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Summary

Affected by the adhesion of  dust and organic matter in the environment, the concrete build-

ing facade exposed to the service environment for a long time makes it challenging to main-

tain the aesthetic quality requirements of  the building, which will increase many building 

maintenance costs.Cementitious materials containing nano photocatalysts canreduceair 

pollution near buildings and the specks of  dirt on buildings' facades. This thesis first focuses 

on thephotocatalyticproperties of  nano-dispersed TiO2 hydrosols. Secondly, the dispersion 

and photocatalytic activity of  the nano TiO2 particles in cement base materials have been 

investigated. Thirdly, the effects of  the formation and degradation of  cement hydration 

products on nano TiO2 particles' electronic structure have been studied.Fourthly, the pho-

tocatalytic self-cleaning mechanisms of  nano TiO2 hydrosols-modified cementitious materi-

alsand the self-cleaning performance decay in carbonization and pure water wetting and 

drying cycles are investigated.Subsequently, cellulose nanofibrils are used to improve the 

visible-light photocatalytic activity of  nano TiO2 hydrosols. The early age and hardened per-

formances of  visible-light photocatalytic concrete with ultra-low dosages of  CNF-TiO2 hy-

drosolshave been studied. Finally, theCNF-TiO2 hydrosolshave been applied to the photo-

catalytic concrete with designed directional porous channelsto improve the NOx degradation 

rate and the radiative cooling performance.

In Chapter 2, the existence of  electrolytes in an aquatic environment on the photocatalytic 

performance and coagulation of  nano-dispersed TiO2 hydrosolsand the corresponding pho-

tocatalytic alteration areinvestigated by studying cations (Na+, K+, Ca2+, Mg2+, and Al3+). 

The photocatalysis reactions of  nano TiO2 with different dosages of  electrolytes aremeas-

ured by monitoring the degradation of  Rhodamine B (RhB) under ultraviolet A (UV-A) ir-

radiation over time. The results showed that the presence of  Al3+ improved the photocata-

lytic performance of  TiO2, while the other tested cations impaired the performance. The 

negative influences of  divalent ions on the photocatalytic performance of  TiO2 aremore 

significant than monovalent ions. The TiO2 hydrosolsdispersed stably atthe nanoscale at a 

low concentration of  electrolyte (<0.01 mol/L) with a slight change of  pH and coagulated 

into micro sizes at high concentrationsof  electrolytes (>0.1 mol/L) with larger increase or 

decrease of  pH. The positive effects of  Al3+ on the photodegradation rate of  RhB might 

relate to the strong hydrolytic action of  Al3+ in aquatic solutions. The photocatalytic pro-

cesses of  TiO2 in the presence of  all ions followed the Langmuir-Hinshelwood model, and 

the reaction kinetic constant isincreased with the decrease of  pH caused by different cations. 

It suggests a new perspective on the relationship between coagulation and photocatalytic 

performance of  TiO2 hydrosolsin electrolytes with hydrolysable cations, demonstrating that 

TiO2 hydrosolsmay be suitable as photocatalysts in aquatic environments.

In Chapter 3, the self-cleaning performance of  photocatalytic cement paste is related to the 
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dispersion of  nano TiO2 in the hardened matrix. This sectionaims to study the influences 

of  Portland cement hydration on the self-cleaning behavioursof  acidic anatase TiO2 hydro-

sols-modified hardened Portland cement paste (HPCP) and the working mechanisms. The 

presence of  TiO2 hydrosolscausesthe retardation of  hydration at an early age and better 

self-cleaning performance of  HPCP. The additional surface defects of  TiO2 in HPCP are 

the main reason for self-cleaning performance enhancement. The morphology and the pore 

size distribution of  hydration products also contribute to the enhancement of  self-cleaning 

performance by the surface electron capture effect, supported by the analyses of  Confocal 

Raman Microscopy and Scanning Electron Microscope. A new mechanism is suggested to 

explain the role of  photocatalytic property and cement hydration on the enhancement of  

self-cleaning performance of  HPCP with different concentrations of  TiO2 hydrosols.

In Chapter 4, the photocatalytic self-cleaning performance variations of  mortar containing 

different dosages of  nano TiO2 hydrosolsat different carbonization durationsare studied. 

The colourimetric analysis is used to evaluate the self-cleaning performances of  carbonated 

mortar samples. The distribution areas of  anatase TiO2, hydrates, and carbonates in the mor-

tar surface are characterised by the Confocal Raman Microscopy. The data recorded during 

the 28 days of  carbonation show that the self-cleaning performance of  mortar surfaces fea-

tures a recovery phenomenon during carbonation. The correlations between photocatalytic 

self-cleaning performance and the possible parameters are analysed. A predictive model is 

suggested to evaluate the influence of  carbonation degree on the photocatalytic self-cleaning 

ability of  nano TiO2 hydrosols-modified mortar.

In Chapter 5, the evolution of  the photocatalytic self-cleaning performance of  nano TiO2

hydrosols-modified mortar with differentcycles under the action of  wetting and dryingcy-

cles of  pure water hasbeenstudied.The wetting and dryingcyclesof  pure water affectthe 

microstructure of  cement mortar and the distribution of  hydration products, making the 

self-cleaning capacity of  photocatalytic mortar with low nano TiO2 hydrosolscontentsfluc-

tuate regularly with the number ofcycles. However, it does not reduce its self-cleaning ca-

pacity below the expected value. The distribution area of  nano TiO2, cement hydration prod-

ucts, and carbonization products on cement mortar surfaces is correlated with the number 

of  wetting and dryingcycles. The wetting and dryingcyclescause periodic changes in the 

exposed areasand particle surface statesof  nano TiO2 on the mortar samples' surfaces.

In Chapter 6, bio-basednano TiO2 photocatalysts with visible light activity areprepared.

This chapter investigates the negative influences and potential solutions of  pure nano TiO2

hydrosolswith ultra-low dosages to cement paste. Cellulose nanofibrils (CNF) are used to 

modify the TiO2 hydrosolsto preparevisible-light photocatalysts (CNF-TiO2 hydrosols). 

The mass ratios of  CNF influence the rheological parameters of  paste slurries containing 
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CNF-TiO2 hydrosols. Compared with the reduction of  compressiveproperty caused by add-

ing pure nano TiO2 hydrosols, the compressive strength values of  hardened cementpaste 

samples containingCNF-TiO2 hydrosolsincrease apparently when the CNF to TiO2 ratio is 

less than 1.5. The presence of  CNF-TiO2 hydrosolsdoes not affect the phase patterns of  

hardened paste but improvesthe portlandite mass ratios and the porosities of  macro pores. 

In Chapter 7, the influences of  artificial directional microchannels on the compressive 

strength and the functional performances (NOx degradation rate and radiative cooling prop-

erty) of  CNF-TiO2hydrosols-modified cement pasteare investigated. The cost-effectiveness

of  photocatalytic cementitious materials hindered their applications in construction and 

buildings. This chaptertries to propose a possibilityof  improving the functional properties 

of  visible-light photocatalysts modified cement paste by using CNF-TiO2 nano-refrigerants 

and freeze-castingmethods. The results show that0.10 w/w% CNF-TiO2 modified hard-

ened paste prepared via freeze-castingobtains much better compressive properties at both 

early ages and 28-day-age. Due to the pore structure rearrangement effects by freeze-casting

processesoptimised by CNF-TiO2 hydrosols, the photocatalytic NOx degradation rates of  

hardened cement paste improved more than 1000 times than that of  the sample with the 

same nano-refrigerants prepared via regular casting methods. The CNF-TiO2 hydrosols-

modified hardened paste containing directional micro channels with widths of  0.38 to 2.5 

µm obtains much better radiative cooling performance and receives less solar energy.

The last chapter collected all the findingsof  this chapter, and the prospects of  future re-

searchare drawn.
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Chapter 1Introduction

1.1 Backgroundand motivations

Sunlight plays a major role in biological processes and environmental balance. Until the early 

20th century, the production of  energy and materials is obtained directly or indirectly from 

sunlight. Over the past century, however, the growing prosperity of  the population, the con-

tinuous creation of  new materials, and the increasing use of  oil and nuclear energy for energy 

consumption have led to a widening gap between natural and human societies. Solar energy 

is rarely considered in modern architectural engineering structures; instead, a large amount 

of  infrastructure is built to resist the negative effects of  sunlight. The amount of  solar energy 

that reaches the Earth's surface every year is about 5×1024 J, which is 104 times the amount 

of  energy the world consumes each year. In order to make full use of  solar energy, architects 

and designers are reconsidering the use of  sunlight in combination with building materials 

to achieve the purpose of  reducing the energy consumption of  buildings and reducing pol-

lutants in the environment. In modern civil engineering construction, cementitious materials

are still the most widely used and easily available building materials. According to a study of  

the global cement market by Fortune business insights, the global cement market is expected 

to grow to an estimated USD 686.41 billion by 2032. Cementitious materials, which are heav-

ily used in buildings, have a large surface area, providing the possibility for efficient use of  

light energy.

Due to the diversity of  building service environments, cement-based materials, especially 

those exposed to outdoor conditions, are directly and continuously exposed to many atmos-

pheric pollutants. Microorganisms under different weather or climate conditions, such as 

algaeandfungi, will accelerate the deterioration of  cementitious materials. In many cases,

this can lead to significant changes in the properties of  cementitious materials, including a 

decline in the aesthetic properties of  the building, such as a change in the colour of  the 

building facades. The main reason for the change in the surface colourof  cementitiousma-

terials is the decrease in solar reflectivity, which is mainly caused by atmospheric aerosol 

pollutants such as nitrogen oxides, carbon-based materials and volatile organic compounds 

[1,2]. These pollutants are soluble in water (such as rain and water vapour condensation on 

the surface, etc.) and can penetrate the pores of  facade materials such as brick, paint or 

mortar, causing changes in the appearance of  buildings and promoting physical degradation 

of  the outer surface [3ð5]. The mineral composite properties of  the cementitious material 

eventually causesevere colourchanges in buildings and structures. The environment causes 

high porosity and roughness, which causes the deposition of  coloured organic pollutants or 

particulate matter, which will partially promote the growth of  microorganisms and the at-

tachment of  pollutants. To avoid and control the discolouration of  cementing materials,

common practices widely used in buildings or structures include the use of  additives, sealants,
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chemical cleaners,paints, regular cleaning, repair and maintenance. However,due to the com-

plexity and variability of  the natural environment, the multi-component inherent character-

istics of  the cementitiousmaterial, and the influence of  atmospheric pollutants and micro-

organisms on the cementitiousmaterial, these measures cannot completely eliminate the col-

our change of  the cementitious material [6,7]. In addition to the direct costs of  these 

measures, indirect costs related to operational and environmental losses also need to be con-

sidered in maintenance costs. The regular cleaning processesof  building facades also create 

other durability problems for cementitious materials, such as crack propagation and aggres-

sive material migration. Therefore, it is important to develop and apply effective, innovative 

and environmentally friendly gelling materials to solve these problems.

Nano titanium dioxide (TiO2) photocatalysis technology has been proved to be a potential 

technology for the efficient degradation of  a series of  organic and inorganic compounds in 

different application scenarios, such as volatile organic compounds and some inorganic com-

pounds (such as nitrogen oxides and sulfur dioxide) in busy streets and canyons, highway 

tunnels and urban environments [8]. In addition, TiO2 and cementitious materialshave some 

synergistic advantages because the products of  photocatalytic reactions attached to building 

surfaces can be washed away by rain [9]. Therefore, nano TiO2 can be used to increase the 

service cycle of  cementitious materials, and it can also greatly reduce the concentration of  

some air pollutants in urban air, especially in closed spaces such as canyons, streets, tunnels,

parking lots, heavily polluted open spaces, such as gas stations or refineries. Since the late 

1990s, nano TiO2-based photocatalytic building materials such as tiles, sheets, plastic films,

tents and cement have been marketed, especially in Japan, Italy and other countries [10,11].

The photocatalytic oxidation reaction of  nano TiO2 mainly occurs in the areaswhere parti-

cles are in contact with surfacepollutants. Therefore, the higher the dispersion and the larger 

the specific surface area of  nanoparticles, the more reactive sites they can provide. That is,

the higher the photocatalytic reaction activity, the better the degradation effect of  pollutants 

[12ð15]. In the preparation of  commonly used powdered nano TiO2 particles, an important 

process is to promote the crystallization of  TiO2 through high-temperature calcination,

which also brings inherent defects, namely the phenomenon of  hard agglomeration between 

grains [16,17]. As a result, the crystal size of  powdered nano-sized TiO2 particles is nanome-

ter, but the hydration diameter of  the aggregate measured in the dispersion medium can 

generally reach several hundred microns. Due to the agglomeration of  nano TiO2 particles,

the specific surface area of  the aggregate decreases significantly compared with the initial 

grain. In addition, the surface charge type and dispersion stability of  nano TiO2 aggregates 

in aqueous dispersions are greatly affected by the pH of  the medium, typesand concentra-

tionsof  ions.

In the highly alkaline environment of  the porous solution of  cementitious materials, there 

are rich cations, such as sodium, potassium,calcium,magnesium,aluminium,and rich anions,

such as hydroxide and silicate. [18,19]. The ionic environment in the pore solution is usually 
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not conducive to the dispersion of  nano TiO2 particles, which will cause a serious agglom-

eration phenomenon. This greatly affects its photocatalytic activity and weakens its self-

cleaning effect on cementitious materials. Therefore, in the existing studies, the recom-

mended dosage of  powdered nano TiO2 particles in cementitious materialsis about 3- 5

w/w % of  cement mass[20ð22]. At such a high dosage, cementitious materialscan show an 

ideal effect of  photocatalytic degradation of  NOx and other pollutants in the air. Therefore,

improvingthe dispersion stability of  nano TiO2 particles in cementitious materialsand re-

ducing the agglomeration in the processesof  preparation and redispersion areone of  the 

urgent problems to improve the photocatalytic degradation performancesof  photocatalytic 

cementitious materialsand promote the production and application of  photocatalytic ce-

mentitious materials.

In addition, during the entire service process, under the coupling effect of  service time, CO2

and rain wetting and dryingcycles, the main components of  cementitious materials, such as 

cement hydration products, will inevitably carbonize and durability declination. The main 

effect of  photocatalytic oxidation of  cementitious materialsmodified by nano TiO2 on pol-

lutant degradation is produced by the doped nano TiO2 particles. Changes in the composi-

tion of  cementitious materialswill inevitably lead to changes in the molar volume of  hydra-

tion products, which is likely to affect the interface between hydration products and nano 

TiO2 particles, affect the effective reaction area between nano TiO2 particles and pollutants 

and further affect the photocatalytic degradation of  pollutants in cementitious materials. Ex-

ploring the relationship and influence between the phase change of  cementitious materials

and theirphotocatalytic self-cleaning performance and studying the long-term stability and 

decay rulesof  the photocatalytic self-cleaning performance of  nano TiO2 modified cementi-

tious materialscan lay a theoretical foundation for the promotion and application of  nano 

TiO2 modified cementitious materials.

