although efforts
have been made to reduce concentrations of NOx in the atmospheric
environment, urban NOx levels are still increasing due to lack of air flow,
increasing use of cars with small combustion engines, and increased
industrial zones [2]. As a promising pathway for sequestering atmo
spheric NOx, titanium dioxide (TiO2) photocatalysts have been proposed
to be used in combination with cement-based materials [3]. In the
presence of water, oxygen, and ultraviolet (UV) light, TiO2 can effec
tively convert atmospheric NOx into nitrite (NO−2 ) and nitrate (NO−3 )
[4,5], which can be bound within the complex structure of cementitious
materials [6,7].
TiO2-modified cementitious materials have been used in both exte
rior and interior applications, such as building facades, exterior tiles,
roofs, concrete pavements, tunnels, and interior walls [8]. The global
market for photocatalysts has increased exponentially in recent decades,
was worth 2.1 billion U.S. dollars in 2017, and is expected to increase to
5.3 billion U.S. dollars by 2025 [9]. One third of this photocatalytic

market is attributed to applications of air purification [9]. In Japan, the
sale of photocatalytic cementitious materials accounts for more than
60% of their total photocatalytic market [10].
The large potential of TiO2-modified cementitious materials has
prompted extensive study, including the design of various TiO2 photo
catalysts [11–13], as well as the exploration of the fundamentals of
photocatalytic reactions [8,14,15] and the surface and microstructural
features that affect the photocatalytic efficiency of NOx sequestration
[6,7]. Recently, studies have quantified the photocatalytic efficiency in
OPC-based cementitious materials, with measurements of NO−2 and NO−3
produced by photocatalysis on the surfaces and the efficiency with
which those ions are bound within the cementitious material as a
function of the material’s microstructural features [6]. Three types of
binding in OPC-based materials have been theorized – I) the adsorption
of NO−2 and NO−3 on the surface of cement hydrates such as C-S-H1
[6,8,16], II) the reaction of these ions with hydroxyls in materials’
alkaline environment [17,18], and III) substitution of these ions into
aluminum-bearing hydrates (e.g., AFm) through anion substitution
process [19,20]. Moreover, studies have shown when N-substituted
phases interact with ingressing Cl− ions, ion exchange reactions can
occur, releasing nitrite and nitrate ions into the pore solution [21,22].
The release of nitrate and nitrite into the pore solution can enhance
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corrosion resistance, relying on chemical interactions at the steel/con
crete interface currently associated with nitrate- and/or nitrite-con
taining corrosion-inhibiting admixtures [23,24].
While portland cement is, by far, the most widely used cement, it
may not be the most advantageous substrate cement for applications
intended to bind NOx. One of the major drawbacks is that the binding of
photocatalytic-converted NO−2 and NO−3 to OPC substrates is imperma
nent [6,7]. For example, NO−2 and NO−3 held within the OPC structure
can be extracted by water [6,7]; such leaching can affect groundwater,
aquatic and forest systems, and agriculture [25]. In addition, certain
amounts of NO2, which are produced in the photocatalytic process
(HNO2 + OH • → NO2 + H2O), can be released back into the atmosphere
[26,27]. Acid formation during the photocatalytic reactions (NO + OH •
→ NO−2 + H+ and NO2 + OH • → NO−3 + H+) is considered another
drawback since decomposition of hydrated cement phases, such as C-S-H
[28], can compromise surface integrity, strength, and overall durability
[29]. These concerns suggest that the binding of NOx within OPC could
be transient and even potentially damaging to the substrate and cementbased composite performance.
Therefore, alternative cementitious systems with greater NOx bind
ing capacity, more permanent NOx binding capacity and greater dura
bility through interactions with NOx, particularly to acids that could be
formed, should be explored. Calcium aluminate cements (CACs) have
been considered a potential candidate [21,22,30] since they are widely
available and possess enhanced acid resistance compared to OPC
[31,32], which could potentially offer an advantage in case that nitric
acid is formed during photocatalytic reactions [29]. The primary
component in CAC is monocalcium aluminate (CA), and their hydration
products are aluminum-bearing phases. Prior studies on OPC [19,20]
and aluminum-rich geopolymers [23,24] have shown the importance of
aluminum-bearing phases in chemically binding NO−2 and NO−3 in those
materials. A previous study has demonstrated the photocatalytic NOx
binding by TiO2-modified CAC [30]. However, the binding mechanism
in CAC materials has not been explored and the inherent NOx seques
tration capacity in CAC materials has not been previously quantified.
Going beyond preliminary ‘proof-of-concept’ demonstration of NOx
capture by TiO2-modified CAC materials, this study aims to quantify
photocatalytic efficiency and to bring new understanding of binding
capacity and mechanisms by combining standardized NOx degradation
experiments on CAC pastes with photocatalysts, characterization of the
substrate materials, and targeted examination of a key aluminumbearing phase. Long-term efficiency in ordinary (unmodified) and
TiO2-modified CAC is examined by performing multiple UV-light “onoff” cycles to replicate diurnal exposure conditions. The effects of TiO2
nanoparticles on the CAC composites, including microstructural prop
erties and TiO2 dispersion are analyzed using N2 adsorption and
desorption isotherms, scanning electron microscopy (SEM), and X-ray
diffraction (XRD). To quantitatively assess the NOx binding mechanisms
in CAC materials, a combination of wet chemical extraction, UV–visible
spectrophotometry, and ion chromatography is employed. The NOx
uptake capacities of both unmodified and TiO2-modified CAC are
quantified and the results are compared with our previously examined
OPC-based cementitious materials [6]. In addition, to examine the
interaction of NOx with aluminum-bearing phase, studies are performed
on an AFm (Al2O3-Fe2O3-monophase) phase, which provides a better
understanding on the mechanisms of NOx binding in aluminum-rich
cementitious materials.

