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Abstract

Photocatalytic cement has been receiving attention due to its high oxidation power that reduces nitrogen oxide, thus

contributing to a clean atmospheric environment. However, there has not yet been a thorough investigation on the

effect of photocatalytic reactions on the durability of cementitious material, the parent material. In this study,

photocatalytic cement samples were exposed to nitric oxide gas and UV along with cycles of wetting and drying to

simulate environmental conditions. The surface of samples was characterized mechanically, chemically, and visually

during the cycling. The results indicate that that the photocatalytic efficiency decreased with continued NO oxidation.

The pits found from SEM indicated that chemical deterioration, such as acid attack or leaching, did occur. However,

this was not confirmed by X-ray diffraction. The hardness was not affected, probably due to the formation of CSH as

evidenced by the XRD pattern. In conclusion, it was found that photocatalysis could alter cementitious materials both

chemically and mechanically, which could further affect long-term durability.
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1. Introduction

Photocatalytic cement containing nano-sized 

titanium dioxide (TiO2) is known to effectively oxidize 

nitrogen oxides (NOx), one of the major air 

pollutants, improving air quality[1,2,3,4,5]. It is 

widely believed that the oxidation products of NOx 

(nitric oxide (NO) and nitrogen dioxide (NO2)) are 

nitrate ion (NO3
-) and nitrite ion (NO2

-), or when 

dissolved in water, nitric acid (HNO3) and nitrous acid 

(HNO2)[6,7,8,9,10,11]. Although many researchers 

have proposed mechanisms for the NOx oxidation 

reaction on TiO2 particles, the detailed mechanism 

is still not fully established. However, the set of 

chemical reactions proposed by Ndour gives us a 
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general understanding of the mechanism. Equation 

(1) shows the NOx oxidation mechanism proposed by 

Ndour[11]. When a photon that has higher energy 

than the band gap energy of TiO2 is in direct contact 

with the TiO2, an electron (e-) is excited from the 

valence band (VB) to the conduction band (CB), 

leaving a hole (h+) behind. This energy-rich 

electron-hole pair (e--h+) takes part in 

photocatalytic oxidation and reduction reactions. The 

band gap energy of TiO2 corresponds to an absorption 

threshold of 384 nm wavelength, which is near UV 

light range (360-380 nm). As the UV light is 

irradiated, reduction occurs at the CB and oxidation 

occurs at the VB. During this chain of chemical 

reactions, highly reactive superoxide radical-anions 

(O2
-) and hydroxyl radicals (․OH) are expected to form 

on the surface of TiO2 nanoparticles, which then 

decompose organic and inorganic pollutants as well 

as micro-organisms adsorbed on the surface. 
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On valence band, h+ + H2O → ․OH + H+ -- (1)

NO2 + ․OH → HNO3

On conduction band, e- + O2
 → O-

2
 

NO2 + O-
2 + H+ → HNO2 + O2

Leading to the following postulated catalytic net 

reaction:

2NO2 + H2O           HNO2 + HNO3

These reaction products, HNO2 and HNO3, are 

known to accumulate on the surface of a material, 

decreasing the photocatalytic efficiency. The reaction 

can be recovered when nitric acid is washed away 

by rain, which is further promoted by the hydrophilic 

property of TiO2. 

However, there has not been much research 

regarding the effect of the product of the oxidation 

reaction (nitrates and nitrites) on cementitious 

materials. Since cement-based materials undergo 

various chemical reactions throughout their lifetime, 

the introduction of new ions might adversely affect 

existing cement components. For example, nitric 

acid, which is a strong acid, is detrimental to the 

cementitious substrate, which is stable at high 

alkalinity (pH 12.5-13.5) and contains mineral 

phases subject to decomposition at lower pH. When 

hydrated cement based material is subjected to 

aggressive acidic solutions containing anions such as 

nitric acid, the alkalinity of the pore solution 

decreases. The decrease in pH then brings the surface 

of cement to a state of chemical disequilibrium, 

eventually destabilizing the hydration products of 

cement. Calcium hydroxide (Ca(OH)2 or CH) 

decomposes as the pH drops below 12.5, ettringite 

decomposes at pH below 11, and calcium silicate 

hydrate (C-S-H) decalcifies as the pH decreases, and 

decomposes at pH values below 9. Most pronounced 

of all is the decomposition of CH; the chemical 

representation of this reaction under nitric acid 

attack is shown in equation (2).