In addition, the self-cleaning mechanism of  photocatalytic cementitious materialsmodified 

by nano TiO2 in the existing literature has not been uniformly explained. Due to the different 

forms of  pollutants, the reaction between pollutants and photocatalytic cementitious mate-

rialsis classified as heterogeneous catalysts, such as liquid pollutants and cementitious mate-

rialssolid-liquid surface contact, gaseous pollutants, solid pollutants and cementitious mate-

rialsgas-solid surface contact. Cementitious materialsare mostly porous materials with rough 

surfaces, and solid pollutants in the service environment are easy to adhere to the surface of  

the substrate. Therefore, an in-depth study of  the self-cleaning mechanisms of  photocata-

lytic cementitious materialsmodified by nano TiO2, especially the photodegradation mech-

anism of  solid pollutants attached to the surface of  cementitious materials, can help us fur-

ther understand what roles cementitious materialsplay in the processesof  photocatalytic 

degradation of  pollutants.
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1.2 Scopeand objective

This thesisaims to study the photocatalytic self-cleaning effects of  nano-dispersed TiO2

hydrosolsin cementitious materials, study the self-cleaning effectsof  cementitious materials

modified by TiO2 hydrosolsin the simulated actual service environment such as carboniza-

tion, wetting and dryingcycles, and deeply explore the self-cleaning mechanismsof  cementi-

tious materials. The influencesand functionsof  cement hydration products and their evolu-

tion products in the photocatalytic reaction processesareclarified. The key problems to be 

solved in this thesisare as follows: 

1. How to further realize the uniform dispersion and high photocatalytic activity of  nano 

TiO2 in cementitious materialsby improving the water dispersion stability of  nano TiO2 and 

reducing the aggregation of  primary nanoparticles? 

2. What are the effects of  the generation and degradation of  cement hydration products on 

the photocatalytic degradation of  solid pollutants of  cementitious materialsmodified by 

nano TiO2 hydrosols? 

3. What is the formation mechanism of  the photocatalytic self-cleaning effectsof  cementi-

tious materialsmodified by nano TiO2, and what arethe rolesof  hydration products in the 

photochemical reaction processes?

4. Arethere any cost-effective ways for cementitiousmaterials to obtainbetter photocatalytic 

degradation of  air pollution by using very low dosages of  nano TiO2-based hydrosols?

1.3 Outline of  the thesis

According to the above main research contents, the following paragraphs briefly introduce 

the thesis chapters:

In Chapter1, the motivation and background, as well as the scope and objective of  the 

research topic in this thesis, arediscussed.

In Chapter 2, the photocatalytic performancesand dispersion stability of  commercial nano 

TiO2 hydrosolsin different cationic electrolyte solutions areintroduced. The correlations

between photocatalytic performance and stability of  TiO2 hydrosolsin five different cationic 

solutions arestudied.

In Chapter 3, the effects of  Portlandcement hydration on the self-cleaning performances

of  acidic anatase TiO2 hydrosols-modified hardened cement pastearestudied. 
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In Chapter 4, the effects of  crystal phase changes of  cement hydration products with differ-

ent carbonization degrees on photoactivity and self-cleaning properties of  Portland cement 

mortar modified by nano TiO2 hydrosolsarestudied. 

In Chapter 5, the evolution processesof  photoactivity and self-cleaning effect of  Portland 

cement mortar modified by nano TiO2 hydrosolsunder the action of  wetting and drying

cycles of  pure water arestudied. 

In Chapter 6, bio-based modified nano TiO2 photocatalysts with visible light activity are

prepared.This chapter investigates the negative influences and potential solutions of  pure 

nano-dispersed TiO2 hydrosolswith ultra-low dosages to cement paste. 

In Chapter 7, the influences of  artificial directional microchannels on the compressive 

strength and the functional performances (NOx degradation rate and radiative cooling prop-

erty) of  CNF-TiO2 modified cement paste areinvestigated. Thepossibilityof  a strategy for

improving the functional properties of  modified visible-light photocatalystsissuggested. 

In Chapter 8, the mainconclusions, innovationsof  this chapterand recommendationsfor 

future researchare drawn.



22



23

Chapter 2 Photocatalytic properties of  nano TiO 2 parti-

cles with different surface conditions

The existence of  electrolytes in aquatic environment on the photocatalytic performance and 

coagulation of  nano-dispersedTiO2 hydrosolsand the corresponding photocatalytic altera-

tion areinvestigated by studying cations (Na+, K+, Ca 2+, Mg2+, and Al3+). The photocatalysis 

reactions of  nano TiO2 with different dosages of  electrolytes aremeasured by monitoring 

the degradation of  Rhodamine B (RhB) under ultraviolet A (UV-A) irradiation over time. 

The results showed that the presence of  Al3+ improved the photocatalytic performance of  

TiO2, while the performance is impaired by the other tested cations. The negative influences 

of  divalent ionson the photocatalytic performance of  TiO2 aremore significant than mon-

ovalent ions. The TiO2 sol dispersed stable at nano scale at low concentration of  electrolyte 

(<0.01 mol/L) with slight change of  pH, and coagulated into micro sizes at high concentra-

tion of  electrolytes (>0.1 mol/L) with larger increase or decrease of  pH. The positive effects 

of  Al3+ on the photodegradation rate of  RhB might relate to the strong hydrolytic action of  

Al3+ in aquatic solutions. The photocatalytic processes of  TiO2 in the presence of  all ions 

followed the Langmuir-Hinshelwood model, and the reaction kinetic constant is increased 

with the decrease of  pH caused by different cations. These resultssuggested a new perspec-

tive on the relationship between coagulation and photocatalytic performance of  TiO2 hy-

drosolsin electrolytes with hydrolysable cations, which demonstrated that TiO2 hydrosols

may be suitable as photocatalysts in aquatic environments.

This chapter has been published as:

Z. Wang, P. Feng, H. Chen, Q. Yu, Photocatalytic performance and dispersion stability of  

nano-dispersedTiO2 hydrosolsin electrolyte solutions with different cations, J. Environ. Sci. 

88 (2020) 59ð71. 
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2.1 Introduction

The photocatalytic reaction is one of  the most widely studied topics in the fine chemical 

industry, building materials, water and air treatment, sanitation, environmental protection,

automobile industry,etc[23ð30]. Among the photocatalysts, titanium dioxide (TiO2) particles 

have received the greatest attention. The multi-faceted functional properties of  TiO2, such 

as itschemical and thermal stability and strong mechanical properties have promoted its wide 

application in various fields like water treatment, air purification, etc. [31]. Nano-dispersed

TiO2 hydrosolsareknown to contain mainly anatase nanoparticlesand are aggregation-stable 

even at high concentrations of  dispersed phase and electrolytes mainly refer to strong acid 

solutions, which means the surface charge of  nano-dispersedTiO2 hydrosolsparticles is 

normally positive [32ð37]. In the field of  photocatalytic degradation of  organic pollutants,

hydrosolscatalysts can be easily separated, collected and re-dispersed for continuous reuse 

because of  its sensitivity to pH value and electrolyte strength of  medium [32ð35,38,39]. 

Moreover, some research results show nano-dispersedTiO2 hydrosolsexhibit high photo-

chemical reactivity even superior to nano TiO2 powders [40,41].

However, agglomeration and coagulation are the main physicochemical processes affecting 

the photocatalytic performance of  nano-dispersedTiO2 hydrosolsor nanopowders[42]. The 

cations like Fe3+ [43]would improve the efficiency of  photocatalytic oxidation of  TiO2 hy-

drosolsin solutions by influencing the complex hydroxyl groups bond between TiO2 surface 

and Fe3+. Volkova et al. [44,45]had studied the coagulation properties and fractionation of  

TiO2 hydrosolsin haloid salts solutions, and the results supported that the sol stability is

strongly affected by the coion (refers to cation) nature and valence. 

Compared with nano-dispersedTiO2 hydrosols, the stability of  nano TiO2 powders influ-

enced by inorganic cations in aquatic environments [46ð51]has been studied relatively com-

prehensive. Common cations such as Na+ [52], Ca2+ [52,53]and Mg2+ [54]arefound to en-

hance agglomeration and sedimentation of  nano TiO2 particles by absorbing on the surface 

of  particles surfaces, and the enhancement of  divalent cations aregreater because of  the 

higher negative charge. For nano TiO2 powders, aluminiumsalts, like Al2(SO4)3, Al2O3, are

usually used as the coagulants to remove the particles during the primary water treatment 

[55,56]. Some heavy cations, like Cu2+ [57,58], Pb2+ [57ð59], Fe3+ [58], Mn2+ [57,58]and Zn2+ 

[57,58], can absorb on the surface of  nano TiO2 powders in aquatic solutions, because of  

the deprotonated surface hydroxyls yield negatively-charged surface of  nano TiO2 powders. 

Due to the increasing application of  TiO2 catalyst for obtaining functional cementitious ma-

terials, the influences of  Portland cement-like ionic environment on the surface chemical of  

nano TiO2 powders had been studied in some researches [18,19].

Since the synthesis processes of  nano-dispersedTiO2 hydrosolsand nano TiO2 powders are 
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different, their phase, disperse composition and condition are totally different [33]. For ex-

ample, heat treatment is a requirement for synthesizing crystallized nano TiO2 powders by 

sol-gel method, which causes the irreversible aggregation of  particles. Namely, it is difficult 

to obtain nano-dispersedsystems by re-dispersing nano TiO2 powders because of  the initial 

aggregation of  particles. Moreover, the particles surfaces in nano-dispersedTiO2 hydrosols

are normally positive, while the particle surfaces in nano TiO2 powders aqueous suspensions 

are normally negative. Thus, the interaction mechanism between the cations and TiO2 parti-

cles studied in literaturevia nano TiO2 powders can hardly explain the influence of  cations 

to TiO2 particles in nano-dispersedhydrosolssystems. In addition, few studies focus on the 

photochemical reactivity of  nano-dispersedTiO2 hydrosolsin aqueous solutions contami-

nated by cations with different valence. According to literature [44,45,60], the effect of  cer-

tain cations on the coagulation of  TiO2 hydrosolsparticles is very pronounced,and the effect

is closely related to the valance of  cations and the pH of  the aquatic systems.

The goal of  this chapteris to investigate the probable relationship between photocatalytic 

propertiesand stability of  TiO2 hydrosolswith different kinds of  inorganic cations. Ghenne

et al. [32] reported that in acidic media, the critical coagulation concentration of  anions of  

NO3
- and Cl- is nearly 0.5 mol/L at pH= 2, and the critical coagulation concentration of  

anions decreased with the increase of  pH values. Budarz et al. [61]showed that the adverse 

impacts of  NO3
- on the photocatalytic property of  nano TiO2 are less than that of  Cl- in 

aqueous solutions. Therefore, in this chapter, the aqueous solutions of  Na+, K+, Ca2+, Mg2+ 

and Al3+ with a concentration of  0.005to 0.5mol/L arechosen as the tested cations, and 

NO3
- is selected as the anion in this chapter. The photocatalytic activity of  nano-dispersed

TiO2 hydrosolsis assessed by the photodegradation performance on Rhodamine B (RhB). 

The stability of  particles in hydrosolsover time is evaluated by the particle size and zeta 

potential values.

2.2 Materials and methods

2.2.1 Reagents and solutions

NaNO3, KNO 3,Ca(NO3)2, Mg(NO3)2 and Al(NO3)3 and RhB areanalytical pure commercial 

regents and applied without further purification. Solutions of  salts (0.005, 0.1, and 0.5mol/L )

areprepared with deionized (DI ) water. A 30 mg/L RhB solution is prepared as the target 

pollutant in the test. The solid content of  the commercial nano anatase TiO2 is10% in the

hydrosols, the pH is 1.17 at 20 and the mean particle size is 30.3 nm. In order to purify 

the TiO2 hydrosols, the commercial TiO2 hydrosolsarefiltrated by an ultrafiltration system 

for ten cycles, and the 80 mm 100 kDa ultrafiltration membranes areused to remove the 

impurities. After purification, the pH of  hydrosolsis2.32 at 20 and the mean particle size 

is37 nm. The detailedmethod of  TiO2 purification can be foundin supporting information.
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2.2.2 Degradation experiments

The photocatalytic performance of  TiO2 is evaluated by examining the degradation of  50 

mL solution with the initial RhB concentration of  30 mg/L under ultraviolet (UV) illumina-

tion. A 400 W ultraviolet metal halogen lamp (UV-400, Shanghai Libi Company of  Vacuum 

Technique, China) isused as the source of  the UV irradiation light. The UV lamp isplaced 

outside the reactor and the distance between the lamp and the reactor is 10 cm, the wave-

length (ǩ) of  the ultraviolet lamp ranges from 253.7 to 600 nm (centered at ǩ= 365 nm). 

The intensity of  the UVlight is34.9 mW/cm2. The 2 g/L TiO2 and 30 mg/L RhB solution 

areput into the reactor and mixed with a magnetic stirrer at 400 r/min during the test. The 

UV lamp is turned on after the 30min adsorption-desorption equilibrium at dark. The UV 

light and the reactor areboth inside the intelligent artificial climate box (PRX-350C, Saifu 

Experimental Apparatus Technology Company, China), by which the test temperature is

controlled at 25± 2 . A 4.5 mL aliquot is sampled everyfive mins. The liquid sample is

centrifuged for 5 min at 10,000 r/min and then filtered through a nylon syringe membrane 

filter with pore size of  0.45 Ǫm (BS-QT-014, Biosharp, Japan) prior to analysis. Variations in 

the concentration of  RhB in each degraded solution aremonitored by UV-visible spectros-

copy (UV-Vis) (UV-2600 spectrophotometer, Shimadzu,Japan). There are two different pho-

todegradation processes of  RhB, photobleaching and N-deethylation. With the increased 

radiation time, the N-deethylation of  RhB causes the blue shift in the maximum absorption 

of  the dye solution, and then absorption peak disappears rapidly after the N-deethylation[62]. 

The photocatalytic oxidation rate of  TiO2 can be represented by the absorption of  RhB at 

554 nm, and can be calculated by the following formula [63]:

R = 
C0-Ct

C0
 ĭ 100%                             (2.1)

where, R is the photo-degradation rate of  RhB, C0 (g/L ) is the initial absorption of  RhB at 

554 nm before the illumination, and Ct (g/L ) is the absorption of  RhB at 554 nm at different 

illumination time.

2.3 Dispersion stability 

Laser particle sizer (Microtrac S3500, Microtrac Inc., USA) is used to measure nano TiO2

aggregate size. Time-resolved size measurements, reported in terms of  median diameter 

(D50), aretaken every 2 min for 30 min. To characterize the dispersion stability of  nano 

TiO2, zeta potential of  the Nanoparticles ismeasured by electroacoustic zeta potentiometer 

at each test time point (DT-310, Dispersion Technology Instrument, USA). 
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2.4 Results and discussions

2.4.1 Effect of  cations on the photocatalytic degradation

Fig. 2.1 shows the photo-degradation rate of  RhB in all the solutions over time. It canbe 

seen that the degradation rate of  pure TiO2 hydrosolsis 86.06% during the first 15 min,

which is higher than that of  TiO2 in monovalent and bivalent cationic solutions. After 20 

min illuminating, the photo-degradation rates of  RhB in all electrolyte solutions arevery 

close and the rate values arehigher than 95%. The photo-degradation rate of  RhB decreased 

with the increase of  monovalent and bivalent cation contents. But in the Al(NO3)3 solutions,

the photo-degradation rate showed different results. The photo-degradation rate of  RhB 

increased with the increase of  Al(NO3)3 contents, and the rate values arehigher than that in 

pure TiO2 hydrosolsafter 10 min illumination. 
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Fig. 2.1 Photodegradation rate of Rhodamine B (RhB) in solution within 30min at (a) 0.005mol/L , (b)0.1 mol/L

and (c) 0.5 mol/L cations.
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2.4.2 Coagulation of  TiO 2 particles
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Fig. 2.2 Median diameter (D50) of TiO2 particles in electrolytes over 30 minin the presence ofNaNO3, KNO 3,

Ca(NO3)2, Mg(NO3)2, and Al(NO3)3.