TX, USA). The water-to-solid ratio was kept at 0.40 by mass. The
chemical compositions of the CAC and TiO2 photocatalyst, obtained by
X-ray fluorescence (XRF) spectrometry, are given in Tables 1 and 2,
respectively. Other characteristics of the TiO2 photocatalyst provided by
the manufacturer are also provided in Table 2. The photocatalytic per
formance of TiO2 nanoparticles is optimized under UV irradiance of 10
W m− 2.
Two types of samples were prepared for control and 5% TiO2modified CAC – plate and granular samples – for different purposes and
characterization tests. The plate samples were prepared based on ISO
22197 [33] and JIS R 1701 Standards [34] and used to study the NOx
degradation of TiO2-modified CAC. TiO2 photocatalysts were first added
to deionized water, and the suspension was mixed for 1 min using a
handheld electric mixer to facilitate particle dispersion. Cement was
then added to the TiO2 suspension and mixed for 2 min. Plate samples of
50 × 50 × 10 mm3 (width × length × height) were cast in polyethylene
plastic molds and stored at 23 ± 2 ◦ C under polyethylene sheeting. After
24 h, the plates were removed from the molds and subsequently cured in
limewater in a sealed container at 23 ± 2 ◦ C for 28 days. After curing,
samples were stored in double sealed plastic bags prior to character
ization tests to avoid carbonation or drying.
The preparation of granular samples was adopted from ref [6]. The
use of granular samples not only facilitates the examination of the
binding mechanism(s) and NOx uptake capacity of CAC samples due to
the greater surface area for reaction, but also allows for direct com
parison with OPC-based samples that were prepared and tested in the
same manner [6]. The samples were produced by hand-crushing one of
the plate samples and sieved to particle sizes of 0.6–1 mm. Granular
samples were stored in the same manner as plate samples before
characterizations.
To demonstrate the interaction of NOx with aluminum-bearing
phase, AFm-SO4 (Al2O3-Fe2O3-monosulfate) was synthesized according
to the protocol developed by Matschei [35]. This phase was selected
because it is structurally similar to C2AH8 phase, which is one major
phase in hydrated CAC [36]. Also, it can be produced reliably in the
laboratory and remains relatively stable under lab conditions. It was
prepared by mixing C3A (Mineral Research Processing, Meyzieu, France)
and CaSO4 in a 1:1 molar ratio in boiling deionized water with a water/
solid mass ratio of around 20. The slurry was then stirred at 85 ◦ C for two
weeks in a sealed polytetrafluoroethylene (PTFE) bottle prior to filtra
tion with Whatman grade 1 filter paper and vacuum-drying. XRD
analysis (Section 2.2.4) confirmed the phase purity of >99%. The
sample was then stored in a doubly sealed HDPE bottle at 23 ± 2 ◦ C
before characterizations.

2. Materials and methods

2.2.2. N2 adsorption and desorption isotherms
The specific surface area (SSA) and pore size distribution (PSD) of the
granular samples were measured by Brunauer-Emmett-Teller (BET) N2
adsorption and desorption isotherms [37]. Tests were conducted on ~2
g of granular samples in a gas analyzer (Micromeritics ASAP 2420) over
a pressure range of 0.01 to 0.99 atm. The samples were degassed at 1.33
kPa pressure for 12 h prior to the analysis. Although a previous study has
shown that surface area measurements vary with techniques and sample

2.2. Characterization
2.2.1. Thermogravimetric analysis
To identify the hydration phases and quantify the bound water for
both unmodified and TiO2-modified CAC samples, thermogravimetric
analysis (TGA) was carried out using Hitachi TG/DTA 7300. Approxi
mately 60 mg of cementitious pastes were ground to a particle size of
<74 μm (No.200 sieve) and placed in a 70 μL platinum crucible. Samples
were dried at 40 ◦ C for 15 min or until reaching constant mass if mass
had not stabilized within 15 min. The sample was then heated from 40
◦
C to 1000 ◦ C at a rate of 10 ◦ C min− 1. Nitrogen was used to purge at a
flow rate of 100 mL min− 1.

2.1. Materials
Pastes were prepared from calcium aluminate cement (CAC) (Ker
neos, Chesapeake, VA, USA) and deionized water (18.2 MΩ⋅cm) with 0%
(control) and 5% (by mass) cement replacement with photocatalytic
TiO2 nanoparticles (KRONOClean® 7050, Kronos Worldwide, Dallas,
2
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Table 1
Composition (% by mass) and loss on ignition (LOI) of calcium aluminate cement.
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

LOI

CA

CA2

C2AS

C12A7

5.5

45.2

6.9

37.7

0.2

0.1

0.3

1.9

57.0

8.6

16.2

1.5

Table 2
Composition (% by mass) and characteristics of TiO2 photocatalyst.
TiO2

Al2O3

SiO2

SO3

Phase

Bulk density

92.3

1.0

3.7

2.0

Anatase

300 g L−

preparation methods [38], BET adsorption-desorption isotherms are
commonly used for detecting the relevant microstructural features and
facilitating semiquantitative comparisons among different cementitious
materials [6,39,40]. In this study, sample preparation was performed
through a procedure consistent as ref [6,39,41], in order to facilitate
comparison between samples.