2HNO3 + Ca(OH)2 → Ca(NO3)2 + 2H2O --- (2)

The decomposition of the primary hydration 

products can lead to increased porosity and 

permeability, with loss of strength and adhesion. 

Acids can also deteriorate limestone aggregates.

In addition, nitrates and nitrites can take part in 

the formation of various salts that can eventually 

cause the cracking and spalling of cementitious 

materials. These ions can possibly combine with 

calcium ions (Ca+) that are readily abundant in 

cement-based materials, forming various 

nitrogenous compounds of calcium (e.g., Ca(NO2)2, 

Ca(NO3)2). These salts are readily soluble in water, 

meaning that they can participate in repeated 

dissolution and recrystallization cycles. Salt 

crystallization damage to porous materials, including 

cement-based materials, has been reported 

numerous times in the literature. Crystallization of 

sodium chloride (NaCl)[12,13,14], sodium carbonate 

(Na2CO3)[13], sodium thiosulfate pentahydrate 

(Na2S2O3-5H2O)[15], and sodium sulfate (Na2SO4)[16,17] 

are known to cause the cracking of porous materials, 

including cement-based materials, due to salt 

crystallization pressure. It is possible that Ca(NO2)2 or 

Ca(NO3)2 salts resulting from photocatalysis take part 

in disruptive salt crystallization damage on cementitious 

materials.

Lastly, cementitious materials undergo carbonation 

when exposed to atmospheric carbon dioxide (CO2) 

and moisture. Upon carbonation, the chemical 

composition of the surface of a material is altered 

which is accompanied by changes in the porosity and 

inner structure of cement-based materials, along 

with changes in photocatalytic efficiency. Lackhoff 

et al. examined the influence of carbonation on the 

degradation rate of atrazine, and found a reduction 

of photocatalytic activity that was possibly due to 

+hv,TiO2
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decreased specific surface area, decreased atrazine 

sorptivity, and calcite overgrowth on the cement 

surface[18]. Chen et al. performed experiments on 

NOx degradation, where they also found reduced 

photocatalytic efficiency after surface carbonation, 

possibly due to CaCO3 deposition in pores, thus 

reducing total porosity[19]. 

The objectives of this study were to examine 

whether the oxidation of NOx during the 

photocatalysis could influence the durability of 

cementitious substrate, and to investigate the 

oxidation efficiency of NOx in the long term. To this 

end, TiO2-containing cement pastes were exposed 

to environmental conditions meant to simulate and 

also accelerate environmental exposures that could 

possibly lead to degradation of this material, through 

acid attack and salt crystallization. Both NO and NO2 

gases were utilized for this study, and samples were 

exposed to cycles of NOx and UV (i.e., surface 

photocatalysis) along with wetting and drying 

conditions. To quantify the influence of these surface 

reactions on the cement substrate, the surface of each 

set of samples was examined by scanning electron 

microscopy (SEM), Vickers microhardness test, and 

X-ray diffraction analysis. In addition, 

photocatalytic efficiency was monitored throughout 

the experiment.

The study was conducted in two parts; the first 

part utilized nitric oxide (NO) gas to examine the 

photocatalytic efficiency and durability of photo-

catalytic cement. The second part utilized nitrogen 

dioxide (NO2) gas with an accelerated testing 

procedure. This paper reports only the first part, in 

which NO was used. 

2. Experiment

The overall experiment followed a process shown 

in Figure 1. Once the samples were prepared, which 

will be explained in more detail in section 2.1, 

surfaces of test samples were examined prior to the 

exposure to NO and UV in order to establish a base 

measure- ment. Then, the samples were subjected 

to multiple cycles of environmental exposures, 

termed as “cycling” in this paper. One cycle starts 

with exposure to NO test gas and UV light for the 

photocatalytic reaction, followed by wetting and 

drying, and then the next cycle starts again by 

exposure to NO and UV. This process of cycling was 

designed to simulate the actual environmental 

situation in which photocatalytic materials go 

through various weathering conditions, such as 

rain/dew and dry weather, which could possibly 

affect the long-term durability of the cementitious 

substrate, as stated in the introduction. During the 

course of these cyclings, sample surfaces were 

examined after the drying step of every 5 cycles 

respectively, in order to capture any gradual changes 

in their physical, mechanical, and chemical 

properties. Specific details on the methodology of the 

cycling and surface examination are discussed in 

sections 2.2 and 2.3, respectively.