Due to TiO2 hydrosols consisting of  anatase nanoparticles are stable to disperse at high 

concentration and certain electrolytes and certain pH range, the stability of  TiO2 hydrosols 

caused by electrolytes has been studied both experimentally and theoretically [33,38,44,45]. 
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In moststudies, the optical density increment is chosen as the evaluation index for the sta-

bility of  TiO2. Moreover, the photocatalytic oxidation process is related to the production 

and annihilation of  electrons and holes, which are influenced by the particle size of  TiO2 in 

electrolyte solutions. To represent the stability of  TiO2 hydrosols in electrolytes intuitively, 

the particle sizes during coagulation process are measured in this chapter.

Significantly, the aggregate sizes of sols in Al(NO3)3 solution areobviously smaller than that 

in Ca(NO3)2 and Mg(NO3)2 solutions at 0.1and 0.5mol/L. In addition, the aggregate sizes 

in 0.5mol/L Al (NO3)3 solution aresmaller than 4.0 Ǫm, while the sizes in Ca(NO3)2 solution 

arebetween 4.0 and11.0 Ǫm and in Mg(NO3)2 solution arebetween 12.0 and18.0 Ǫm. 

2.4.3 Zetapotential of  TiO 2 and pH in solutions

Zeta potential is a physicochemical parameter of  particular importance in describing the ion 

adsorption and electrostatic interactions between charged particles [39], which reflect the 

dispersion-agglomeration properties of  nanoparticles in aqueous media. Since the pH of  

solutions significantly affects the stability of  TiO2 hydrosols, monitoring the pH changing 

of  solutions over time is helpful for evaluating the stability of  sols. 

The zeta potential of  nano TiO2 and the pH changes of  electrolytes areshown in Fig. 2.3. 

It can be seen that the zeta potential of  nano TiO2 in the control group isabout 60 mV, and 

the pH value is about 3.0. When the electrolytes content is 0.005mol/L , the zeta potential 

of  TiO2 in NaNO3, KNO 3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 solutions decreased to 

around 30, 41, 27, 37 and 43mV, respectively. When the salt content is 0.1mol/L , the zeta 

potential of  TiO2 in NaNO3, KNO 3,Mg(NO3)2,Ca(NO3)2 and Al(NO3)3 solutions increased 

by 85.94%, 35.15%, 60.17%, 89.85% and 0.91% of  the initial value, respectively. When 

the salt content is 0.5mol/L , the zeta potentials of  that aregrown by 180.56%, 55.63%,

133.68%, 38.91%, and 4.91% of  the initial value, respectively. These results revealed that 

in the presence of  Al3+, the zeta potential of  TiO2 did not change significantly over time,

which meant that the interaction between nanoparticles wasrelatively limited. 

It is clear that thepH values of  solutions during the 30 min test are stable in each cations

contents. As to Al(NO3)3 solutions, the pH of  the solutions decreased with the contents of  

aluminium ion and the zeta potential of  TiO2 is relatively stable. In the presence of  Na+ and 

K+, when the electrolyte contents increased from 0 to 0.5mol/L. Fig. 2.3a and b showsthat 

the pH values of  solutions increased from 3.0 to about 3.6. Fig. 2.3c and d showsthat in the 

presence of  Ca2+ and Mg2+, the pH values increased from 3.0 to about 3.6 when the metal 

ion contents increased from 0 to 0.1mol/L, then the pH values decreased slightly when the 

metal ions content increased to 0.5mol/L. As to Al3+, Fig. 2.3eshowsthat the pH of  solu-

tions decreased obviously from about 3.0 to about 2.0, when the electrolyte contents in-

creased from 0 to 0.5mol/L. 
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Fig. 2.3 Zeta potential of TiO2 and the pH of solution over 30 minin the presence of(a) NaNO3, (b) KNO3, (c)

Ca(NO3)2, (d) Mg(NO3)2, (e) Al(NO3)3.

It is worth mentioning that in the pH range of  2.0 to 4.0, according to the study of  Ghenne 

et al. [32], the critical coagulation concentration of  NO3
- affecting TiO2 hydrosols are less 

than 0.5mol/L. However, in the presence of  0.5mol/L Al(NO 3)3, the D50 of  TiO2 particles 

are not larger than those in other electrolyte solutions, and the photo-degradation of  RhB is 
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the highest. As a result, the influence of  Al3+ on photocatalytic performance and stability in 

aquatic systems needs further discussion. 

2.4.4 Relationship between photocatalysis, coagulation of  TiO 2 hydrosolsand 

cations

(1) Explanations in terms of  photocatalytic kinetics

According to previous research [64ð68], the influence of  the initial concentration of  the 

solute on the photocatalytic degradation rate of  most organic compounds is described by 

pseudo-first-order kinetics, which is rationalized in terms of  the LangmuirðHinshelwood 

model (LH model), modified to accommodate reactions occurring at a solid-liquid interface

[69]. 

Table 2.1Apparent-first-order reaction rate constants (kapp (min-1)) of different cations.

Content (mol/L) NaNO3 KNO 3 Ca(NO3)2 Mg(NO3)2 Al(NO3)3

0 0.158 0.158 0.158 0.158 0.158

0.005 0.142 0.119 0.150 0.150 0.178

0.1 0.116 0.109 0.118 0.133 0.194

0.5 0.107 0.101 0.102 0.125 0.215

Fig. 2.4 showsthe reaction rate kinetics in different cationic nitrate solutions. The slope val-

ues of  the fitting equations arethe kapp (the apparent first-order rate constant), asshown in 

Table 2.1. From Fig. 2.4, the LH model fits the experimental data very well (R2 > 0.950). The 

high R2 values indicate that the LH model is appropriate for describing the RhB oxidation in 

cationic nitrate solutions, which means the reaction rate ismainly controlled by the concen-

tration of  the reactants rather than the irradiation intensity or time. From Table 2.1, it can 

be seen that the kapp of  the control group is0.158 min-1, and the kappvalues decreased with 

the contents of  cations except for the aluminiumion. The kappvaluesfor sodium and potas-

sium aresimilar, and the kappvalues for magnesium at high contents (0.1and0.5mol/L ) are

higher than that for calcium. Fig. 4.4eshowsthat thekappvalues at 0.005, 0.1and 0.5mol/L 

are0.178, 0.194 and 0.215 min-1, respectively, and indicated a greater reaction rate of  the 

photo-degradation process. 

As seen from Table 2.2, the kappreported in the literature showed that the kappfor nano TiO2

powders degradation of  RhB is lower than 0.1min-1, even for some surface-modified nano 

TiO2 powders. In this chapter, the kapp of  TiO2 hydrosols (10w/w %) without cations is 

0.158 min-1, which is more than ten times higher than the results in the literature mentioned 

in Table 2.2. The re-dispersion of  nano TiO2 powders in aqueous solution is still a thorny 

problem. There is no doubt that the nano TiO2 particles are agglomerated irreversibly during 

the drying process of  producing nano TiO2 powders. This instinctive agglomeration is one 

of  the main reasonsfor the low photocatalytic performance of  nano TiO2 powders in 



32

aquatic environments. According to Fig. 2.2, the D50 of  TiO2 in the control group is nearly 

35 nm during the irradiation in 30 min, the better dispersity in the aqueous solution of  TiO2

hydrosols tested in this chapter could explain the higher kappand shorter half  period of  RhB 

degradation.

Table 2.2 kapp for nano TiO2 powders degradation of RhB in literature.

Catalyst
Solid con-
tent (g/L)

Light intensity
(W/m2)

kapp

(min-1)
Half period of RhB 
degradation (min)

Reference

Nano TiO2 powder 
suspension

10 450 0.0658 10.53
Asilturk et al., 

2006

Nano TiO2 powder 2
Not men-

tioned
0.00793 87.41

Pang and 
Abdullah, 2012

TiO2 nanotubes 2
Not men-

tioned
0.03271 21.19

Pang and 
Abdullah, 2012

TiO2 nanotubes+ 
ultrasonic

2
Not men-

tioned
0.005 138.63

Pang et al., 
2011

Nano TiO2 powder 2
Not men-

tioned
0.005 138.63

Song et al., 
2012

Nano TiO2 powder 1 3.6× 105 0.0165 42.01
Priya and 

Madras, 2006

P25 1 3.6× 105 0.0114 60.80
Priya and 

Madras, 2006
Nano TiO2coated 
activated carbon

2.5 1.8× 104 0.0207 33.49
Zhang et al., 

2011
TiO2 nano-dis-

persed hydrosols
0.02 349 0.158 4.39 This chapter

TiO2 nano-dis-
persed hydrosols + 

0.5mol/L Al 3+

0.02 349 0.215 3.22 This chapter

P25: A commercial nano TiO2 powder, produced by Degussa (Evonik) Company.

According to the test results about D50 of  TiO2 particles and degradation of  RhB in this 

chapter, these explanations can partly interpret the inhibition of  Na+, K+, Ca2+ and Mg2+. 

Due to the aggregation of  TiO2 particles in the presence of  these cations, the photocata-

lytic activity of  TiO2 is hindered and the degradation of  RhB is decreased. However, these 

explanations cannot explain the acceleration effect of  Al3+ on the degradation of  RhB, be-

cause the agglomeration is also measured when the content of  Al3+ is higher than 0.1 

mol/L . 
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Fig. 2.4 Reaction rate kinetics at different contentsin the presence of (a) NaNO3, (b) KNO 3, (c) Ca(NO3)2, (d)

Mg(NO3)2, and (e) Al(NO3)3. R2: the coefficients of determination; C0 (g/L ) is the initial absorption of RhB at 554 

nm before the illumination, and Ct (g/L ) is the absorption of RhB at 554 nm at different illumination time.

(2) Explanations in terms of  spectroscopy

As reported in the literature [76], the degradation mechanism of  RhB caused by nano TiO2

is proposed as two ways, one way is de-ethylation process that has been reported in other 

studies[62,77], another way is the degradation process of  the chromophore structure. The 

changing trend of  UV-Vis spectra of  RhB in five kinds of  electrolyte issimilar in the test, to 
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reduce the space, the groups in Al(NO3)3 solutions aretaken as the analysis example. Other 

spectra images can be found inAppendix I. 
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Fig. 2.5 Absorption spectra of RhB with TiO2 hydrosols in Al(NO3)3 solutions in the photocatelytic degradation 

under ultreviolet (UV) light irradiation (a) without cations (Control groups), in the presence of (b) 0.005mol/L, 

(c) 0.1mol/L, and (d) 0.5mol/L Al 3+.

The UV-Vis absorption spectra of  nano TiO2 powder degrading RhB havebeen studied in 

several reports (Lei et al., 2012; Wahyuningsih et al., 2014; Wang and Zhang, 2011; Wang et 

al., 2009; Zhao et al., 1998; Zhu et al., 2014). In these literature, the absorbing peak values at 

the range of  230-270 nm in the spectra of  nano TiO2 powder degrading RhB aresmaller 

than the peak values at 554 nm, and there is only one peak at the range of  200-350 nm. 

While, in this chapter, Fig. 2.5 showsthe UV-Vis spectra of  RhB collected during 30 min of  

irradiation at Al(NO3)3 solutions. De-ethylation of  RhB causes a blue shift of  the main ab-

sorption band at visible light range, as can be seen in Fig. 2.5, the main absorption spectra 

of  RhB decreased rapidly with the blue shift over irradiation time. The main absorption band 

at 554nm is due to the chromophore structure, like C= N and C= O, of  RhB, and the wide 

and strong absorption band in 230-270 nm is due to the benzene rings of  RhB. The results 

showed that in the relatively low concentration (Ò0.01mol/L ) of  electrolyte, the absorption 

peak of  RhB iswide in ultraviolet range indicating the typical benzene rings absorption peak 
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in polar solvent for example water. When the concentration of  electrolyte is high (Ó0.01

mol/L ), beside the sharply decrease of  absorption at 554nm and the blue shift, the absorp-

tion peak of  RhB in ultraviolet range isdivided into two peaks near 230 and 290 nm that are

the typical absorption peaks of  pyrocatechol salts [84]. These phenomenon means the chro-

mophore structure in RhB had been destroyed in electrolyte with high concentration. 

The presence of  cations and the positive surface of  TiO2 particles might lead to the obvious 

different results between this chapterand literaturementioned before. As shown in Fig. 2.5,

there arestill absorbing peaks near 290 nm when the UV light isturned off  with high content 

(> 0.01mol/L ) of  the Al3+. RhB is a typical ionic dye [85], in aqueous solution,RhB molecule 

has both anionic group COO-, cationic N(C2H5)2+, and Cl- (one RhB molecule contains one 

Cl-). Without the disturbance of  impurity cations, RhB molecule may absorb on the surface 

of  TiO2 particles in hydrosolsby COO- and Cl- via Coulomb force. However, in the presence 

of  electrolytes with high content (> 0.01mol/L ), the cations may partly break the structure 

of  RhB molecule by combining with COO- , which lead to the increase of  the absorption 

peak of  benzene rings. In the presence of  Al3+, the absorption peak of  benzene rings is 

higher than that of  other cations because of  the greater Coulomb force between Al3+ and 

COO-. Besides, it is easily understood that there may be competitive absorption between 

RhB molecules and anion (NO3
-) on the positive surface of  TiO2 particles of  hydrosols,

which may inhibit the degradation rate of  RhB. Unfortunately, these explanations seem not 

to be able to explain the enhance effect of  Al3+ on the process of  TiO2 hydrosolsdegrading 

RhB. Therefore, the role of  Al3+ on the photocatalytic activity of  TiO2 hydrosolsneeds fur-

ther discussion, which is presented in Section 2.4.4(4).

(3) Explanations in terms of  pH and the dispersion stability ofTiO2

The pH and dissolved ionic solutes play crucial roles in dispersion stability of  nano TiO2 in 

engineered and natural systems. These parameters can be controlled in laboratory settings,

but they may vary spatially and temporally in practice. Spatial heterogeneity of  minerals in 

the subsurface alters the concentration of  ionic species present in different systems (e.g.,

groundwater versus surface water). Variation in aquatic environment pH stems from the 

same phenomenon [86]. In some specific environment, like concrete pore solution, the high 

contents of  some inorganic ions and high pH may affect the dispersion stability of  TiO2 if  

adding the nano TiO2 in the concrete by mixing water. Thus, a better understanding of  how 

pH and dissolved ionic solutes affect the photocatalytic behavior of  TiO2 in the aqueous 

environment is needed. 

In moststudies on the dispersion stability of  nano TiO2 powders in aqueous system, due to 

the pH of  tested solutions is controlled by added extra acid and alkaline solution, the influ-

ence of  inorganic cations on the change of  pH is ignored. In this chapter, the change of  pH 

in the tested solutions is mainly caused by adding different amountsof  the studied cations. 

From the results shown in Fig. 2.4 and Table 2.1, the relationship between the pH and the 
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kapp is derived. In addition, the results are shown in Fig. 2.6, it could be seen that the kapp is 

linear with the pH of  the solution, and R2 is 0.954, indicating the very good relativity. The 

photo-degradation rate decreased with the increase of  pH of  the solution. Yu et al.(2012)

had studied photo-degradation rate of  Methylene Blue by TiO2 hydrosols with different so-

lution pH (adjusted by HNO3 solution) under sunlight irradiation, and the results showed 

that hydrosols with pH ranging from 1 to 4 all had high photocatalytic activity toward Meth-

ylene Blue, and the photo-degradation rate is higher with lower pH. Although the dispersion 

stability of  nano TiO2 particles is directly related to the pH of  system, the causes of  the 

change of  pH need further study, for example the presence of  inorganic cations studied in 

this chapter.