1

Crystallite size

Specific surface area

~15 nm

>225 m2 g−

2.2.5. NOx degradation
NOx degradation was performed following procedures in the ISO
22197 [33] and JIS R 1701 Standards [34], and test setup is shown in
Fig. 1. For plate samples, a sealed reaction chamber with a prismatic
cross-section and borosilicate glass cover was constructed, as shown in
Fig. 1(b). Three identical plates with a total area of 7500 mm2 were
placed in the reaction chamber for each composition (control or 5%
TiO2-modified CAC). To investigate the long-term photocatalytic effi
ciency, the plate samples were subjected to three consecutive UV light
“on-off” cycles to replicate diurnal exposure conditions. For each cycle,
the reaction chamber was pumped with NOx gas, which was prepared by
mixing 1000 ppb nitric oxide in ultrapure dry air at a constant flow rate
of 1 L min− 1 [33,34]. The test was conducted at 23 ± 2 ◦ C and 50 ± 5%
relative humidity. The sample-loaded reaction chamber was placed
under two UV fluorescent lamps of 40 W with peak emission of 365 nm
and UV irradiance of 10 W m− 2 (Actinic BL TL 40W/10 SLV, Philips
Lighting). To achieve an optimal photocatalytic performance, the UV
intensity at the sample surface was maintained at 10 W m− 2 by adjusting
the distance between the UV light source and the samples. The initial gas
concentration was kept at 1000 ppb before turning on the UV light. After
~1 h, the gas concentration stabilized and UV light exposure started and
continued for 5 h. The gas concentration was allowed to re-stabilize for
another hour after the UV light was turned off. A chemiluminescent NO/
NO2/NOx analyzer (Model 200A, Teledyne API, San Diego, CA, USA)

2.2.3. Scanning electron microscopy analysis
To investigate the dispersion of TiO2 nanoparticles, SEM and energy
dispersive X-ray spectroscopy (EDS) analyses were performed using a
JSM-7600F Schottky Field Emission Scanning Electron Microscope
(JEOL, Tokyo, Japan). After curing, a thin sliced specimen was
impregnated with low-viscosity epoxy resin, polished, and carboncoated for better surface conductivity prior to imaging.
2.2.4. X-ray diffraction
XRD was performed on the synthetic AFm-SO4 phase before and after
NOx exposure to identify changes in mineralogy. Approximately 0.2 g of
finely ground powders were packed into a sample holder, and the
measurements were taken on a PANalytical Empyrean X-ray diffrac
tometer (Malvern Panalytical Ltd., Malvern, United Kingdom) with CuKα radiation (λ = 1.54 Å) at 45 kV and 40 mA. Scans were performed at
5–45◦ 2θ using a PIXcel3D detector.

UV light source

[NOx]uptake
Sample

[NOx]in

~1000 ppb

Dry air

[NOx]out

Reaction chamber/ Photoreactor

Nitric oxide gas

1

Humidifier

NOx analyzer

a) Schematic experimental setup for photocatalytic reaction test

c) Photoreactor for crushed
samples

b) Reaction chamber for plate samples

Fig. 1. Experimental setup for NOx degradation.
3
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was used to measure the gas concentration. The test setup was covered
by a black light-blocking canvas to prevent ambient light from affecting
the reaction.
Each cycle ended when gas concentration re-stabilized and was fol
lowed by 12-hour breaks, during which the samples were not tested or
subjected to any surface treatment (e.g., washing the NOx exposed
sample surfaces). Although previous studies [7] have indicated that such
treatment could wash the photocatalytically converted N-species away
from the surface and reinstate its photocatalytic efficiency, such treat
ment could also alter the microstructural properties of the sample sur
face and invalidate the comparison of photocatalytic efficiencies
between two cycles. Therefore, to avoid alteration of the sample, no
surface treatment was performed after each cycle of exposure in this
study.
For granular samples, a sealed tubular borosilicate photoreactor was
used with both ends sealed with a filter and screw cap, as shown in Fig. 1
(c). Two grams of the granular samples were placed in two weighing
boats rested on the bottom of the reactor. The position of the photo
reactor was adjusted to ensure the same UV intensity required by the
standards. The same test conditions and procedures were employed for
granular samples, except that only one cycle was performed to compare
with the previously examined OPC-based samples [6]. At the end of the
NOx photodegradation test, the sample was removed from the photo
reactor and stored in double sealed plastic bags with light-blocking foil
and was subjected to wet chemical extraction for NO−2 and NO−3 mea
surements within 24 h. The same test setup, conditions, and procedures
were also used in AFm-SO4 phase, except no UV exposure is needed since
the phase is directly exposed to NOx without the addition of TiO2.
To examine the individual and combined effects of NOx exposure, UV
exposure, and TiO2 doping, both the unmodified CAC group (denoted as
‘CAC’) and the 5% TiO2-modified group (denoted as ‘CAC5T’) were
subjected to three exposure conditions: 1) without NOx or UV exposure
(control); 2) with NOx but without UV exposure, as denoted as ‘N’; and
3) with both NOx and UV exposures, as denoted as ‘NV’. For example,
TiO2-modifed CAC sample subjected to exposure Condition 3 is denoted
as ‘CAC5T-NV’. The samples subjected to condition 3 were exposed to
both NOx and UV for five hours plus a one-hour stabilization at begin
ning and another hour for re-stabilization at the end (as described
above). To ensure a same period of NOx exposure as Condition 3, the
samples subjected to Condition 2 were exposed to NOx for a total of
seven-hour period without UV exposure, both the unmodified CAC
(‘CAC’) and the 5% TiO2-modifed CAC (‘CAC5T’) granular samples.