Figure 1. Diagram of the experimental process

 

As described in the introduction, nitric oxide (NO) 

was selected as the test gas for the experiment, as 

described in most of the standard testing[20,21]. 

2.1 Materials and Sample Preparation

Cement paste samples containing nano-TiO2 

particles were prepared. The TiO2 powder utilized was 

P25 (Aeroxide TiO2 P25, Evonik Industries). The TiO2 

powder consisted of 80% anatase and 20% rutile, with 

an average crystal size of 21nm. The surface area 
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is 50±15 m2/g, and the sample purity is 99.5%, as 

stated by the manufacturer. The cement used was 

ASTM C 150 Type Ι Portland cement, the Bogue 

potential composition of which was 51.30% C3S, 

19.73% C2S, 8.01 C3A, and 9.41% C4AF. (The cement 

chemistry notations of these oxides are defined as 

C=CaO, S=SiO2, F=Fe2O3, and A=Al2O3.) 

The samples were prepared at w/c of 0.50 at 5% 

TiO2 replacement by mass of cement. When mixing, 

TiO2 particles were pre-mixed with deionized water 

for 1 minute using a hand-held mixer at a low speed. 

Cement was then added to the TiO2 slurry and mixed 

for 1 additional minute at a low speed and another 

1 minute at a medium speed. Samples were cast in 

plastic molds with dimensions of 4.8cm × 4.8cm × 

0.8cm. They were allowed to cure in a 100% relative 

humidity environment at 23±2℃ for the initial 24 

hrs, and continued to be cured in limewater after 

demolding at 23±2℃. The samples were taken out 

of the limewater at 14 days of age, polished to 0.3㎛, 

and dried in the oven at 30℃ for 3 full days. The 

samples were polished to better identify 

microhardness marks. The dried samples were stored 

in air-tight plastic bags until they were tested.

The NO gas was obtained in a cylinder at 100 ppm. 

It was mixed with ultra-pure zero air (~80% nitrogen 

and ~20% oxygen) to a target value of 1200 ppb at 

the output of the UV reactor when the samples are 

installed. Mass flow controller was used constantly 

for both the NO and the zero air to maintain the 

desired concentration.  

2.2 Experimental Procedure

The general procedure for the cycling was already 

introduced in Figure 1. In this section, specific details 

of each of the steps, the NO-UV experiment, 

wetting, and drying, are introduced. 

Each cycle starts with the NO-UV experiment. 

This step uses a UV reactor that was designed to 

largely conform to the ISO and JIS standards[20,21] 

for measurements of removal of nitric oxide during 

photocatalysis. The inner width of the reactor was 

increased from 5cm to 8cm to accommodate larger 

samples. Figure 2 is a schematic of the NO-UV 

experiment, with the UV reactor shown in the center. 

The test set-up was designed to maintain a constant 

concentration of test gas flow into the reactor, which 

then flows over the sample surfaces (which may be 

illuminated with UV light), and exits on the other 

side of the chamber where gas concentration is 

measured with time. Samples were placed in the 

reactor with only one face exposed to the UV light 

and the test gas. Two 40W UV fluorescent lamps with 

peak emission at 368nm were used to produce the 

UV light. The power density of the UV light at the 

sample surface was maintained at 10W/m2 by 

adjusting the distance between the light source and 

the sample plane. 

Figure 2. Schematic of NO-UV

Before and between each cycle, the samples were 

stored in air-tight plastic bags in a dry condition. 

After the installation of the samples in the chamber, 

a constant concentration of NO was injected until 

the gas concentration was stabilized, which required 

at least one hour. Gas flow rate was constant at 1000 

ml/min. During the gas stabilization time, the UV 

light was turned on for 15 minutes with the shutter 

closed to warm it up. Once the gas was stabilized, 

the shutter was opened and the samples were exposed 

to the UV irradiation, leading to the onset of the 

photocatalytic reaction. The NO-UV exposure time 

was 5 hours for all the cycles. After the designated 
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time of UV exposure, the UV light was turned off 

and the gas concentration was kept recorded until 

the concentration is stabilized again, which took 

about one hour. Then, the gas supply was stopped 

and the samples were collected and transported in 

an air-tight container for wetting. The humidity of 

the test gas was maintained at 50% RH. The 

photocatalytic oxidation efficiency was determined 

twice for each run; it was first measured by the drop 

of NOx concentration when the UV light was turned 

on, and was measured the second time based on the 

amount of NOx concentration recovery when the UV 

light was turned off. The results were normalized 

by the number of tiles, where the individual tile 

surface area was kept constant at ~23cm2.