From Fig. 2.2 and 2.3, the variation trend of  the zeta potentials of  TiO2 affected by the 

cations isintuitively similar to the particle size. TiO2 particles agglomerated significantly over 

time and the zeta potential also obviously increased with time, which indicated that the nano 

TiO2 particles showed dynamic instability with the presence of  cations like Na+, K+, Ca2+

andMg2+ at higher contents (0.1and 0.5mol/L ). Moreover, TiO2 particles showed much 

stable zeta potentials in the presence of  Al3+ with the same contents, and the TiO2 particles 

increased much slower than that in other groups. These results suggested that TiO2 particles 

presented better dispersion stability in solutions with the presence of  high content of  Al3+. 

According to the literature data [39,88], the isoelectric point of  TiO2 nanoparticleswithout 

extra electrolytes are in a pH range of  5.6-6.0. When at a pH near 5.6-6.0, the TiO2 sols 

undergo coagulation that results in a relatively low ion-electrostatic repulsion barrier, which 

cannot terminate particles agglomeration [45]. According to Volkova et al.[44,45], mental 

ions (Na+, K+, Ba2+ and La3+) caused the point of  zero charge (PZC) shift to the acidic 

region, and the single charge anions (Cl-, Br- and I-) did not affect the surface charge of  

anatase TiO2 and the position in solutions of  1:1 background electrolytes.These may addi-

tionally explain the agglomeration of  TiO2 particles in large dosagesof  nitrates with Na+,

K+, Ca2+, Mg2+ and Al3+. In addition, in literature [44,45], compared with other low valance 

cations the higher valence of  La3+ caused the worst agglomeration of  TiO2 sol and the great-

est PZC shifting at the presence of  0.1mol/L La3+. However, in this chapter, Al3+, which is

also a cation with high valence, caused little coagulation of  TiO2 hydrosolsand enhanced the 

photocatalytic performance of  TiO2. 

According to the above analysis in this section, the negative influence of  Na+, K+, Ca2+, 

Mg2+ on the photocatalytic performance might be explained by exacerbating the competitive 

absorption among RhB molecule and anions on the surface of  TiO2. The competitive ab-

sorption led to the unstable surface charge of  the TiO2 surface and resulted in the agglom-

eration and lower photodegradation of  RhB. However, the acceleration of  Al3+ on the pho-

tocatalytic performance of  TiO2 cannot be explained by these explanations. In the following 

section, we are trying to explain the role of  Al3+ on the photocatalytic activity of  TiO2 hy-

drosols in degrading RhB.
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Fig. 2.6 Relationship between apparent-first-order reaction rate constants (kapp) and the pH of solutions.

(4) Role of  Al3+ on the photocatalytic activity of  TiO2 hydrosols

The UV-light induced TiO2 photocatalytic reaction mechanism is well studied by many re-

searchers [89ð93]. Based on the previous analysis, Fig. 2.7 shows the probable degradation 

process of  RhB in the studied system of  this chapter. It is clear that H+ plays a significant 

role in the photo-oxidation process. The higher concentration of  H+ is favored for acceler-

ating the reduction reaction and hindering the recombination of  holes (h+) and electrons (e-)

of  TiO2 surface inspired by UV light.

Fig. 2.7 Photocatalytic reactions of TiO2 for degrading RhB. h+: holes; e-: electrons.

In general, the transformations and distributions of  Al3+ are very complicated in aqueous 

solution because of  the hydrolytic action. The hydrolytic form of  Al3+ in water can be di-

vided into three types, the monomeric hydroxyl group, the polymeric hydroxyl group, the 

colloidal polymerization form or amorphous aluminiumhydroxide sol. Al3+ also show am-

photeric characteristics in aquatic systems. In addition, the species distribution of  aluminium

hydrolysates varies with the pH value of  solutions. The hydroxy aluminiumcomplex ions in 

water tend to polymerize strongly to form dimer, oligomer, and hyper-polymer[94,95]. In 

the aquatic environment, aluminiumis colloidal poly-aluminiumhydroxide under the normal 

pH. The aluminiumcan convert into soluble hydroxyl polymerized aluminiumwith the de-

crease of  pH value:
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p Al3+ + q H2O ɸ Alp(OH)q
(3 p- q)+ + q H+                       (2.2)

where, p (1ÒpÒ24) and q (1ÒqÒ60) are stoichiometric indexes [96]. The hydrolytic 

polymerization forms of  aluminiumare a series of  metastable states (poly (hydroxo) species)

from Al3+ to Alm(OH)3m. However, these forms can hardly coexist in the same solution, and 

the dominant form will vary with the conditions [96]. 

To distinguish the effects of  Al3+ and H+ on the photocatalytic process of  TiO2 hydrosols,

the influences of  H+ at different pH values induced by acid arealso studied (the detail infor-

mation can be found in Appendix I and Table 2.3). It can be seen from Table 2.3 that the 

apparent first-order rate constant kapp values in the two groups increased with the decrease 

of  pH value. The kapp of  TiO2 hydrosolsin the group of  pH induced by HNO3 is smaller 

than that of  pH induced by Al(NO3)3. 

Because of  the flocculation effect of  the hydrolysates of  aluminium, they have a strong 

adsorption effect on impurities in water [97ð99]. The solution pH plays an important role in 

the hydrolysis process of  aluminium[100], i.e. at lower pH (< 6), the amount of  monomer 

aluminiumand oligomeric state aluminiumincrease with the decrease of  pH, and the 

amounts of  middle and high polymer state aluminiumions are revised. The monomer alu-

miniumand oligomeric state aluminiumcould produce cohesive force in sludge flocculation 

[99], and the formed flocs arelarger and looser, so the sludge flocs can re-grow more easily 

after shearing. In solutions, the attractive force between the impurity particles is reduced by 

compressing the diffusion layer and reducing the surface potential, the adsorbed positively 

charged complexions (for example, RhB+ of  RhB) are interconnected and agglomerated 

when the attractive force gains the upper hand. This flocculation of  aluminiumprobably 

enhances the surface contact between TiO2 particles and RhB molecules in solution, which 

leads to ahigher degradation rate and larger kapp.

In brief, the existence of  TiO2 hydrosolssuccessfully creates the low pH system in solution. 

Moreover, according to Eq.(2.2), the hydrolytic action of  Al3+ produces more H+ into the 

solution that leadsto a lower pH system, and the agglomeration of  TiO2 hydrosolsisrelieved

because the looser and easy-to-shear floc structures caused by monomer aluminiumand ol-

igomeric state aluminium. As mentioned before [70], the high content (1 w/w %) of  nano 

TiO2 suspension decreased the photodegradation rate of  RhB because of  the agglomeration 

and sedimentation of  the TiO2 particles caused by the collision between excited state mole-

cules and ground state molecules. Compared with the results in this chapter, the H+ produced 

by Al3+ hydrolytic action promotes the photocatalytic actions of  nano-dispersedTiO2 hy-

drosolsnotably, which may buffer the collision between TiO2 molecules in different states. 

Moreover, the hydroxy aluminiumgroups have a higher valence that can break the RhB mol-

ecule by absorbing COO-. Hence, the photo-induced degradation rate of  RhB increased in 

the presence of  Al3+ in TiO2 hydrosols.
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2.5 Summaries

The effects of  five inorganic electrolytes in the concentration range of  0.005to 0.5mol/L 

on the photocatalytic degradation rate of  RhB solution by TiO2 hydrosolsareinvestigated. 

The relationship between photocatalysis coagulation of  TiO2 hydrosolsand cations areeval-

uated. Firstly, the effects of  cations on the photocatalytic activity of  TiO2 hydrosolsaredis-

cussed from the angle of  the change of  photocatalytic reaction kinetics. Secondly, the influ-

ences of  cations on the UV-Vis absorption spectra of  RhB arediscussed from the view of  

the interaction between ions. Thirdly, the relationships between TiO2 dispersion stability and 

the pH of  solution caused by cation contents and types arediscussed. The enhancement 

mechanism of  Al3+ on the photocatalytic performance of  TiO2 hydrosolsisstudied specially.

The presence of  monovalent and bivalent, like Na+, K+, Ca2+ and Mg2+, inhibited RhB deg-

radation, and the inhibition effect increased with the increased concentration of  cations be-

cause of  exacerbating the competitive absorption among RhB moleculesand anions on the 

surface of  TiO2. Due to the higher valence, the negative effects of  Ca2+ and Mg2+ aregreater 

than that of  monovalent. The reaction kinetic constants of  the pseudo-first-order reaction 

kinetics model arelinearly inversely proportional to the pH value of  solutions with cations,

revealing that the photocatalytic performance of  TiO2 hydrosolswould be enhanced when 

containing hydrolysable cations like aluminium. Due to the hydrolytic effect of  Al3+ in elec-

trolytes, the riskof  agglomeration of  TiO2 particles in hydrosolsisreduced; the photochem-

ical reactivity of  TiO2 hydrosolsis improved, resulting in an enhanced reaction rate. In the 

presence of  0.5mol/L Al 3+, the apparent first-order rate constant is 0.215 min-1, and the 

half  period of  RhB degradation (the time of  degrading 50% RhB) is3.22 min. The results 

in this chapterrevealed different mechanismsfor the coagulation of  TiO2 hydrosolsin elec-

trolyteswith hydrolysable metal ions. The acidic shift of  the point of  zero charge caused by 

electrolytes could be partially offset by the hydrolytic action of  Al3+ in the examined systems. 

Therefore, the coagulation of  TiO2 particles could be hammered, and the stability of  TiO2

hydrosolscould beimproved. These results support the idea that the nano-dispersedTiO2

hydrosolsaresuitablefor useas photocatalysts in anenvironment containing Al3+, such as

urban sewage and Portland cement-like ionic environment.
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Chapter 3Nano-dispersedTiO 2 hydrosolsmodified Port-

land cement paste: The underlying role of  hydration 

on self-cleaning mechanisms

The self-cleaning performance of  photocatalytic cement paste is related to the dispersion of  

nano TiO2 in the hardened matrix. This chapteraims to study the influences of  Portland 

cement hydration on the self-cleaning behaviour of  acidic anatase TiO2 hydrosolsmodified 

hardened Portland cement paste (HPCP), as well asthe working mechanisms. The presence 

of  TiO2 hydrosolsresults in the retardation of  hydration at an early age and better self-

cleaning performance of  HPCP. The additional surface defects of  TiO2 in HPCP are the 

main reason for self-cleaning performance enhancement. The morphology and the pore size 

distribution of  hydration products also contribute to the enhancement of  self-cleaning per-

formance by the surface electron capture effect, which issupported by the analyses of  Con-

focal Raman Microscopy and Scanning Electron Microscope. A new mechanism is suggested 

to explain the role of  photocatalytic property and cement hydration on the enhancement of  

self-cleaning performance of  HPCP with different concentrationsof  TiO2 hydrosols.

This chapter has beenpublished as:

Z. Wang, Q. Yu, F. Gauvin, P. Feng, Q. Ran, H.J.H. Brouwers, Nanodispersed TiO2 hydrosol 

modified Portland cement paste: The underlying role of  hydration on self-cleaning mecha-

nisms, Cem. Concr. Res. 136 (2020). https://doi.org/10.1016/j.cemconres.2020.106156.
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3.1 Introduction

Cementitious materials, especially those exposed to outdoor conditions, are directly and con-

tinuously exposed to many pollutants (e.g. organic, inorganic and particulate matter) and 

microorganisms under different weather. These pollutants can aggravate the deterioration 

process of  concrete structures and cause important changes in the materials properties, like 

aesthetic and physical properties degradation [1,2]. Nano TiO2-based photocatalysis has 

proved to be a promising technology for the efficient degradation of  a range of  organic 

compounds (e.g. volatile organic compounds) and inorganic compounds (e.g. NOx and SO2),

in busy canyon streets [101,102], road tunnels and urban environments [8], etc. 

Due to the different synthesis processes, nano-dispersedTiO2 hydrosols[36,37,40,41,103]

and TiO2 nanopowder [104ð107]present different agglomeration morphology and surface 

charge distribution in aqueous solutions. In general, the TiO2 particles in hydrosolsare pos-

itively charged, and the hydrodynamic diameter is less than 100 nm [32ð37]. Though the 

crystal size of  TiO2 particles in nanopowder is on the nanoscale, it is difficult to obtain the 

nano-dispersedTiO2 suspension by re-dispersing nanopowders in water [108]. Moreover, the 

surface charge of  nano TiO2 is influenced by the pH of  the system. According to several 

studies, the isoelectric point of  TiO2 nanopowders [38,39,109,110]and hydrosols[36,60]

varies in the pH range of  5-6.8, meaning the positively charged TiO2 nanoparticleswill be-

come negatively charged when the pH is higher than the isoelectric point. As to the strong 

ionic alkaline system of  cementitious materials, the surface charge and agglomeration behav-

iours of  nano TiO2 should be influenced in theory. In addition, cement hydration involves a 

collection of  coupled chemical processes of  dissolution, diffusion, growth, nucleation, com-

plexation and adsorption, each of  which occurs at a ratethat is determined both by the 

nature of  the process and by the state of  the system at that instant [111]. Based on the 

previous studies [112ð116], the nano TiO2 powders are often understood as accelerating the 

cement hydration because of  the filler effect or nucleation effect. Since the TiO2 particles 

are positively charged in hydrosolsand negatively charged in water suspensions made of  

nanopowders, different factors may existthat can influence the hydration process of  cement,

particularly at an early age. Moreover, due to the inorganic or organic acids being selected as 

the peptizators in the synthesis process of  TiO2 hydrosols[36], the catalogue of  surface 

banded functional groups might be influenced by the different peptizators, which might also 

influence the cement hydration process. 

The dispersion of  nano TiO2 and the aggregation morphology affected by cement hydration 

products on the surface of  hardened cement paste is the key factor to the self-cleaning per-

formance of  the modified cement paste. Many studies [117ð122]have investigated photo-

catalytic and self-cleaning performances, mechanic properties and durability of  cementitious 

materials modified by nano TiO2 powders in relatively large dosages. Most results reveal that 

typically 3-5 w/w % of  TiO2 nanopowders(of  cement) modified cement-based material 
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presents satisfying photocatalytic performance, indicating the lower concentration of  TiO2

nanopowderscannot have good photocatalytic performance in cementitious materials. These 

may be caused by the faster recombination of  photo-excited electrons and holes on the sur-

faces of  agglomerated TiO2 particles [123]. Unlike the TiO2 nanopowders, TiO2 hydrosols

catalysts can be easily separated, collected and re-dispersed for continuous reuse because of  

its sensitivity to pH value and electrolyte strength of  medium [32ð35,38,39]. Some research 

results show that nano-dispersedTiO2 hydrosolsexhibit high photochemical reactivity, even 

superior to nano TiO2 powders in aqueous environment [40,41]. Stable TiO2 hydrosols have 

great specific surface areas and high photocatalytic properties, and theyhave been used to 

prepare coatings [40,124]. The preparation of  cement paste is the reaction between water 

and cement clinkers, and the TiO2 hydrosolscan be blended into water, like superplasticizers,

without agglomeration, which means nano TiO2 particles via hydrosolsmay be easily and 

well dispersed in cement paste matrices.

Some studies [125,126]suggested hypotheses of  self-cleaning mechanism concerning TiO2

nanopowdersmodified mortar, for example, the chemical composition of  cement seems to 

prevail over the effect of  the optical parameters and electronic band structure for mortar 

made of  slag cement; the final microstructure of  the material influenced the photocatalytic 

property of  mortar. The researchon the self-cleaning performance of  TiO2 hydrosolsmod-

ified Portland cement paste is also rare, let alone explaining the self-cleaning mechanism of  

TiO2 hydrosolsin hardened cement paste [127]. Moreover, because of  the potential concerns 

about the negative effects of  low pH induced by the TiO2 hydrosols, few works have studied 

the effects of  the surface charge and surface functional group of  nano TiO2 on the Portland 

cement hydration process. 