2.3. Methodology

2.2.6. NO−2 and NO−3 measurements
Granular samples were subjected to wet chemical extraction after the
NOx photodegradation test, using the methods previously described in
ref [6]. Reacted samples were suspended in anoxic deionized water that
was purged by N2 gas for 48 h. A solid-to-liquid ratio of 0.1 g in 40 mL
deionized water was used [6]. This extraction was conducted in
aluminum foil-wrapped centrifuge tubes to prevent further photoinduced reactions. After the extraction, the suspension was filtered
through a 0.45 μm syringe filter. The filtrate was then analyzed for ni
trite and nitrate concentrations. Nitrite concentration was determined
using a colorimetric assay kit (Roche, Sigma Aldrich, St. Louis, MO,
USA) and measured at 540 nm on a UV–vis spectrometer (Cary 60,
Agilent, Santa Clara, CA, USA). Nitrate concentration was determined
using ion chromatography (Dionex, Sunnyvale, CA, USA). The ion
chromatograph 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 a
mixture of 8 mM Na2CO3 and 1 mM NaHCO3, and the flow rate was 0.8
mL min− 1.

mNO−2 = CNO−2 × DF

(5)

mNO−3 = CNO−3 × DF

(6)

MN
MNO−2

(7)

MN
MNO−3

(8)

2.3.1. Quantification of photocatalytic performance
Through NOx degradation tests, both photocatalytic efficiency and
NOx uptake can be measured. The photocatalytic efficiency (ηNOx) is
estimated by comparing the reduction of NOx concentration to the inlet
NOx concentration [16], which is expressed in Eq. (1).

ηNOx =

C[NOx ]in − C[NOx ]out
× 100%
C[NOx ]in

(1)

where ηNOx is the photodegradation efficiency (%), C[NOx]in is the inlet
concentration of NOx (ppb), and C[NOx]out is the outlet concentration of
NOx (ppb).
The NOx degradation capacity that is normalized by sample surface
area (SNOx) can be calculated by Eqs. (2) and (3) and in units of mmol
m− 2. The N mass of NOx uptake (mN) through photocatalytic reactions is
normalized by sample mass and can be quantified by Eqs. (2) and (4)
[6], with the units of mg N per kg solid (denoted as mg kg− 1 for
simplicity).
∫
)
f T(
C[NOx ]in − C[NOx ]out dt
(2)
QNOx =
V 0
SNOx =
mN =

QNOx
A

(3)

QNOx × MN
mS

(4)

where QNOx is the NOx uptake that is measured by the NOx analyzer
(mol), t is the duration of NOx absorption (min), T is the total duration of
the UV-light exposure (300 min), f is the flow rate of NOx at 23 ◦ C and
1.01 kPa (1 L min− 1), V is the volume of 1 mole ideal gas at 23 ◦ C and
1.01 kPa (24.3 L), SNOx is the uptake capacity that is normalized by the
UV-exposed surface area (A) of tested plate samples (mmol m− 2), mN is
the nitrogen mass of NOx uptake (mg kg− 1), MN is the molar mass of
nitrogen (14 g mol− 1) and mS is the sample mass (kg). The result is then
compared with the total nitrogen mass from the NO−2 (mN′ ) and NO−3
(mN′′ ) measurements, as shown in the following section.
2.3.2. Quantification of NO−2 and NO−3 formation
The N mass from nitrite and nitrate measurements is determined by
Eqs. (5)–(8) [6].

′

mN = mNO−2 ×
′

mN′ = mNO−3 ×

where mNO2− is the mass of nitrite (mg kg− 1), mNO3− is the mass of nitrate
(mg kg− 1), CNO2− is the concentration of nitrite measured by UV–vis
spectrometer (ppm), CNO2− is the concentration of nitrate measured by
ion chromatography (ppm), DF is the dilution factor used for wet
chemical extraction (400), mN′ is the mass of nitrogen from nitrite (mg
kg− 1), mN′′ is the mass of nitrogen from nitrate (mg kg− 1), MNO2− is the
molar mass of nitrite (46 g mol− 1), and MNO3− is the molar mass of ni
trate (62 g mol− 1).
3. Results and discussion
The effects of TiO2 nanoparticles on the composition and micro
structural properties of CAC pastes are determined by using TGA and N2
4
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adsorption and desorption isotherms. Two sample geometries are pre
pared to examine the material’s photocatalytic performance: plate
samples to examine photocatalytic efficiency, as well as granular sam
ples to quantify NOx uptake capacity and explore binding mechanisms
and to allow for a direct comparison with OPC-based samples that were
prepared and tested in the same manner. N-species that are physically
bound with hydrated cementitious phases are quantified using a com
bination of wet chemical extraction, UV-vis spectrophotometry, and ion
chromatography. The total NOx uptake is estimated by combining the
results from surface-related heterogeneous reactions and/or photo
catalytic reactions. The presence of chemically bound N-species is then
estimated by the difference between the total NOx uptake and that which
is physically bound.

50 μm
Fig. 3. SEM analysis of TiO2-modfied CAC (CAC5T) sample with TiO2 high
lighted in pink. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

3.1. Composition, nano-TiO2 dispersion, and microstructure
The phase composition of both unmodified CAC paste (CAC) and
TiO2-modified CAC paste (CAC5T) after 28 days of hydration can be
identified by TGA (Fig. 2), where the mass losses indicate the decom
position of different phases. The metastable phases of CAH10 and C2AH8
are identified at temperature of 120 ◦ C and 150 ◦ C, respectively, while
stable phases of AH3 and C3AH6 are identified at temperature of 270 ◦ C,
and 320 ◦ C, respectively [42]. The TGA results show lesser amounts of
hydration products formed in TiO2-modified samples, likely due to the
dilution of the cement with non-hydraulic titania [30]. SEM analysis
(Fig. 3) shows well distributed TiO2 particles within the hydrated CAC
sample. The images also show these TiO2 particles are agglomerates in
the range from 1 to 2 μm in diameter.
The measured SSA are 16.68 ± 0.29 m2 g− 1 for CAC and 21.33 ±
0.35 m2 g− 1 for CAC5T after 28 days of hydration. The SSA is increased
in CAC5T samples by 27%, which is in the range expected based on the
SSA of the material’s components. The PSD profiles of both CAC and
CAC5T samples are shown in Fig. 4, with a larger number of small pores
(<10 nm) observed in CAC5T. Since the amount of hydration products in
CAC5T is in fact lower than CAC (Fig. 2), the higher SSA and greater
amount of micropores observed in well-hydrated CAC pastes should be
mainly attributed to the inclusion of TiO2 nanoparticles, which intrin
sically exhibit high SSA (Table 2).