After the NO-UV exposure, samples were 

subjected to a wetting and drying process to simulate 

rain/dew and dry conditions that could contribute to 

the deterioration of these cementitious materials. For 

each sample, 0.75 g of deionized water was uniformly 

spread on the top surface of a sample, which 

corresponds to a water layer of 0.3mm, simulating 

dew or light rain. Only the top surfaces of the 

specimen were wetted where the photocatalytic 

reaction takes place. The samples were then stored 

in a 100% RH container for 4 hours. During this time, 

the water and products of NO oxidation could 

penetrate into cementitious materials, which could 

possibly contribute to deterioration. Following the 

wetting, samples were dried in an oven at 40℃. The 

drying time was 15 hours. After the drying step, 

sample mass was measured and the next cycle was 

performed by exposing samples to the NO-UV. This 

cycling was repeated for 20 cycles. 

2.3 Surface Examinations

Before and between cycling, sample surfaces were 

examined. The surface examination was performed 

once every 5 cycles. Sample surfaces were examined 

through three different techniques: scanning 

electron microscopy, Vickers microhardness test, and 

X-ray diffraction analysis. 

Scanning electron microscopy (SEM) was used to 

visualize and compare the surface morphology before 

and after the NO-wet-dry cycling. This method is 

suitable for microcharacterization of the sample’s 

surface because of its high magnification. For the 

SEM, a sample was carefully broken into small pieces 

and conditioned in an oven at 30℃ for three days 

before the analysis. Samples were neither 

surface-treated nor coated in an effort to preserve 

and capture the surface after possible changes.  

Microhardness of the sample surfaces was 

examined using Vickers indenter as per the ASTM 

C 1327 standard[22] in order to evaluate any changes 

in the mechanical properties of the sample surfaces 

after repeated exposure to the NO-UV and 

wet-drying. This technique is suitable for 

investigating microstructural mechanical properties 

on the surface of a material, and has been used in 

several earlier studies on cement pastes, mortars, 

and concretes[23,24,25,26]. Three samples were 

pre-selected for this purpose throughout the 

experiment, and ten indentations were made per 

sample before and between 5 cycles at locations free 

from any visible surface defects, for consistency. 

Loading cell used was 1000gf. Vickers hardness 

numbers for the 30 indentations were averaged and 

standard deviations were calculated.

X-ray diffraction analysis was performed to 

qualitatively assess any chemical changes that might 

have occurred during the photocatalytic oxidation 

and wet-drying cycling near the surface of samples. 

Surface of a sample was scraped to ~1mm depth with 

a razor blade. The powder was then ground with 

mortar and pestle and analyzed under Cu-K 

radiation for 12.5 hours at 2θ from 5° to 65°. 

Diffraction patterns were normalized by the peak of 

TiO2 at 2θ=25.43 for accurate comparison. 
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3. Results and Discussion

3.1 Photocatalytic Efficiency

Photocatalytic efficiency was determined at each 

NO-UV cycle. In each experiment, a sharp drop in 

the gas concentration was observed when the UV light 

was turned on, and the quick recovery of the gas 

concentration level was observed when the UV light 

was turned off. This is a well-known behavior of 

a photocatalytic reaction, such as on the surface of 

cement. Of the NOx concentration plots from each 

cycle, the plot for the first cycle is presented in 

Figures 3. The number of samples used for the 

experiment was 6, and thus the results presented 

should be normalized by the exposed surface area 

of samples to get the photocatalytic efficiency. Note 

that the concentration of the NO2 is plotted as well, 

so as to show the amount of gas conversion between 

NO and NO2 during the test, if any. 

Figure 3. NOx, NO and NO2 concentration at 1st cycle

Both the initial drop in NOx concentration when 

the UV light is turned on and the final increase in 

NOx concentration when the UV light is turned off 

were measured. The results were divided by the 

number of tiles to facilitate comparison. The 

photocatalytic efficiency per sample was calculated 

for each cycle and the results of which are shown 

in Figure 4. It was observed that the maximum NOx 

binding rate occurred in the 4th – 6th cycles at 

~55ppb, and reduced to ~25ppb at the 20th cycle. 