This chapteraims to investigatethe influences of  surface-bonded functional groups of  TiO2

hydrosolson the cement hydration processesand the self-cleaning performance of  cement 

paste modified by nano-dispersedTiO2 hydrosolsin very low dosages, measured at different 

hydration ages. The possible self-cleaning enhancement mechanisms of  TiO2 hydrosols-

modified cement paste are suggested in view of  thesemiconductor properties of  TiO2 in 

hardened cement paste and the morphology of  cement hydration products.

3.2 Experimental

3.2.1 Materials

(1) Nano-dispersedTiO2 hydrosols

TiO2 hydrosolsare synthesized based on the precipitation-peptization methods [128]but at 

the lower temperature (40 °C), because the TiO2 hydrosolspresent smaller hydrodynamic 

particlesizessynthesized at lower temperatures [37]. Titanium tetra-isopropoxide (TTIP,
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97.0%) is purchased from Sigma-Aldrich. Acetic acid glacial (CH3COOH, 99.6%) and ab-

solute ethanol (C2H5OH, 99.9%) purchased from VWR Chemicals and deionized water 

(18.2 MǗ.cm) are used in the preparation process. The physical and chemical parameters of  

synthesized TiO2 hydrosolsare listed in Table 3.1. To evaluate the crystal type and specific 

surface area of  TiO2, the TiO2 xerogel is made by drying hydrosolswith unhindered shrink-

age at 105 for 24 hours.

Table 3.1 The physical and chemical parameters of nano TiO2.

Hydrodynamic 
size ± SD
(d. nm)

Zeta po-
tential 
(mV)

Polydispersity 
Index

Crystal 
pattern

BET spe-
cific surface 
area (m2/g )

Absorption 
average pore 
width(nm)

Hydrosols 18.92±6.358 43.4 0.114 - - -

Xerogel - - -
Pure 

anatase
244.75 5.76

(2) Sample preparation

CEM I 52.5 R cement and tap water are used to prepare the cement paste. The water-to-

cement mass ratio is 0.4. The samples are wet mixed for four minutes before being moulded 

in 4 cm × 4 cm × 4 cm moulds and covered with a plastic sheet. Different amounts of  TiO2

hydrosolsare mixed in mixingwater before being added to the cement. The TiO2 to cement 

mass ratios are 0%, 0.01%, 0.05% and 0.10%, respectively. After one day of  curing, the 

samples are demoulded and cured in the climate chamber (RH > 95%, 20 °C) until the test 

ages. 

3.2.2 Methods

The TiO2 hydrosolssamples are tested three times by a Zetasizer Nano Series (Malvern Pan-

alytical, United Kingdom) applying the dynamic light scattering (DLS) principle. The basic 

distribution of  particle size obtained from a DLS measurement is intensity. The Zetasizer 

Nano Series calculates the zeta potential by determining the electrophoretic mobility and 

then applying the Henry equation. The electrophoretic mobility is obtained by performing 

an electrophoresis experiment on the sample and measuring the velocity of  the particles 

using laser Doppler velocimetry. Prior to the test, the initial hydrosolsarediluted in distilled 

water 100 times. 

The calorimetry test is performed using an isothermal calorimeter (TAM Air, TA Instru-

ments, United States) at 20 °C. Cement is firstly mixed with distilled water and TiO2 hydro-

sols. Then, the resulting paste is injected into asealed ampoule. The phase compositions of  

TiO2 xerogel and TiO2 modified cement paste samples are investigated by comparing X-ray

diffraction (XRD) patterns(Bruker D4 PHASER, Philips, The Netherlands) with a Co tube 

(40 kV, 40 mA). A typical run is made with a step size of  0.02°/min and a dwell time of  



45

0.5s.The thermal-gravimetric (TG) analysis is conducted using an STA 449 F1 instrument, 

and cement paste samples are heated up to 1000 °C from 40 °C at a rate of  10 °C/min with 

nitrogen as the carrier gas. Before the test, samples at the age of  one day, three days, 14 days 

and 28 days are crushed and immersed in acetone for seven days and then dried in the oven 

at 40 °C to cease further hydration.

ATR-FTIR is used to analyse the functional groups around the surface of  the TiO2 particles 

in hydrosols. A Fourier-transform infrared spectroscopy (FTIR) spectrometer (PerkinElmer,

United States) equipped with an attenuated total reflectance (ATR) accessory (GladiATR,

PIKE technologies, United States) is used here. Liquid samples are dropped evenly onto the 

surface of  the ATR Ge crystal, and the FTIR spectra are recorded from 400 to 4000 cmĬ1

at a resolution of  4 cmĬ1by 32 scans. For each scanning, the spectrum is collected by sub-

tracting the original spectrum from the air background spectrum. Then, the obtained spectra 

are baseline-corrected.The reflectance spectra of  TiO2-modified hardened cement paste 

samples at 28 days are measured by the UV-VIS-NIR spectrophotometer (Perkin Elmer 

Lambda 750). The tested range is 200 nm to 800 nm, 2 nm per second. To meet the test 

requirement, the paste samples are cut into slices with athickness of  1 cm.The distribution 

of  phases at the surface of  hardened cement paste at 28 days is observed by Confocal Raman 

Microscopy (Witec alpha300S, Witec, Ulm, Germany). Raman spectra are recorded over a 

spectral range from 0 cm-1 to 3900 cm-1. Confocal Raman measurements are accomplished 

using a 532.306 nm excitation laser with apower of 30.159 mW. The scan area is 20 Ǫm ĭ

20 Ǫm, the size of  the Raman images is 20 × 20 pixels with the integration time per pixel of  

2 s. The collected Raman spectra are analysed by using WITec Suite 5.2 software (Witec,Ulm,

Germany). For the results obtained by CRM, cosmic ray removal and background subtrac-

tion are performed.

The Brunauer, Emmett and Teller (BET) method, which is the most used method to deduce 

the internal specific area of  pores based on the multi-molecular adsorption assumptions, is 

used to measure the specific surface area of  cement paste containing different dosages of  

TiO2 hydrosols. The pore size distribution from the adsorption isotherm isevaluated by the 

Barrett-Joyner-Halenda (BJH) interpretation. Nitrogen sorption isotherm experiments are 

carried out at 77 K temperature by a NAD device of  type TriStar II 3020 with a nitrogen 

pressure range of  up to 950 mmHg, and the measurement range of  the specific surface area 

is from 0.01 m2/g , nitrogen unit. The cement paste samples at one dayand 28 days are dried 

at 40 °C and degassed in an external degassing station at 40 °C under N2 flow for 4 h. In 

these degassing conditions, the microstructure of  early hydration products in the cement 

pastes is not affected. 

The cement paste samples are prepared based on the process described in Section 3.2.1. The 

paste samples are cut into thin slices at one dayand 28 days, and the hydration of  the samples 

for SEM tests is ceased for further hydration. Before the tests, all the samples are sputtered 

with gold to enhancethe electrical conductivity. In order to obtain the microstructure of  the 
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samples with different concentrations of  TiO2 hydrosols, micrographs are recorded by using 

a Quanta 250 FEG scanning electron microscope (ThermoFisher scientific, USA) with a 

secondary electrons detector at an accelerating voltage of  15 kV. 

Rhodamine B(RB) is an organic dye, the chromophoric group of  which has the maximum 

lightweight absorption at about 554 nm [129]. Normally, the RB water solution presents the 

colour of  red to violet red, and the dried RB film on solid materials also presents the same 

colour. Since the chromophoric group of  RB molecules can be destroyed by the photo-

degrading process [77,130], the colour change of  dried RB film on the surface of  hardened 

cement paste can be used to interpret its degradation. In this chapter, the self-cleaning ability 

of  the TiO2 hydrosols-modified HPCP is evaluated by colourimetric analysis of  the degra-

dation of  Rhodamine B (RB). Beforethetests, the paste top surfaces are polished with SiC 

sandpapers to obtain a relatively smooth surface with roughness in the range of  10 to 14 

micrometres. Each surface area of  the paste sample is stained by painting 600 ǪL of 0.1 mM 

RB aqueous solution. Then, the samples are kept overnight in the dark at room temperature 

for drying. For each coated sample, 9 points are tested for the colourimetric tests, and each 

point is tested 4 times. The samples are exposed to a UV lamp (10 ± 0.05 W/m2) to simulate 

UV light in natural conditions, and the discolourationof  the stains is monitored. The re-

flected colour measurements are taken directly on the surface of  each point on each sample 

at different illumination times with a spectrometer (USB4000, Ocean optics, United King-

dom), which is optimized for the 380- 780 nm wavelength range and analysed mathematically 

to yield colourimetric quantities like xyz, RGB or L*a*b*. In this chapter, the percentage of  

discolouration(Rt) is expressed with the coordinate of  the dominant colour of  dye a*, the 

value of  the CIE Lab colour space for RB [120,121,131], according to: 

Rt = 
a0
* - at
*

a0
*  ĭ 100 %                         (3.1)

Where, a0
* is the value of  a* at time 0 before irradiation, at

* is the value after t minutes irra-

diation. 

3.3 Results 

3.3.1 Dispersion and surface functional group of  TiO 2 in hydrosols

Fig. 3.1 presents the ATR-FTIR spectra of  the TiO2 hydrosolsand xerogel. The measured 

solid content of  TiO2 particles in hydrosolsisabout 1.54%, the majority parts in hydrosols

are water and acetic acid. As to the red curve in Fig. 3.1, the absorbance peaks are ðOH of  

water and ðCOO- and ðCðOH of  acetic acid, the typical peaks of  TiO2 are covered by those 

strong peaks. So, the spectrum of  TiO2 xerogel reflected the functional groups on the nano 

TiO2 particles much clearer. Asto the black curve in Fig. 3.1, the strong C= O peak near 

1527 cm-1 [132,133]of  TiO2 xerogel is assigned to carboxyl groups on the surface of  TiO2,
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resulting from the acetic acid used in the peptization process [40]. The appearance of  vibra-

tions around 1440 cm-1 in the fresh xerogel suggestsa substantial surface coverage of  ðCO3
2-

resulting from the reaction of  carbonation during the drying process [134]. The strong wide 

peak near 3500- 2800 cm-1 is due to the stretching vibration of  ðOH group, which repre-

sented the ðOH groups on the surface of  TiO2 [40]. The peaks corresponding to OðO, Oð

TiðO and TiðOðTi bonds are identified at 912 cm-1, 794 cm-1 and 655 cm-1 [134,135]. These 

results indicated that sufficient hydroxyl groups like ðOH and ðCOOH are absorbed on the 

surface of  TiO2 nanoparticles. It is seen that in TiO2 hydrosols, the TiO2 particles are posi-

tively charged and surface absorbed by ðOH and ðCOOH via chemisorption, which is neg-

atively charged in suspension by re-dispersing nano TiO2 powder in solution at neutral or 

higher pH because of  the absorption of  O- and ðOH [136,137]. The absorption of  ðCOOH 

makes the TiO2 hydrosols different from the suspension made of  nano TiO2 powders. When 

mixing these TiO2 hydrosols into cement paste, the hydration process might be influenced 

by the surface functional groups and charges, which will be discussed in the next section.
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Fig. 3.1 The FTIR absorbance spectra of TiO2 hydrosols and dried xerogels.

3.3.2 Effects of  TiO 2 hydrosolson cement hydration 
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Fig. 3.2 Influence of different concentrations of TiO2 hydrosols on the exothermic heat flow per mass of binder 

and total heat of cement paste.
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The cumulative heat release and rate of  hydration of  cement paste containing TiO2 hydrosols 

are shown in Fig. 3.2. Fig. 3.2(a) indicates that the total hydration heat remained similar as 

the TiO2 dosage is 0.01 % and beyond that dosage the hydration heat decreased with the 

increase of  TiO2 amount. As can be seen from Fig. 3.2(b), after mixing with TiO2 hydrosols, 

the hydration rate decreases and the descent scope is greater as the dosage of  TiO2 increased. 

Meanwhile, the time of  occurrence of  heat flow peaks in the blank and TiO2 modified ce-

ment is different, and a delay is observed when TiO2 hydrosols are used in the cement paste. 

The retardation of  that exothermic peak is greater with the increase content of  TiO2. 

To analyse the influences of  TiO2 hydrosols on the hydration kinetics, six parameters are 

calculated from the heat evolution curves in Fig. 3.2, see the illustration shown in the detailed 

view of  the heat evolution curve of  the reference sample in Fig. 3.2(b). The obtained hydra-

tion parameters are listed in Table 3.2. The hydration rate in the induction period and the 

duration of  the induction period tA [138]are related to the diffusion rate of  various ions 

from the mineral phases to the aqueous phase [111,139,140]. The ions diffusion rates are 

mainly dominated by the contact surface between the mineral grains and water. In Table 3.2, 

the ending time point of  the induction period (tA) of  cement hydration is delayed due to the 

presence of  TiO2 hydrosols, and the retardation increased with the concentration of  TiO2

hydrosols in cement paste. Adding 0.05 % and 0.10 % TiO2 hydrosols evidently prolongs the 

induction period and depresses the hydration rate (dQ/dt)A in the induction period, implying 

the decelerated ion diffusion causes by the prominent adsorption of  TiO2 particles on ce-

ment surface. The slight influences on the heat evolution parameters of  cement hydration 

are found when 0.01 % TiO2 hydrosols are added, which is because of  the low amount of  

adsorption functional groups on cement grains surfaces. 

Table 3.2 Parameters of cement hydration extracted from the calorimetry curves of the reference cement paste 

and the cement pastes containing different concentration of TiO2 hydrosols.

Item
tA

(h)
(dQ/dt )A

(mW/g)
QA

(J/g)
tC

(h)
(dQ/dt )C
(mW/g)

QC

(J/g)
KA-B

(mW/(g·h ))
QA-C

(J/g)

Reference 2.06 0.61 17.19 10.34 2.91 68.56 0.26 51.37

0.01% 2.12 0.57 19.33 10.52 2.78 69.83 0.24 50.50

0.05% 2.36 0.48 16.67 11.35 2.58 65.08 0.22 48.42

0.10% 2.78 0.40 17.94 12.67 2.33 64.80 0.21 46.86

tA: the ending time point of the induction period.
tC: the time point of the maximum heat generation rate.
tB: the inflection point between A and C on the heat evolution curve, refers to the time point of the maximum 
acceleration rate. 
(dQ/dt )A: the heat generation rate during the induction period, the cumulative heat flow at the beginning of the 
acceleration period QA. 
(dQ/dt )C: the maximum hydration rate in the acceleration period. 
QAðC: the cumulative heat flow during the acceleration period. 
KAðB: The secant slope on the heat evolution curve between A and B, which represents the acceleration rate of 
hydration rate at the early stage of the acceleration period.
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After the induction period, cement hydration steps into the acceleration period with rapid 

nucleation and growth of  hydrates. The hydration rate in the acceleration period is deter-

mined by the total amount of  hydrate nuclei of  C-S-H [140ð142]. Thus, KAðB reflects the 

nucleation rate of  CðSðH at the early stage of  the acceleration period. In Table 3.2, KAðB

and (dQ/dt )C visibly drop with the concentration of  TiO2 hydrosols, suggesting that TiO2

depresses the nucleation of  hydrates during the acceleration period, which may be ascribed 

to the absorbance of  TiO2 particles with calcium. As described in Section 3.3.1, the ðCOOH,

ðOH and ðCO3
2- are observed on the surface of  TiO2 xerogel and TiO2 particles in hydro-

sols. The measured zeta potential of  TiO2 hydrosolsarepositive, indicating the positive 

charge of  functional groups (ðOH2
+ [136,137]) played a dominant role on the surface of  

TiO2 particles in acidic solution. While in cement pore solution with very high pH, the sur-

face of  TiO2 nanoparticlesturns into negative because the solution pH is higher than the 

isoelectric point (in a pH range of  5.6-6.0 [39,88]). The TiO2 particles can absorb on the 

surfaces of  positively charged cement grains hinder the exchange of  water and ions, and 

poison nucleationsites.