Differential Pore Volume (mL/g.nm)

0.0045
0.0040

CAC

0.0035

CAC5T

0.0030
0.0025
0.0020
0.0015
0.0010
0.0005
0.0000
0

20

80

100

Fig. 4. Pore size distribution of unmodified CAC (CAC) and 5% TiO2-modfied
CAC (CAC5T) samples after 28 days of hydration. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

3.2. Photocatalytic performance

NV) for three consecutive UV “on-off” cycles (the detailed test
arrangement can be referred to Section 2.2.5). With a constant NOx
concentration before the UV light was illuminated, an almost

Fig. 5 shows the long-term photocatalytic performance of TiO2modified CAC plate samples that are exposed to NOx and UV (CAC5T100

0

95

-0.04

CAC-Weight

-0.08

CAC-DTG

C2AH8

85

CAC+5%TA-DTG

C3AH6

-0.12

CAH10

80

DTG (wt.%/K)

CAC+5%TA-Weight

90

Weight (wt.%)

40
60
Pore Size (nm)

AH3
-0.16

75

70
0

100

200

300

400

500

600

700

800

900

-0.2
1000

Temperature (°C)
Fig. 2. TGA results of unmodified CAC (CAC) and 5% TiO2-modfied CAC (CAC5T) samples after 28 days of hydration. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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NOx concentration (ppb)

1200
1000
UV light on

UV light on

UV light on

800
600

400

UV light off

UV light off

UV light off

200
Break

Break

0

0

2

4

6

8

10

12

14

16

18

Time (hours)
Fig. 5. Photocatalytic performance of plate TiO2-modified CAC samples that are exposed to NOx and UV light for three consecutive UV “on-off” cycles.

instantaneous drop of NOx concentration occurred upon initial UV
illumination. The magnitude of the initial drop of TiO2-modified CAC
samples are similar to the CAC samples tested by Pérez-nicolás et al.
[30]. However, only a short-term photocatalytic efficiency (30 min) was
examined in their study. To show long-term photocatalytic performance,
this study examines the NOx degradation throughout a 5-hour test
period during each cycle. This subsequent decrease over the 5-hour
period in CAC samples was also observed in TiO2-modified OPC sam
ples [6,15,43], which were tested under similar conditions. When the
UV light was off, the NOx concentration recovered to its initial level. This
phenomenon then occurred repeatedly in the second and third UV light
“on-off” cycles.
Table 3 lists the initial and end NOx concentrations for each cycle,
which correspond with the results of NOx degradation shown in Fig. 5.
The initial concentration is the measured NOx level right after the UV
light is on and the end concentration right before the UV light is off. The
photocatalytic efficiency (ηNOx) at the initial and the end of each cycle is
determined by Eq. (1). The highest ηNOx of 53% occurred at the initial
exposure of the first cycle; it then decreased throughout the 5-hour test
period to 46%. When the second cycle began after a 12-hour break from
UV exposure, ηNOx started at 49% and decreased to 43%, and the ηNOx of
third cycle decreased from 46% to 40%. Comparing the end concen
tration of 1st cycle to the initial concentration of 2nd cycle, a small but
consistent fraction of the ηNOx was recovered (about 3%), and the same
restoration phenomenon was also observed between 2nd and 3rd cycles.
This restoration phenomenon between cycles, where the test was
paused, indicates that a small fraction of NOx binding with CAC samples
is transient and should be taken into consideration for estimating the
material’s NOx binding capacity. However, the underlying mechanisms
of such restoration phenomenon require further investigations.
The results from Fig. 5 and Table 3 shows a decreasing trend of longterm photocatalytic efficiency over time and with increasing cycles,
which implies that the NOx uptake for TiO2-modified CAC could reach a
limit over time. In addition, this decreasing trend also affects the NOx
degradation capacity (SNOx), which can be estimated using Eqs. (2) and

(3). The NOx uptake capacity for each cycle is also included in Table 3,
and it decreases from 800 mmol m− 2 in the first cycle to 710 mmol m− 2
in the third cycle. Similar phenomenon was observed in OPC-based plate
samples [44–46], where both photocatalytic efficiency and NOx degra
dation capacity decrease over time. Recall that no surface treatment (e.
g., washing the exposed sample surface) was performed between UVexposure cycles, to avoid alteration of the sample surface. The impact
of washing, as would be experienced during rain, on photocatalytic ef
ficiency deserves further investigation.
3.3. Quantification of NOx uptake
3.3.1. NOx uptake through photocatalytic reactions
The NOx degradation achieved by granular TiO2-modified CAC
samples that are exposed to NOx and UV (CAC5T-NV) is illustrated in
Fig. 6. As with the plate samples, an instantaneous drop of NOx con
centration occurred upon initial UV illumination and the photocatalytic
efficiency decreased during the test period. When the UV light was
turned off, the NOx concentration recovered to the initial level. The
trends of NOx degradation in the plate and granular samples are essen
tially the same. The N mass of NOx uptake (mN) through photocatalytic
reactions, which is represented by the shaded area in Fig. 6 and
normalized by sample mass, can be determined by Eqs. (2) and (4). The
result is 28.4 ± 0.63 mg N per kg solid (denoted as mg kg− 1).
The N mass of NOx uptake for plate samples is also calculated and
normalized by sample mass for the sake of comparison in this study. For
the plate samples, the result is 1.58 ± 0.09 mg kg− 1, which is signifi
cantly lower than granular samples. This result is expected since the UVexposed surface area per unit mass is increased when the plate sample is
crushed into granular samples, and the increase in surface area in turn
increases the NOx binding potential of granular samples. As discussed in
1200