Throughout the experiment, the amounts of initial 

NOx drop and final NOx increase for each cycle were 

similar, indicating that the NOx binding rate was 

relatively steady throughout each NO-UV exposure. 

The differences between the initial and final NOx 

concentration in each cycle varies up to 10ppb, which 

could be explained as an experimental error, such 

as due to sample storing condition, minor 

temperature changes, and NOx stabilization level. 

Interestingly, it was observed that the NO oxidation 

rate decreased as the number of cycles increased. 

That is, the repeated NO exposure and wet-dry 

cycling had a negative effect on the photocatalytic 

oxidation. Considering that the TiO2 particles are 

responsible for the reaction and they do not change 

during chemical reactions, this suggests that the 

sample surface has been modified due to 

photocatalytic NO oxidation. Possible explanations 

are discussed later in this chapter. 

Figure 4. NOx concentration changes per tile when UV light is

on/off

3.2 Scanning Electron Microscopy

Scanning electron microscopy was used to closely 

examine the surface of a sample exposed to NO-UV 

and wet-dry cycling. Figure 5 presents SEM images 

of samples under NO gas at 0 and 20th cycle. It was 
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observed that pits less than 1㎛ were created on the 

sample surface with exposure to NO-wet-dry 

cycling. This suggests that there has been either 

chemical deterioration by acid attack or leaching, or 

the TiO2 particles could have been lost due to the 

deterioration. TiO2 particles might have popped out 

of the surface due to the loss of bonding or because 

of the oxidation products accumulating on the surface 

of the TiO2 particles, and could possibly have been 

lost. This can be related to the lower photocatalytic 

efficiency with continued cycling, as shown in Figure 

4. It is expected that further cycling will create more 

of these pits and develop current pits deeper and 

wider. Overall, the results suggest that NO-UV 

exposure and wet-dry cycling do affect cementitious 

materials by deteriorating surfaces. Further research 

is needed to examine how the damage may progress 

with a longer duration of exposure. 

(a)

(b)

Figure 5. SEM image of a sample in NO experiment (a) before

exposure, (b) after 20 cycles of exposure

3.3 Microhardness

Surface microhardness was measured using the 

Vickers indentation method on samples periodically 

after every 5 cycles. As shown in Figure 6, at 0 cycles 

when the samples were not exposed to any 

environmental conditions, the microhardness was 

measured as 45. With UV and wet-drying cycling, 

the samples experienced a 40% increase in hardness. 

This could most likely be explained by the continued 

hydration of the cement. The samples were cured for 

just 14 days when the experiment started, and as 

a result, the wetting process could have promoted 

further cement hydration, and thus the hardness 

might have increased. This is shown in greater detail 

in the X-ray diffraction results section, where the 

amounts of C3S and C2S decreased after cycling. 

Another possible explanation is an increased amount 

of calcium carbonate, as evidenced in the X-ray 

diffraction analysis. 

Overall, no clear sign of a decrease in hardness 

was observed. Thus, it is suggested that the effects 

of acid attack and salt crystallization, if any, do not 

have a noticeable effect on the microhardness of 

cementitious materials. 

Figure 6. Vickers hardness of samples

3.4 X-ray Diffraction Analysis

After every 5 cycles of the experiments, ~1mm of 

surface material was obtained from the sample and 

analyzed using X-ray diffraction. Diffraction 

patterns were normalized by maximum peak of the 

anatase, because it is chemically inert and constant 
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among samples of each type. The diffraction patterns 

are shown in Figure 7. 

Interestingly, neither Ca(NO3)2 nor Ca(NO2)2 salts 

of various forms of hydrates were detected using this 

technique. This could be understood by considering 

several circumstances. The amount of salts produced 

might be too little to be detected by this technique, 

or the salts might have transported into deeper pore 

structure during multiple wet-dry cycling. Other 

explanations could be that the nitrates and nitrites 

might have formed other types of salts or chemically 

bound in cement. Recently, Balonis et al. suggested 

that cement has the capability to bind nitrates and 

nitrites by substituting hydroxide, sulfate and 

carbonate from the AFm structures, forming “nitrate 

AFm” and “nitrite AFm”[27]. Chung et al. also noted 

the possibility that nitrate-based AFm could be 

developed depending on the concentration of nitrate 

ions within the pore solution[28]. However, the main 

peaks of nitrate AFm at 2θ=8.41°-10.20° and 

nitrite AFm at 2θ=11.04°-11.23°, as suggested 

by Balonis et al., were not found by this technique. 