With the growth of  hydration products, a hydrate layer is gradually formed over the surfaces 

of  cement grains, which further hinders the exchange of  water and the ions and then ad-

vances to the deceleration period of  cement hydration (diffusion-controlled reaction) at time 

point tC. The maximum hydration rate is mainly determined by the number of  nuclei formed 

during the periods A to C. The lower hydration peak is related to fewer nuclei existing during 

A to C. Thus, from the lower hydration peak (dQ/dt )C, it can be deducted that the total 

nuclei number is reduced when more TiO2 hydrosolsareadded into cement paste. In addi-

tion, the higher concentration of  TiO2 hydrosolsdecreases the cumulative heat flow QAðC

during the acceleration period, which is due to the decrease of  nuclei from point A to point 

C. These results revealed TiO2 hydrosolsprolonged the induction period, and delayed the 

hydration peak due to the absorption on cement surface, and a higher concentration of  TiO2

indicated a larger absorption amount. The high adsorption of  TiO2 reduced the diffusion 

rate of  ions and water transport to the interface between the cement and aqueous phases,

consequently depressing the nucleation process of  cement hydration. These retardation ef-

fects of  nano-dispersedTiO2 hydrosolson cement hydration are similar to the retardation 

effect of  polycarboxylate salts on cement hydration. Compared with the polycarboxylate salts,

like polycarboxylate-based superplasticizers or polymers, the retardation effect is not signif-

icant because the isolated carboxyl groups on TiO2 surfaces are less effective for retardation 

of  cement hydration compared with triad, tetrad, pentad, etc. [138,143,144].

(2) Hydration products

The XRD patterns of  cement with different concentrations of  TiO2 at one dayand 28 days 

are shown in Fig. 3.3. The reference and TiO2-modified samples presented similar mineral 

compositions and hydration products. The main clinkers are C3S, C2S, C3A and C4AF. The 
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main hydration products are CH, C-S-H and AFt, which meansthe kinds of  hydration prod-

ucts are not influenced by the TiO2 hydrosols. The TGA curves of  cement pastes can be 

divided into two major parts, representing three different kinds of  reactions [145ð147]: (1)

105 to 300 : the primary range of  dehydration of  C-S-H gel. (2) 400 to 500 : 

dehydroxylation of  calcium hydroxide (CH). (3) 600 to 800 : decarbonation of  calcium 

carbonate. According to the suggested calculation method in literature [145,148,149], the CH 

and non-evaporation water in cement paste samples measured by TGA are shown in Table 

3.3. Both CH and non-evaporable water are expressed as a percentage of  the weight of  the 

dried paste samples. In Table 3.3, the CH contents in paste mixed with TiO2 at the age of  

one daydecreases with the concentration of  TiO2 hydrosols, indicating the cement hydration 

is retarded. At 28 days, the CH contents in the paste containing TiO2 are very close to the 

reference cement paste. These results indicated that the presence of  TiO2 hydrosolshad 

delayed the hydration of  clinker grains at an earlyage but had insignificant influence on the 

hydration at later stage.
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Fig. 3.3 The XRD pattern spectra of cement paste containing different amountsof TiO2 hydrosolsat one dayand 
28 days.

Table 3.3 Non-evaporable water and Ca(OH)2 content of hydrated cements.

Dosage of TiO2

Non-evaporable water (%) Ca(OH)2 (%)

1 d 3 d 14 d 28 d 1 d 3 d 14 d 28 d

0 %TiO2 11.19 14.82 15.49 17.19 16.61 22.10 22.83 23.22

0.01%TiO2 11.16 14.57 16.77 17.75 16.45 21.90 21.55 22.24

0.05%TiO2 11.12 14.56 17.42 18.16 16.23 21.74 21.68 22.51

0.10%TiO2 9.62 14.79 17.56 17.19 14.86 20.53 22.39 22.92

Based on the analysis of  hydration heat, XRD pattern and thermal decomposition behaviour 

of  cement paste, it can be confirmed that the chemical reactions during the cement hydration 

process have been altered with the introduction of  TiO2 hydrosols,by consuming portlandite 
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crystals and influencing the contents of  hydration products. For further analysing the influ-

ence of  TiO2 hydrosolson the hardened cement paste, the specific surface, pore size distri-

bution, and SEM images of  hardened cement paste will be discussed in Section 3.3.4.

3.3.3 Self-cleaning performance and optical parameters determination

(1) Self-cleaning performance 
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Fig. 3.4 Percentage of the colour change rate of a* for RB on the surface of hardened cement paste with different 

concentrationsof TiO2 at different ages.

The percentage of  colour change for a* for RB caused by the self-cleaning effect of  TiO2

containing cement paste is presented in Fig. 4. The colour change of  samples containing 

TiO2 increases quickly during the first 6h irradiation, the differences between TiO2 hydrosols 

contents are significant. In addition, the colour change of the samplesõ surfaces is also influ-

enced by the hydration ages of  cement, as shown in Fig. 3.4. At early age, for example seven 

days, the sample containing 0.05 % and 0.10 % nano TiO2 are very close in self-cleaning 

performance, and the highest colour change rate (60.15 %, 0.10 % TiO2) is obtained after 

44h irradiation. Moreover, compared with the control cement paste sample, the paste con-

taining 0.01 % TiO2 at seven days shows a certain self-cleaning property, the colour change 

rate is 21.47 % after 44 hours UV irradiation. Because the cement hydration is not completely 

in the paste samples, the surface colour change of  the samples is influenced by the colour 
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change of  cement matrix at seven days and 14 days, and the colour change rates are negative 

at the first 2 h UV irradiation. At 28 days, the tested data at first 2 h are much more stable. 

The colour change rate of  sample surfaces increases with the increased concentration of  

TiO2 hydrosols, namely the colour change rates are 35.3 %, 49.0 % and 53.4 % after 44 h 

UV irradiation with 0.01 %, 0.05 % and 0.10 % TiO2 hydrosols, respectively. 

According to the previous studies [70,77,130,150], the maximum absorbance band of  RB in 

the visible light range is about 554 nm, which is the typical absorbance peak of  chromophoric 

groups of  RB. To eliminate the interference of  the light absorbance of  cement paste matrix, 

the absorbance spectra of  baseline at the range of  400 to 800 nm are removed from HPCP 

samples contains 0.05 % TiO2, which are tested at three curing ages under different duration 

of  UV irradiation, as shown in Fig. 3.5. The full information of  the absorbance spectra 

curves with and without baselines of  each tested HPCP samples are presented in Fig. B-1

and Fig. B-2 in AppendixII. For further clarification, several photos of  the surface colour 

of  HPCP samples after 44 hours of  UV irradiation are selected and shown in Table B-1 in 

Appendix II. The peak positions of  absorbance spectra before and after 44 hours of  UV 

irradiation are marked in Fig. 3.5. After seven days and 14 days of  curing, in all TiO2 hydro-

sols modified HPCP, the absorbance at 554 nm increases in the first 0.5 to 2 hours of  UV 

irradiation, then decreases in the rest of  UV irradiation duration. The variation of  peak val-

ues at 554 nm presents the similar changing trend as the variation of  surface colour shown 

in Fig. 3.4, which confirms that the colour change of  RB on the surface of  mortar is caused 

by photo-bleaching [77]. 

Although the slow photobleaching of  RB in air can still be observed under sunlight, it can 

be seen from Fig. 3.4 and Fig. 3.5 that the presence of  TiO2 hydrosolsin mortar has pro-

moted the photobleaching effect on the degradation of  RB. In Fig. 3.5, another obvious 

phenomenon, the so called peak hypsochromic shift (or blue shift), is also observed in HPCP 

modified by TiO2 hydrosols. It has been previously reported that the blue shift in the maxi-

mum absorption of  RB water solution and dried RB film on the surface of  mortar is induced 

by the N-deethylation of  RB molecules [77,130,151], which is a significant indicator of  pho-

tocatalytic degradation of RB by photocatalysts. Itõs noted that these two degradation pro-

cesses are different processes in the primary steps of  the photo-degradation of  RB. The 

decrease of  peak value refers to the photo-bleaching process, while the blue shift value refers 

to the N-deethylation process. As a result, for HPCP modified by a lower content (<0.05%)

of  TiO2 hydrosols, the weight of  N-deethylation process increases with the age of  cement 

paste. While, for the HPCP modified by a higher content (>0.05%) of  TiO2, the maximum 

weight of  the N-deethylation process appears at the age of  14 days. It is concluded that the 

degradation of  dried RB film on the surface of  HPCP goes via both the photo-bleaching 

process and N-deethylation process, which are both influenced by the age of  the cement 

paste and the concentration of  TiO2 in the paste. In other words, the weight of  the photo-

bleaching and N-deethylation processes could be directed by designing the mix proportion 
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of  TiO2 hydrosols-modified cement paste.
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Fig. 3.5 The absorbance spectra curves with the baseline removed of HPCP modified by 0.05% TiO2 at different 

curing agesunder UV irradiation during UV irradiation (a, b, c) are spectra of the HPCP with 0.05% TiO2 tested 

at 7, 14, and 28 days.

Table 3.4 The self-cleaning performance of nano TiO2 (RB degradation rate) reported in literature.

TiO2

type

TiO2

w/w % of 
cement

Sample
W/B 
ratio

UV 
density
(W/m2)

About 4 
hours degra-
dation (%)

About 24 
hours degra-
dation (%)

Literature

nano 
powder

2 mortar 0.5 10 35 60 [126]
5 paste 0.48 0.4 15 25 [118]

2 % suspen-
sion+

3 % powder
mortar 0.5 10 40 56 [121]

hydro-
sols

0.1 paste 0.4 10 22 48
This chap-

ter

Table 3.4 summariessome results of  the self-cleaning performance of  photocatalytic cement 

paste or mortar in literature. Compared with the RB degradation rate in Table 3.4, the tested 

TiO2 hydrosols present good self-cleaning performance at such low concentrations in hard-

ened cement paste. Thus, an excellent self-cleaning performance of  samples is yielded by 
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adding such low dosages of  TiO2 hydrosols in the mixing water. 

However, it is observed that the colour change rate of  hardened cement paste at higher 

concentrations, for example 0.05%, reduced with the increase of  hydration age. Moreover,

the colour change rate induced by 0.05% TiO2 is close to that induced by 0.10% TiO2,

indicating the self-cleaning performance of  hardened cement paste does not increase pro-

portionally with the concentration increase of  TiO2 in the matrix at higher contents. Partic-

ularly, at 28 days, the self-cleaning performance of  samples containing 0.10% TiO2 is only 

slightly better than that of  samples containing 0.05% TiO2, revealing the cement hydration 

products affect the self-cleaning performance. As discussed in Section 3.3.2, the hydration 

rate and hydration products amounts are influenced by the mixing with TiO2 hydrosols, in 

other words, the microstructure of  the hardened cement paste samples modified by TiO2

hydrosolsaredifferent from the reference paste at the same hydration age. From the view 

of  the compound photocatalyst, the optical parameters of  TiO2-Cement paste can explain 

the self-cleaning ability of  TiO2 modified paste, which will be discussed in the Section 3.4.2.

(2) Optical band energy and Urbach energy determination 
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Fig. 3.6 Taucõs plots and determination of Urbach energy of the hardened cement pastes.

The properties of  UV-VIS reflectance of  hardened cement paste samples containing differ-

ent concentrationsof  TiO2 at 28 days are measured. To obtain the band energy (Eg) of  TiO2

modified cement paste samples, the Kubelka-Munk optical absorption coefficient F(R) is 

first calculated. F(R) and Eg are calculated using the Eq.(3.5),

F(R) = (1 - R)2 / 2R                           (3.5)

and the Taucõs relation:

F(R)hᾇ= (hᾇ- Eg)n                          (3.6)

Where, R is the reflectance of  TiO2-Cement paste compound; n is the exponent that de-

pends on the type of  transition, h is the Planck constant, and ᾇis the photon's frequency. n
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= 2 for indirect allowed transitions, and n= 1/2 for direct allowed transitions. As to TiO2

photocatalyst, the modified Kubelka-Munk function with n= 2 is used in some reports 

[152,153]. The band energy Eg is derived from the intercept of  this straight line with the 

photon energy axis at F(R) = 0 [154](Fig. 3.6(a)). 

Fig. 3.6(a)shows the Taucõs plot of the TiO2-modified hardened cement paste samples. The 

optical energy band edges of  TiO2-modified cement paste slightly decrease with the concen-

tration of  TiO2, as shown in Table 3.5. The lowering of  band edge in TiO2-modified samples 

can be caused by the existence of  localized defect states in the forbidden zone of  TiO2-

photocatalyst near the bottom/top of  its conduction/valence band [125]. This result reflects 

the fact that the hardened cement paste matrix might disturb the semiconductor electronic 

structure of  the semiconductor through the creation of  defects [125,155]. 

Table 3.5 Band energy and Urbach energy of TiO2 modified hardened cement pastes.

TiO2 concentration Band energy (eV) Urbach energy(eV)

0.01% 2.79 2.98

0.05% 2.74 3.20

0.10% 2.71 2.54

Moreover, this distortion can bring an Urbach-type absorption, which occurs due to the 

electron transition between the extended band and localized band tail. The structural disor-

der caused by impurities and defects (Ti3+ and oxygen vacancies) producesan absorption tail 

extending deep into the forbidden gap. This absorption tail is called Urbach tail, and the 

associated energy is named Urbach energy (Eu), which is the width of  the tail states in the 

bandgap associated with the structural defects and disorder within the crystal. The linear 

region (exponential tail) is the direct manifestation of  the presence of  structural defects in 

the crystal, which results in the formation of  band tail states below (above) the conduction 

(valence) band and their density of  states falls sharply with energy [156]. The exponential 

character of  the absorption coefficient near the absorption edge is expressed by the Urbach 

rule [157,158], which is given by

F(R) = k exp(hᾇ/ E u)                          (3.7)

ln F(R) = hᾇ+ ln k                          (3.8)

Where k is a characteristic crystal constant, hᾇis the incident photon energy, and Eu is the 

Urbach energy, F(R) is the Kubelka-Munk optical absorption coefficient mentioned before.

Fig. 3.6(b) presents the Urbach energy of  TiO2-modified hardened cement paste samples. 

The fitting lines of  the absorption data near the band edge showed that the absorption edge 

followed the Urbach tail behaviour indeed. The Eu of  TiO2-modified cement paste increased 
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when the TiO2 concentration increased from 0.01% to 0.05%, and then decreased when 

the TiO2 concentration is 0.10%. The increase of  Eu meant the presence of  additional 

structural or crystalline defects like low angle grain boundaries, additional growth sites on 

the surface, disorder, oxygen vacancies etc. [156]. 