NOx concentration (ppb)

1000

Table 3
NOx concentration (C[NOx]) and NOx uptake capacity (SNOx) of TiO2-modified
CAC plate samples that exposed to NOx and three consecutive UV light “on-off”
cycles. The detailed NOx degradation can be referred to Fig. 5 and the exposure
arrangement can be referred to Section 2.2.5. The NOx concentration prior to the
illumination of UV light is 1000 ppb, the initial concentration is the NOx level
right after UV light is on and the end concentration is right before the UV light is
off. The unit of C[NOx] is ppb and the unit of SNOx is mmol m− 2.
1st cycle
Initial
C[NOx] (ppb)
SNOx (mmol m− 2)

470

800

2nd cycle
End

Initial

540

510

760

Initial

570

540

UV light off
400

200

-60

End
710

600

0

3rd cycle
End

UV light on

800

0

60

120

180

240

300

360

Time (mins)

600

Fig. 6. Photocatalytic performance of granular TiO2-modified CAC samples
that are exposed to NOx and UV light.
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equivalent to the summation of photocatalytic converted NO−2 (mN′ ) and
NO−3 (mN′′ ). The mN′ and mN′′ then can be determined by their differences
between the samples that are only exposed to NOx (CAC5T-N) and those
that are exposed to both NOx and UV-light (CAC5T-NV) [6]. However,
Fig. 7 shows similar N masses, as NO−2 and NO−3 , in both CAC5T-N and
CAC5T-NV samples, making the mN′ and mN′′ essentially zero. Therefore,
the mN ∕
= mN′ + mN′′ , suggesting a portion of NOx uptake is chemically
bound with TiO2-modified CAC samples. The mechanisms of how NOx is
chemically bound in CAC samples will be described in detail in Section
3.4.1.
The total NOx uptake of TiO2-modified CAC should be determined by
separating the contributions from the photocatalytic reactions (mN_1 =
28.4 mg kg− 1) and the surface-related heterogeneous reactions (mN_2 =
20.5 mg kg− 1) since both reactions occur intrinsically in the materials.
As a result, the total NOx uptake is determined by mN = mN_2 +
mN_2=48.9 mg kg− 1, showing that 58% of the NOx is chemically bound
within the material. The determination of NOx uptake through photo
catalytic reactions, which has been commonly used to determine total
NOx uptake capacity of OPC samples [8,16,48], underestimates the ca
pacity of TiO2-modified CAC by almost half by neglecting the material’s
intrinsic NOx uptake capacity. Therefore, the measurement of NOx up
take for TiO2-modified CAC should include the contributions from both
photocatalytic and surface-related heterogeneous reactions.

CAC5T

CAC

Masured N mass (mg kg-1)

25

20

NO3-

15

NO210

5
BDL

BDL

0

Control

NOx

NOx+UV

Control

NOx

NOx+UV

Exposure Condition

Fig. 7. N mass, as nitrite (NO−2 , in blue) or nitrate (NO−3 , in yellow) normalized
by sample mass (Section 2.3.2) for both the unmodified CAC (‘CAC’) and the
5% TiO2-modifed CAC (‘CAC5T’) granular samples. Both samples were sub
jected to each of three exposure conditions: 1) without NOx or UV exposure
(control); 2) with NOx but without UV exposure; and 3) with both NOx and UV
exposures. BDL: below detection limit. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

3.4. Comparison between NOx sequestration in CAC- and OPC-based
materials

Section 2.1 and shown in following sections, the quantification and
comparison between NOx uptake and the mechanisms of nitrite/nitrate
formation in CAC samples are carried out on granular samples.

3.4.1. Mechanism and capacity of NOx uptake
As discussed in the introduction, the intrinsic NOx binding capability
of cementitious materials have been observed recently. Three mecha
nisms for NOx binding have been proposed after the oxidation of NOx
into NO−2 and NO−3 through photocatalytic and surface-related hetero
geneous reactions [6,16,17,30,49]: I) the adsorption of NO−2 and NO−3 on
the surface of cement hydrates such as C-S-H, II) the reaction of NO−2 and
NO−3 with hydroxyl ions in the alkaline pore solution, and III) substitu
tion of NO−2 and NO−3 into aluminum-bearing hydrated phases. Since
differences in hydration products and microstructural properties be
tween CAC- and OPC-based materials could affect their binding capacity
and mechanisms, this section provides a summary of the characteristics
of CAC-based samples that could contribute to their NOx uptake, as
compared to the previously examined OPC-based samples [6]. The goal
with this discussion is to better understand and quantify the differences
in NOx sequestration between CAC and OPC, considering the three
mechanisms noted above.