It should be noted that the X-ray diffraction analysis 

is not capable of detecting substances that are less 

than 5% of the sample by volume.   

It is observed that peaks of calcium carbonate 

(CaCO3, designated with ★) increased as the number 

of wet-dry cycles increased. This is an indication 

of carbonation, which occurs to cementitious 

materials when exposed to atmospheric carbon 

dioxide (CO2) and moisture, as previously stated in 

the introduction. The carbonation alters the chemical 

composition of the paste, which in turn may affect 

its porosity and microstructure. These changes can 

affect photocatalytic reactivity, since carbonation 

also occurs on surface of a material. It has been 

experimentally determined that cement carbonation 

decreases the rate of photocatalytic oxidation[18,19]. 

Lackhoff et al. examined the influence of carbonation 

on the degradation rate of atrazine, one of the organic 

compounds, and found a reduction of photocatalytic 

activity that was possibly due to decreased specific 

surface area, decreased atrazine sorptivity, and 

calcite overgrowth on the cement surface[18]. Chen 

et al. also found reduced photocatalytic efficiency of 

NOx degradation after surface carbonation, possibly 

due to CaCO3 deposition in pores that caused a 

reduction in total porosity[19]. It may also be the 

case in these experiments that the increased CaCO3 

affected the photocatalytic efficiency. The calcite 

could have filled the pores near the surface, perhaps 

contributing to increased hardness in the 

NO-exposed samples. The calcite growth might have 

covered the TiO2 nanoparticles, hindering the 

photocatalytic oxidation reaction.   

On the other hand, a decreased amount of C3S and 

C2S is observed as more cycling was performed. This 

implies that unhydrated C3S and C2S further hydrated 

during the wet-dry cycling, producing C-S-H. 

Although amorphous C-S-H cannot be detected us-

ing the X-ray diffraction technique, it is the primary 

strength-giving phase, which supports the micro-

hardness data where the sample hardness was in-

creased as more cycling was performed.

Figure 7. X-ray diffraction pattern of samples exposed to NO

wet-dry cycling

(★: calcium carbonate, ⊙: calcium hydroxide, ▲: C2S, △: C3S,

A: anatase )



367  

4. Conclusions

The durability and efficiency of photocatalytic 

cement, which might have gone through acid attack, 

salt crystallization, leaching, and carbonation by 

exposure to cycles of NO-UV and wet-dry 

conditions, was experimentally investigated. Based 

on the results of this study, the following conclusions 

are drawn:

§ Nitric oxide gas was efficiently oxidized by the 

UV irradiation in the early exposure. However, 

with continued exposure to NO-UV and wet-dry 

cycling, the rate of photocatalytic oxidation 

decreased. This is thought to be a result of the 

carbonation and continued hydration of C3S and 

C2S. It is believed that calcium carbonate and 

hydrated cement phases cover the TiO2 particles 

in cement paste samples, thus hindering the 

photocatalytic reactions.

§ The SEM results demonstrate that the sample 

surfaces were chemically deteriorated, as 

evidenced by pits found from the sample surfaces. 

The pits could possibly indicate that there was 

acid attack or leaching during the repeated 

NO-wet-dry cycling. It also suggests that the 

environmental condition used for this study could 

initiate the degradation of cementitious 

materials, and could further affect long-term 

durability.

§ The microhardness values increased with the 

cycling, indicating that the NO-wet-dry cycling 

did not decrease the hardness property of cement 

pastes. Rather, the hardness of the samples 

increased, possibly due to continued hydration of 

cement and carbonation. The possible acid attack, 

as found from the SEM, and the salt 

crystallization, could not be found by this 

technique. 

§ The X-ray diffraction patterns indicate that the 

formation of calcium carbonate was the most 

pronounced. The amount of unhydrated C3S and 

C2S were decreased after cycling, meaning that 

they were hydrated during the cycling. These re-

sults support results from microhardness. Any 

possible nitrate and nitrite salts were not detected 

using XRD, possibly because the amount pro-

duced was very little, or those produced might 

have transported to the inner pore structure.
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