The results of  Urbach energy indicated that the hardened cement paste containing 0.05%

TiO2 presents the highest photocatalytic activity, theoretically, the self-cleaning performance 

of  that compound is supposed to be the best in the tested samples. Since the cement paste 

is a complex multi-phase system, the self-cleaning performance of  hardened cement paste 

may not only be dominated by the additional structural or crystalline defects of  the TiO2-

cement compound. In other words, for the TiO2-cement paste compound, a high photocata-

lytic activity doesnot guarantee a better de-colour performance. The surface conditions and 

microstructures of  hardened cement paste samples can also influence the self-cleaning per-

formance, which will be discussed in Section 3.4.1.

3.3.4 Microstructure of  hardened cement paste

(1) Specific surface area and pore size distribution

The specific surface area measured by the NAD method is shown in Table 3.6 with the BET 

interpretation. In Table 3.6, the specific surface area (SSA) of  cement paste at one dayde-

creases with the concentration of  TiO2, while at 28 days the SSA of  paste increased with the 

concentration of  TiO2. At 28 days, the SSA in paste containing 0.05% and 0.10% TiO2

reduces by 33.49% and 15.28% compared to that of  one day, while in the reference paste 

the SSA reduces by 55.74%. Moreover, at 28 days, the adsorption average pore width in 

paste containing 0.05% and 0.10% TiO2 reduces by 37.96% and 39.83%, while in the 

reference paste the adsorption average pore width reduces by 24.76%. As mentioned before,

the SSA of  TiO2 xerogel is 244.75 m2/g. It is obvious that at 28 days the increased values of  

SSA in hardened cement paste containing 0.05% and 0.10% TiO2 are much greater than 

the pure growth caused by superposition of  the SSA of  nano TiO2 particles and hardened 

paste. These results indicated that the presence of  TiO2 hydrosolsin hardened cement paste 

could inhibit the decrease of  SSA caused by cement hydration, which may be related to the 

change of  morphology of  hydration products and distribution of  pores.

The cumulative pore size distribution (CPSD) and differential pore size distribution (DPSD) 

of  the paste samples at 1d and 28 d are presented in Fig. 3.7. As can be seen from Fig. 3. 7, 

after one day hydration, the pore volumes of  gel micropores, mesopores and capillary pores 

[159]are higher than that of  hardened cement paste containing TiO2, and the pore volumes 

of  pores reduced with the concentration of  TiO2. At 28 days, the pore volume of  gel mi-

cropores in hardened cement paste containing 0.10 % TiO2 is the highest, and the pore 

volume of  mesopores and capillary pores in hardened cement paste containing 0.01 % is the 

highest. According to the results in [160], a higher volume of  capillary porosity between 10
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- 50 nm in mortars reveals a stronger photocatalytic activity. In Fig. 3.7(b), the volume of  

capillary porosity between 10- 50 nm decreases obviously from one day to 28 days of  hy-

dration, and the volumes of  capillary porosity in that range of  the cement paste containing 

0.05 % and 0.10 % TiO2 are similar while the volume of  capillary porosity in that range of  

cement paste containing 0.01 % TiO2 is the lowest. These results of  pore distribution can 

successfully explain the reduction of  self-cleaning performance of  TiO2-modified cement 

paste at different hydration ages, an earlier hydration age represents a larger volume of  ca-

pillary porosity in the range of  10- 50 nm and a higher value of  SSA, which are helpful for 

the improvement of  photocatalytic activity and self-cleaning performance of  cement paste.

Table 3.6 BET surface area of the hardened cement paste.

0 % TiO2 0.01% TiO2 0.05% TiO2 0.10% TiO2

1d 28d 1d 28d 1d 28d 1d 28d

BET surface area (m2/g) 17.06 7.55 15.11 6.52 15.02 9.99 13.81 11.70

Adsorption average pore width (nm) 20.64 15.53 21.87 15.04 21.18 13.14 21.54 12.96

Decrease rate of BET surface area 
(%)

55.74 61.95 33.49 15.28

Decrease rate of adsorption average 
pore width (%)

24.76 31.24 37.96 39.83
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Fig. 3.7 Cumulative (a) and differential (b) pore size distributionsof hardened paste at 1d and 28d.

(2) SEM analysis

The morphology of  hardened cement paste modified with different concentration of  TiO2

hydrosolsat one dayand 28 days are presented in Fig. 3.8 and Fig. 3.9. From Fig. 3.8(a) and 

(b), it can be seen that the hydration product AFt in the reference sample and sample con-

taining 0.01% TiO2 is the typical needle-like shape with relatively uniform size [161,162],

and the C-S-H is the dense gelatinous inner product [163]. While in the hardened cement 
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paste containing 0.05% TiO2, the AFt presents the shape of  hexagonal prisms with shorted 

length. In Fig. 3.8(d) and (e), in the paste containing 0.10% TiO2, the hexagonal prisms are 

tangled by wire like amorphous C-S-H gels [163], which are surrounding the C3S grains. 

These images directly confirmed that the nucleation and formation of  AFt at an early age 

are inhibited by the TiO2 hydrosols.

Fig. 3.8 SEM photos of hardened cement paste at one day(a. Reference; b. containing 0.01% TiO2; c. containing 

0.05% TiO2; d. containing 0.10% TiO2 magnified 15000 x; e. containing 0.10% TiO2 magnified 35000 x).

Fig. 3.9 SEM photos of cement paste at 28 days (a. Reference; b. containing 0.05% TiO2; c. containing 0.10%

TiO2).

In Fig. 3.9(a), after 28 days of  hydration, the main hydration products, like calcium hydroxide 

(CH), C-S-H gel and AFt, can be seen in the reference hardened cement paste, and the 

amount of  AFt greatly reduces compared with that in Fig. 3.8(a). While, in the hardened 

cement paste containing 0.05% TiO2 hydrosols(Fig. 3.9(b)), fibrous, radial crystal aggregates 

of  AFt and petal shaped AFm are observed, and a number of  small and short rod- shaped 

Ettringite crystals (Type 2 Ettringite crystals) [164]with about 3 Ǫm length and 0.1 to 0.2 Ǫm 
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thickness are also observed. In the hardened cement paste containing 0.10% TiO2 hydrosols

(Fig. 3.9(c)), the clusters of  AFt, AFm and C-S-H gel can be seen clearly, and the pores of  

hardened cement are filled with the areatus crystals. 

The results of  SEM images of  hardened cement paste at one dayand 28 days can explain 

the change of  SSA caused by TiO2 hydrosols. The amount and morphology of  cement hy-

dration products at one dayand 28 days, like C-S-H and AFt, are impacted more by the 

concentration of  TiO2 hydrosols. At one day, the retardation of  nucleation and formation 

of  AFt and C-S-H led to the smaller SSA of  hardened cement paste containing TiO2 hydro-

sols. While at 28 days, the pores of  hardened cement paste are filled with plenty of  clusters 

of  short rod-shaped AFt, flake-like AFm and C-S-H gel, which led to a bigger SSA as com-

pared with the reference paste. 

3.4 Discussions

3.4.1 Dispersion of  TiO 2 in hardened cement paste matrix

Agglomeration and coagulation are the main physicochemical processes restricting the pho-

tocatalytic activity of  nano-dispersedTiO2 hydrosolsor nanopowders[42]. However, it is 

difficult to distinguish nano TiO2 from cement by energy dispersive X-ray spectroscopy 

(EDX) element analysis, because the cement also contains titanium [165,166]. The confocal 

Raman microscope (CRM) is an ideal instrument for heterogeneous materials that show local 

fluorescence, which has been used to characterize the clinkers and hydration products of  

hardened cement paste [167ð170]. Due to the non-destructive nature of  the method, it can 

easily be applied to aqueous systems and both amorphous as well as crystalline components 

can be studied. Since TiO2 is a typical crystalline compound, the distribution of  nano TiO2

crystals on the surface of  the hardened cement paste can be observed by CRM more pre-

cisely and easily.

The average Raman spectra for hardened cement paste containing TiO2 measured by CRM 

are shown in Fig. 3.10. The Raman bands at 144, 197 and 639 cm-1 are assigned to eg modes, 

and the band at 144 cm-1 is very intense and sharp [171,172]. Raman spectroscopy can also 

be used to determine (approximately) the anatase content of  impure rutile and other com-

pounds [171]. In Fig. 3.10, the Raman band of  anatase TiO2 at 144 cm-1 is more obvious in 

the hardened cement paste containing 0.05% and 0.10% TiO2 hydrosols, while the wide 

Raman band of  amorphous carbon [168]is clear in the reference paste and paste containing 

0.01% TiO2 paste. In hardened cement composites, the Raman spectrum of  the ettringite 

is dominated by the Raman band around 1009 cm-1 and weaker band at 628 cm-1 [173,174], 

and the calcite (CaCO3) is dominated by the narrow and intense Raman band at 1085 cm-1

[168,175ð177]and weaker band at 711 cm-1 [168], the Raman modes of  pure Portlandite 

(Ca(OH)2 ) at 252 cm-1, 356 cm-1 and approximate 680 cm-1 [178]. In Fig. 3.10, the peak 

intensity of  Ettringite at 1000 cm-1 increased with the content of  TiO2 while the peak of  
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calcite at 1085 cm-1 is observed in all samples. The wide peak in the range of  800- 900 cm-1

is referred to the unhydrated C3S and C2S [179]. As shown in Fig. 3.10, the peak intensity of  

unhydrated C3S and C2S is very weak on the surface of  hardened cement paste with 0.05%

and 0.10% TiO2 hydrosols, indicating the more complete hydration of  cement clinkers. 
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Fig. 3.10 Average Raman spectra of the different cements obtained by CRM (50 -2000 cm-1 region).

(a) Contains 0.01 % TiO2        (b) Contains 0.05 % TiO2        (c) Contains 0.10 % TiO2

Fig. 3.11 Raman images by CRM of the evolution of the main phases present in the paste at 28 days (the scan area 

is 20 Ǫmĭ20 Ǫm).

The Raman images of  the anatase TiO2 and the main hydration products' spatial distribu-

tions in the hardened cement paste are shown in Fig. 3.11. The Raman band of  144 cm-1

[168], 356 cm-1 [178], 667 cm-1 [169], 839 cm-1 [179], 860 cm-1 [179], 1000 cm-1 [173,174]and 

1085 cm-1 [168,175ð177]are referred to the phase of  anatase TiO2, Portlandite, C-S-H, C3S,

C2S, ettringite and calcite, respectively. In Fig. 3.11, in hardened cement paste containing 

0.01% TiO2, very little anatase TiO2 is observed in the surface pores, while in the paste 

containing 0.05% and 0.10% TiO2, more anatase TiO2 is observed in the surface pores. In 

addition, the TiO2 clusters are surrounded by the C-S-H and Ettringite, especially in the pore 

areas. Compared with a paste containing 0.05% TiO2, the distribution area of  TiO2 in a 

paste containing 0.10% is bigger, and the amounts of  unhydrated C3S and C2S are smaller. 
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3.4.2 Self-cleaning mechanism analysis

The degradation mechanisms of  RB in cement paste caused by TiO2 hydrosolsare important 

in the understanding and optimisation of  self-cleaning efficiencies. As reported previously 

[76], the degradation mechanism of  RB caused by nano TiO2 is proposed to happen by two 

phenomena, one being the de-ethylation process that has also been reported in other studies 

[77,180], and a second which is the degradation process of  the chromophore structure. 

Several mechanisms for photoinduced self-cleaning of  nano TiO2 have been proposed,

including (1) photoinduced surface vacancy generation [181]; (2) photoinduced 

reconstruction of  surface hydroxyl groups [182,183]; and (3) light-induced removal of  the 

carbonaceous layer on the surface of  TiO2 exposed to air [184]. The foundation of  these 

theories is that the nano TiO2 particles are dispersed evenly on the surface of  the matrix,

and the surfaces of  the nano TiO2 particles are exposed to the air and pollutants. 

Many previous studies [153,185ð187]prove that the higher concentration of  oxygen vacan-

cies or other defects resultsin the stronger photoactivity of  nano TiO2, which is usually used 

to explain the better air purification property of  photocatalytic cementitious materials

[123,188]. According to the calculation results of  Band energy and Urbach energy shown in 

Table 3.5, the hardened cement paste containing 0.05% TiO2 presents the highest photo-

catalytic activity, however, it does not present the best self-cleaning performance based on 

the test results in Section 3.3.3(1). Therefore, a new interpretation of  the self-cleaning per-

formance enhancement of  TiO2 hydrosols-modified Portland cement paste is proposed here.

For cement paste modified by nano-dispersed TiO2 hydrosols, the high self-cleaning 

performance can be interpreted from two parts. Firstly, the nanoscale dispersion of  TiO2

hydrosolsareadded in the mixing water in preparing cement paste, which means the nano 

TiO2 particles can scatter much more evenly in the paste along with the water through mixing 

compared to the powder TiO2 particles. The results of  CRM analysis confirm that the 

anatase nano TiO2 particles are dispersed evenly in the matrix of  hardened cement paste. 

Secondly, there is a retardation effect of  TiO2 hydrosolson cement hydration at the acceler-

ation and the deceleration stages. According to the XRD and TG analyses of  hardened 

cement paste at different hydration ages, the presence of  TiO2 hydrosolsdoes not affect the 

types of  hydration products but affects the content of  hydration products at early age. The 

retardation and nucleation effect of  nano TiO2 hydroosl on cement hydration leads to the 

obviously different morphology and distribution of  hydration products (see the SEM and 

CRM analyses in Sections 3.3.4and 3.4.1). As a result, the specific surface area of  the 

hardened cement paste at 28 day modified with greater TiO2 hydrosolsaremuch higher than 

that of  the reference. The larger specific surface area of  cement paste meant the more reac-

tion surface area for TiO2 to degrade the RB molecules on the surface of  cement paste,

indicating the better self-cleaning performance of  cement paste. 

Fig. 3.12 reveals the two routes to explain the self-cleaning mechanism of  TiO2 hydrosols 
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modified cement paste, one is the additional surface defects causing smaller energy band gap 

and better photocatalytic activity (see Fig. 3.12 (a)), and another one is the surface electron 

capture effect of  nano sized cement hydration products, like AFt and AFm phases (see Fig. 

3.12 (b)). As mentioned in Section 3.3.3, the semiconductor electronic structure of  TiO2 can 

be disturbed by the hardened cement paste through the creation of  defect levels. Moreover, 

the self-cleaning ability of  a photocatalytic cementitious material is not only influenced by 

photocatalyticactivity, but also influenced by the conditions of  the nano TiO2 surface. As 

mentioned in Section 3.3.1, the surface of  TiO2 nanoparticles turns to negative at high pH 

system. In other words, in a cement-based environment, the TiO2 particles tend to absorb 

on the surface of  hydration phases with the positively charged surface, like AFt, AFm phases. 

The CRM images support that the non-agglomerated TiO2 particles are surrounded by the 

positively charged AFt and AFm phases, which could be interpreted as that AFt and AFm 

can be the receptors of  photo-induced electrons. When the electrons on the surface of  TiO2

are promoted by UV illumination, the electrons are trapped by positively charged AFt and 

AFm phases, which reduces the possibility of  the electron-hole recombination. The surface 

electron capture effect is stronger at a larger concentration of  TiO2 hydrosols based on the 

results in Section 3.3.1. As a result, the tested TiO2 modified cement paste shows a good 

self-cleaning performance. 

(a) Surface defects effect  

(b) Surface electron capture effect

Fig. 3.12 Schematic diagram of the self-cleaning mechanism of TiO2 hydrosolsmodified photocatalytic cement 

paste.
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From what has been discussed above, at low concentrations of  TiO2 (< w/w 0.05% of  

cement), the self-cleaning performance of  hardened cement paste is mainly dominated by 

the additional surface defects. While, at a high concentration of  TiO2 (> w/w 0.10% of  

cement), the surface electron capture effects of  cement hydration products predominate the 

efficiency of  de-colour rate of  hardened cement paste. Moreover, the enhancement of  self-

cleaning performance induced by the photocatalytic activity is much higher than that induced 

by the surface electron capture effect.