3.3.2. NOx uptake by unmodified CAC
Fig. 7 summarizes the measured N mass, as NO−2 and NO−3 , in the
NOx-exposed granular samples. As expected, the samples without NOx
exposure (CAC and CAC5T) show no detectable N, as either NO−2 or NO−3 .
However, similar N mass as both NO−2 and NO−3 were detected in the
unmodified CAC samples after NOx exposure (CAC-N and CAC-NV),
regardless of the presence of UV light, and the results are expected
due to the absence of TiO2 in the unmodified CAC samples. The N mass is
approximately 6.50 mg kg− 1 for NO−2 and 9.40 mg kg− 1 for NO−3 .
Therefore, this study for the first time quantifies the intrinsic NOx
binding capability of CAC-based cementitious materials, even in the
absence of photocatalysts.
The measured N mass of TiO2-modified CAC samples that are
exposed to NOx (CAC5T-N) is approximately 8.60 mg kg− 1 for NO−2 and
11.20 mg kg− 1 for NO−3 . Compared to unmodified CAC samples (CAC-N),
the total NOx uptake is increased by 25%, which is similar to the increase
of SSA measured in Section 3.1. The result confirms that the increased
SSA induced by the inclusion of TiO2 nanoparticles promotes the
surface-related heterogeneous reactions in CAC samples [6,17]. The
detection of NO−2 and NO−3 ions indicates that these ions produced by the
heterogeneous reactions are likely to be physically adsorbed by the
hydrated cementitious phases in CAC samples and susceptible to waterbased wet chemical extraction [6]. According to Fig. 7, the nitrite-tonitrate concentration ratio is approximately 1:1.3, suggesting that the
heterogeneous reactions converted NOx more to nitrate than to nitrite by
30% in CAC systems. This discovery is also supported by the work from
Pérez-nicolás et al. [30], where they observed that CAC-based samples
show a higher NO2 adsorption than NO, which leads to a higher photooxidation of NO2. The product of this photo-oxidation is nitrate, which is
considered a better corrosion inhibitor compared to nitrite when
incorporated in cement-based materials [22,47].

I. For unmodified cementitious samples, the intrinsic NOx uptake is
induced by the surface-related heterogeneous reactions [7,16],
and a higher surface area can facilitate greater reactions and
provide more surface area for the adsorption of N-species
[6,7,16]. From the previous study for unmodified OPC samples,
which was under the same sample preparation (e.g., water-tosolid ratio and TiO2 dosage) and test conditions as this study
[6], the total NOx uptake (the summation of NO−2 and NO−3 ) was
found to be approximately 8.50 mg kg− 1. According to Section
3.3.2, the total NOx uptake of unmodified CAC samples is 15.90
mg kg− 1, an increase by 85% compared to OPC samples. Since the
heterogeneous reactions are related to the material’s micro
structural features, the higher NOx uptake can be attributed to the
larger surface area of CAC samples prepared in this study. The
SSA is approximately 10.20 m2 g− 1 for OPC [6] and 16.70 m2 g− 1
for CAC (Section 3.1). Since the granular OPC and CAC samples
have different SSAs, the total intrinsic NOx uptakes for both
materials are further normalized by their respective SSA in this
section for the sake of comparison. The surface area-normalized
NOx uptake is estimated to be approximately 8.3 × 102 mg
mm− 2 for OPC and 9.5 × 102 mg mm− 2 for CAC. The higher

3.3.3. NOx uptake by TiO2-modified CAC
From Section 3.3.1, the NOx uptake (mN) of TiO2-modified CAC
sample (CAC5T) through photocatalytic reactions is approximately 28.4
mg kg− 1. If this NOx binding is transient, such as physically adsorbed by
the hydrated cementitious phases as in unmodified CAC, mN should be
7

Q. Jin et al.

Cement and Concrete Research 142 (2021) 106381

surface area-normalized NOx uptake of CAC samples suggests
other mechanisms, in addition to surface area, could also play a
role in the NOx uptake.
II. The N-species can react with the hydroxyls (OH− ) presented in
the cementitious material [17,18], but CAC typically has a lower
pH than OPC [36]. The pH of the hydrated CAC sample was
measured at 12.6 [50] and is slightly lower than the OPC sample,
which was measured at 13.2 [50]. However, based on the
porosity and pH of the hydrated CAC, Alapati [50] has shown that
the concentration of OH− in the hydrated CAC is approximately
0.01 mmol g− 1 of solid (or 170 mg kg− 1). This concentration is
>10 times greater than that of the converted N-species, implying
there is ample OH− to react with the N-species exists in CAC.
Therefore, the reactions between OH− and N-species in this CACbased cementitious environment should be similar to OPC,
despite the lower pH of CAC.
III. Section 3.3.3 has shown that the photocatalytic reactions (mN)
are not equal to the summation of photocatalytic converted NO−2
(mN′ ) and NO−3 (mN′′ ), i.e., mN ∕
= mN′ + mN′′ for TiO2-modified CAC
samples (CAC5T). However, our previous study [6] has quanti
fied that the mN = mN′ + mN′′ for TiO2-modified OPC samples.
This discrepancy between CAC and OPC can be attributed to the
differences in their hydration products (refer to Section 3.1 for
the hydrated CAC phases); CAC forms significantly more
aluminum-bearing hydrated phases compared to OPC [51,52].
Therefore, this imbalance between the NOx uptake and converted
NO−2 and NO−3 should be related to the interactions of converted
N-species with these phases.
Studies [19,20] have suggested that the converted NO−2 and
NO−3 could chemically substitute the interlayer sulfate (SO2−
4 ) in
AFm phases through an anion exchange process. Thermody
namically, it is understood that these anions have a binding
preference within AFm phases, with a preference for NO−3 > NO−2
−
> SO2−
4 > OH [53]. The XRD pattern for the AFm-SO4 phase that
is exposed to NOx, as shown in Fig. 8, shows a formation of new
peaks at 2θ of 9.5◦ and 15.1◦ According to Balonis et al. [20],
these two peaks respresent AFm-NO2/NO3. Therefore, this study
for the first time has experimentally demonstrated the formation
of AFm-NO2/NO3 in a solid-gas reaction through the aforemen
tioned anion exchange process. This anion exchange process
could also occur in C2AH8 phase, which is one of the major phases
in hydrated CAC (Fig. 2), since it is structured similarly to the
AFm-SO4 [36].

AFm
- NO2/NO3

In practice, because C2AH8 is a metastable phase in CAC and
can be converted to more stable phases of AH3 and C3AH6 [42],
the conversion of this phase may require control for CAC to be
used effectively for NOx sequestration. Recently, Alapati [50] has
demonstrated that carbonation and internal curing could be used
to preferentially form C2AH8 and in turn maximize the chemically
bound NOx in CAC-based cementitious materials. Further studies,
which examine the NOx binding in other CAC phases such as AH3,
C3AH6, and C2AH8, are needed to understand the stability of ni
trite or nitrate substituted aluminum-bearing phases in CAC over
time.
3.4.2. Sustainability and durability
Based on the discussion in Part III of Section 3.4.1, this study has
shown that these chemically bound NO−2 and NO−3 in CAC samples are
more resistant to being released by water-based extraction. As discussed
in the introduction, release of previously bound N-species back into the
environment from OPC-based materials or other substrates remains a
concern in developing sequestration materials for sustainability.
Therefore, because CAC-based materials have demonstrated a more
permanent binding with these ions than OPC-based materials, the use of
CAC could be preferred for sequestration applications.
It has been proposed that NO−2 and NO−3 -containing compounds in
cement-based materials can be used at the steel interface to improve the
corrosion resistance of steel-reinforced concrete [22,47]. Falzone et al.
[22] have demonstrated that chlorides can be fixed in the AFm phases
through the aforementioned anion exchange process (Section 3.4.1 and
[53]) due to their more favorable binding preference than NO−2 and
NO−3 . Since chloride-induced steel corrosion is a leading cause of OPCbased concrete infrastructure deterioration, this study has demon
strated that CAC-based infrastructure, which contains TiO2 photo
catalysts, could offer an additional pathway to enhance the inhibition of
such corrosion and prolong its service life. In addition, the greater ca
pacity for non-transient chemical NOx sequestration in CAC is viewed as
advantageous over OPC, with regard to enhanced corrosion resistance
through increased nitrate and nitrite concentrations in the pore solution.
4. Conclusion and future study
Two sample geometries were prepared to examine the NOx seques
tration performance for both unmodified and TiO2-modified calcium
aluminate cementitious (CAC) materials. The long-term NOx degrada
tion of TiO2-modifed CAC was examined using plate samples under a

AFm
- NO2/NO3

Intensity

After NOx exposure

Before NOx exposure (control)
5
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Fig. 8. Two new peaks at 2θ of 9.5◦ and 15.1◦ were observed in the XRD patterns of AFm-SO4 phases before (control) and after NOx exposure, indicating the
formation of AFm- NO2/NO3 phases.
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multi-cycle test. Granular samples were used to quantify NOx uptake and
explore NOx binding mechanisms. A combined method of water-based
chemical extraction, UV–vis spectrophotometry, and ion chromatog
raphy was used to quantify N-species that are bound with hydrated
cementitious phases. The effects of composition and microstructural
properties on NOx uptake were examined and a comparison of NOx
uptake between OPC- and CAC-based materials was made. Key conclu
sions include:
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1. The photocatalytic efficiency, ηNOx, decreased with increased expo
sure time and test cycles (from 53% in the first cycle to 40% in the
third cycle), implying that the NOx uptake could reach a limit over
time if no surface treatment (e.g., washing) is performed. This
decreasing trend also affected the NOx degradation capacity, which
decreased from 800 mmol m− 2 in the first cycle to 710 mmol m− 2 in
the third cycle. It was also observed that a small fraction of NOx
binding with CAC samples was transient. These effects should be
taken into consideration when estimating a material’s photocatalytic
performance.
2. Similar NOx uptake was measured in unmodified CAC samples (CACN and CAC-NV) regardless of the UV light exposure, demonstrating
the material’s intrinsic NOx sequestration capability even in the
absence of photocatalysts. The NOx uptake increased by 25% in TiO2modifed CAC that was only exposed to NOx (CAC5T-N). This increase
should be attributed to the increased surface area, which is induced
by the inclusion of TiO2 nanoparticles. The nitrite-to-nitrate con
centration ratio was approximately 1:1.3, suggesting that the het
erogeneous reactions in CAC systems favor NOx conversion to nitrate
over nitrite.
3. For TiO2-modified CAC that was exposed to both NOx and UV light
(CAC5T-NV), the photocatalytically-converted nitrite and nitrate
cannot be directly measured by water-based chemical extraction,
indicating these ions are chemically bound within the CAC materials
and resist releasing back into the environment via dissolution.
Therefore, the total NOx uptake of CAC5T-NV can only be deter
mined by separating the contributions from the photocatalytic and
surface-related heterogeneous reactions, both of which occur
intrinsically in the hydrated CAC materials. Since these chemically
bound ions are more resistant to being released back into the envi
ronment, the use of CAC can help mitigate the environmental con
cerns in developing NOx sequestration materials.
4. The main difference between OPC- and CAC-based materials, in
terms of NOx sequestration, is that the NOx uptake in OPC through
photocatalytic reactions is equal to the summation of photocatalytic
converted NO−2 and NO−3 , while such balance cannot be detected in
CAC. This discrepancy is attributed to the differences in their hy
dration products, where CAC has significantly higher aluminum
content and tends to form more aluminum-bearing hydrated phases
compared to OPC. The examination of mineralogical change of
synthetic AFm-SO4 phase before and after its exposure to NOx has
shown the converted NO−2 and NO−3 could chemically substitute the
interlayer anions through an anion exchange process. These chemi
cally bonded N-species could then enhance the durability of CACbased concrete infrastructure compared to the OPC-based ones,
since NO−2 - and NO−3 -containing compounds can be used at the steel
interface to improve the corrosion resistance of steel-reinforced
concrete and, in turn, improve the material’s durability.
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