3.5 Summaries

In this chapter, the influences of  very low concentration nano-dispersedTiO2 hydrosolson 

the self-cleaning properties of  hardened Portland cement paste (HPCP) are investigated on 

the cement hydration process and microstructure evolution. The following conclusions are 

drawn:

(1) Due to the positively charged TiO2 particles in hydrosolscarrying functional group-

COOH, the cement hydration process is slightly retarded when mixing TiO2 hydrosolsin 

water at an early age. The category of  cement hydration products is unaffected, but the mi-

crostructure of  hardened cement paste is affected. The modified microstructure of  hardened 

cement paste presented a bigger specific surface area at 28 days than that of  the reference 

paste, and the specific surface area of  the paste increased with the concentration of  TiO2. 

(2) The self-cleaning performance of  modified HPCP is influenced by the higher optical 

photocatalytic activity of  TiO2-cement paste and the morphology of  cement hydration prod-

ucts at different ages. At each test hydration age, the colour change rate in modified HPCP 

is increased with the concentration of  TiO2 hydrosols, but the increment is not proportional 

to the concentration of  TiO2 hydrosols. The colour change rate of  modified HPCP with 

higher concentrations of  TiO2 (> 0.05% w/w of  cement) decreases with the hydration age 

of  cement. 

(3) At lower TiO2 hydrosolsconcentration (< 0.05% w/w of  cement), the increase of  ad-

ditional surface defects of  TiO2 dominates the enhancement of  self-cleaning performance 

of  hardened cement paste. While in the higher concentration of  TiO2 hydrosols(> 0.05%

w/w of  cement), the contribution of  the surface electron capture effect of  hydration prod-

ucts to the enhancement of  self-cleaning performance is larger. Under the UV irradiation,

the recombination of  electron-hole on the surface of  nano TiO2 can be resisted because the 

photo-induced electrons trapped by the positively charged AFt and AFm phase.

(4) A new mechanism of  the self-cleaning performance enhancement of  TiO2 hydrosols

modified hardened cement paste is proposed. The coupling of  surface defects of  nano TiO2

particles and a surface electron capture effect generated by the special cluster structures of  

TiO2 and main hydration products, like AFt, AFm and C-S-H are observed. Since the TiO2
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hydrosolsaffect the cement hydration at lower concentration, the lower-impacted HPCP 

creates more additional surface defects of  TiO2 particles. With the increase of  TiO2 hydro-

sols, the higher-impacted cement hydration products become the capturers of  photo-in-

duced electrons, which effect also improves the self-cleaning performance of  HPCP.
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Chapter 4Variation of  self-cleaning performance of  nano 

TiO 2 modified mortar caused by carbonation: From 

hydrates to carbonates

Evaluation and quantification of  the effects of  the carbonation process on photocatalytic 

activity are essential for the long-term functional assurance of  nano TiO2 modified photo-

catalytic concrete. This chapterfocuses on the photocatalytic self-cleaning performance var-

iation of  mortar containing different dosages of  nano TiO2 hydrosolsat different carboni-

zation duration. The colourimetric analysis is used to evaluate the self-cleaning performances 

of  carbonated mortar samples. The distribution areas of  anatase TiO2, hydrates, and car-

bonates in the mortar surface are characterized by the Confocal Raman Microscopy. The 

data recorded during the 28 days of  carbonation show that the self-cleaning performance of  

mortar surfaces features a recovery phenomenon during carbonation. The correlations be-

tween photocatalytic self-cleaning performance and the possible parameters are analyzed. A 

predictive model is suggested to evaluate the influence of  carbonation degree on the photo-

catalytic self-cleaning ability of  nano TiO2 hydrosolsmodified mortar.

This chapter has been published as:

Z. Wang, Q. Yu, P. Feng, H.J.H. Brouwers, Variation of  self-cleaning performance of  nano 

TiO2 modified mortar caused by carbonation: From hydrates to carbonates, Cem. Concr. 

Res. 158 (2022) 106852.
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4.1 Introduction

Nano TiO2-based photocatalytic cementitious materialshave proven excellent air purifica-

tion and self-cleaning performance in previous studies and field applications [101,120,189ð

194], and among the available forms, hydrosolsTiO2, thanks to its fine size of  5 to 100 nm 

[17ð20], has shown better depollution performance than other types [129,195ð198]. How-

ever, the photocatalytic ability of  nano TiO2 modified cementitious materialscan be weak-

ened by the physio-chemical reactions during the service. Among those reactions, carbona-

tion-induced cement hydrates alteration is potentially a serious issue [125,199,200], which 

includes a series of  complex physical and chemical-related dissolution-precipitation reaction 

processes [201ð205], affecting the durability of  concrete structures [205ð210]. The photo-

catalytic depollution rates of  fully carbonated photocatalytic mortar samples have been re-

ported to reduce significantly [160,199,200,211], for example, about 50% [26]. The shielding 

and filling effectsof  calcium carbonates in carbonated mortar are the main possible reasons 

for the decrease in photocatalytic performance [211].

The carbonation process of  cementitious materialsis influenced by CO2 concentration, tem-

perature [212], relative humidity, the types of  supplementary cementitious materials [213]

and the diffusion ability of  CO2 in the matrix, among which the CO2 concentration 

[202,205,214ð216] and relative humidity [214,217ð219] significantly affect the chemical 

changes and crystal phases of  cement hydrates during carbonation. In the natural environ-

ment with a CO2 concentration of  about 0.03%, it will take several years for the total car-

bonation of  cement hydrates in the depth of  10 mm to take place[220ð222], indicating that 

the phase and crystal shape from hydrates to calcite crystals experience continuous changes 

during a very long period. During carbonation, the cement hydrates in mortar usually trans-

form into different forms of  calcium carbonate (CaCO3) based on the initial conditions,

such as the crystal shapes and morphology of  the mortar. Calcium carbonate has polymor-

phic forms [223ð226], with different crystal sizes, shapes, and molecular volumes. Calcite,

vaterite, and aragonite are the three anhydrous crystalline polymorphs of  CaCO3. The cal-

cium carbonate hexahydrate (Ikaite, CaCO3ω6H2O) and calcium carbonate monohydrate 

(CaCO3ωH2O) are the two well-defined hydrated crystalline polymorphs of  CaCO3. The 

amorphous CaCO3 also contains a variety of  forms. Table 4.1 summarises the parameters 

such as density and molar volume of  cement hydration products and carbonation products. 

The interplanar crystal spacing d[hkl] of  Ca(OH)2 firstly increases when CCH1, CCH2, and 

CCH3 are formed. The crystal shape and size of  Ca(OH)2 significantly influence the poly-

morph evolution during the conversion of  Ca(OH)2 into CaCO3. As to the C-S-H phase, 

the crystal pattern and shape of  carbonation products are influenced by the Ca/Si ratio [209], 

mineral morphology [201], and density [203]. The molar volumes of  these intermediate car-

bonization products CCH1 to CCH4 are several times larger than the volumes of  the CH 

and C-S-H. The volume of  reactants and products involved in carbonation first increases 
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sharply and then decreases gradually from hydration products to the final stable state of  

calcite. 

Table 4.1 Compounds participating in the carbonation reactions.

Name Molecular formula
Density 
(g/cm3)

Molar weight
(g/mol)

Molar 
volume 

(cm3/mol )

Portlandite Ca(OH)2 2.23 74 33.18

C-S-H (CaO)1.7(SiO2)(H2O)1.80 2.60 187.6 72.15

Calcium carbonate hydroxide 
(CCH1)

Ca3(CO3)2(OH)2 1.60 274 171.25

Defernite (CCH2) Ca6(CO2.65)2(OH0.657)ω7(H2O)2 2.50 501.4 200.56

Calcium carbonate 
hydroxide hydrate (CCH3)

Ca3(CO3)2(OH)2ω1.5H2O 1.82 301 165.38

Ikaite (CCH4) CaCO3(H2O)6 1.78 208 116.85

Monohydrocalcite (CCH5) CaCO3(H2O) 2.38 118 49.58

Vaterite CaCO3 2.54 100 39.37

Aragonite CaCO3 2.93 100 34.13

Calcite CaCO3 2.71 100 36.90

Silica gel SiO2 2.2 60 27.27

The carbonation reactions of  Portlandite and products crystal systems suggested by 

Stepkowska [227]are shown in the following equation:

Portlandite

hexagonal
ᴼ
CCH1OCCH2OCCH3

orthorhombic monoclinic
ᴼ

CCH4

monoclinic
ᴼ

CCH5

hexagonal
ᴼ
vaterite

hexagonal
ᴼ

aragonite

orthorhombic
ᴼ

calcite

rhombohedral
  (4.1)

The volume variation of  calcium carbonates caused by carbonation of  cement hydrates will 

vitally influence the microstructure of  photocatalytic mortar, consequently leading to altera-

tion of  its self-cleaning performance. However, only a few researchers [160,199,200,211]

studied the influences of  fully carbonated cement hydrates on the photoactivity of  powder-

formed nano TiO2 in cementitious materials. Therefore, studying the phases and morphol-

ogy of  cement hydrates in photocatalytic self-cleaning mortar during carbonation is essential 

to understandingthe functional ability during the engineering application. 

This chapterinvestigates the potential relationships between crystalline morphology evolu-

tions and photoactivity reductions to control the adverse effects of  carbonation on photo-

catalytic cementitious materials. The accelerated carbonation test with 3% CO2 and 65%

RH is used to mimic the natural environment as the variation of  the microstructure of  or-

dinary Portland cement paste upon accelerated carbonation is relatively close to that of  paste 

in the natural carbonation [202,205]. The chromatics and optical photocatalytic factors are 
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determined to characterize the self-cleaning performance of  mortar samples. More im-

portantly, a calculation model is established to quantitatively evaluate the influence on the 

photocatalytic self-cleaning performance declination caused by the carbonation of  hydrates.

4.2 Materials and experimental

4.2.1 Materials

The nano-dispersedanatase TiO2 hydrosolsaresynthesized based on the method in our 

previous study [228]. The hydrodynamic size of  TiO2 hydrosolsis18.92 ±6.358 nm, and the 

percentage of  pure TiO2 in hydrosolsare1.54 w/w %. CEM I 52.5 R cement, standard sand 

(CEN-EN 196-1), and tap water are used to prepare the mortar samples with the water to 

cement ratio mass of  0.5 and sand to cement mass ratio of  3. The chemical composition of  

cement is shown in Table 4.2, which is tested by X-rayfluorescence spectroscopy.

Table 4.2 Chemical composition of CEM I 52.5 R cement.

Components CaO SiO2 Fe2O3 SO3 Al2O3 MgO K2O TiO2 P2O5
Minor ele-

ments*

Content (%) 66.34 18.22 3.81 3.15 5.56 1.68 0.29 0.50 0.16 0.30 

* V2O5+Cr2O5+MnO+CuO+ZnO+BaO+Cl

The samples are wet mixed for five minutes before being moulded in 4 cm × 4 cm × 16 cm 

moulds and covered with a plastic sheet. Different amounts of  TiO2 hydrosolsare firstly 

dispersed in the mixing water. The TiO2 to cement mass ratios are 0%, 0.01 w/w %, 0.05 

w/w %, 0.10 w/w % and 0.50 w/w %, respectively. After one day of  curing, the samples are 

de-moulded and cured in a climate chamber (RH > 95%, 20 °C) until 28 days. 

4.2.2 Methods

(1) Accelerated carbonation tests 

For the accelerated condition, mortar samples are placed in a CO2 incubator (HPP, Memmert,

Germany) in which the CO2 concentration is maintained at 3 ± 0.1%, the relative humidity 

at 65 ± 0.1% and the temperature at 25 ± 0.1 °C. Four different carbonation test durations 

are set as three days, seven days, 14 days, and 28 days for testing the mortar samples. Before 

the accelerated carbonation tests, both ends of  the prism sample are cut with 1 cm and then 

cut into three cubes with a side length of  4 cm. Forachieving one-dimensional carbonization,

the four side faces of  each cube are sealed by paraffin and Parafilm (Bemis Company Inc.,

United States). Before that, the cubes are dried at 40in the oven for 48 hours. Two parallel 

samples are used in each test group.
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(2) Self-cleaning tests

The self-cleaning performances of  the TiO2-modified mortar slice samples are evaluated by 

the colourimetric analysis of  the degradation of  the organic dye Rhodamine B (RB). Each 

surface area of  the paste sample is stained by painting 600 µL of  50 mg/L RB aqueous 

solution. Then, the samples are kept overnight in the dark at room temperature for drying. 

Subsequently, the samples are exposed to a UV lamp (10 ± 0.05 W/m2) to simulate UV light 

in natural conditions, and the discolouration of  the samples is monitored. The UV lamp is 

composed of  three UV tubes with apower of  25 W. The UV-A wavelength ranges from 300 

nm to 400 nm and is centered at 345 nm. The reflected colour measurements are taken on 

the sample's surface with a spectrometer (USB4000, Ocean optics, United Kingdom)

equipped by a light resource with a wavelength range from 380 to 780 nm. For mortar with 

each dosage of  nano TiO2, two slices are used as the parallel samples. Nine points are rec-

orded for the colourimetric tests for each sample, and eachpoint is tested four times. The 

colour of  each sample is measured after 0.5h, 1h, 2h, 4h, 8h, 16h and 26h of  UV irradiation,

respectively. The percentage of  discolouration of  RB on the surface of  mortar (Rt) is ex-

pressed with a* value coordinate of  the dominant colour of  dye in the CIE Lab colour space,

according toEq. (3.1) in Chapter 3.

4.2.3 Characterizations

An isothermal calorimeter (TAM Air, TA Instruments, United States) is used to record the 

heat release of  cement hydration containing different concentrations of  TiO2 hydrosols

every 10 s for the first 168 h of  hydration. The test temperature is 20 °C. 

The planetary ball mill (Pulverisette 4, Fritsch, Germany) is used to prepare the powder sam-

ples from the slice mortar samples. Then, the powder samples are sieved through a fine sieve 

with apore size of 75 Ǫm. The fine powders are dried at 40 °C for 48 hours before the X-

raydiffraction and TG analysis. For mortar samples carbonized for different periods, one 

slice of  mortar sample is crushed to preparea powder sample.

The crystal patterns of  cement hydrates before and after the accelerated carbonation test are 

determined by the X-raydiffraction (XRD) pattern (Bruker D4 PHASER,Philips,The Neth-

erlands) with a Co tube (40 kV, 40mA), with the test step size of  0.02°/min and dwell time 

of  0.5s. According to the previous study [229], the crystals of  the Portlandite with hexagonal-

prism shape faceted by {10-10} prismatic and {0001} basal facets, and the exhibit aspect 

ratio (rL) of  the crystal can be calculated by:

rL = 
L1

L2
                         (4.2)

Where L1 is the characteristic linear size of  portlandite crystal in {10-10} growth direction; 
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L2 is the characteristic linear size of  portlandite crystal in {0001} growth direction.

A nitrogen adsorption-desorption device (TriStar II 3020) is used to test the nitrogen sorp-

tion isotherm and Brunauer, Emmett and Teller (BET) specific surface area of  the mortar 

samples. The Barrett-Joyner-Halenda (BJH) plots areanalysed to evaluate the pore size dis-

tribution. Before the BET test, the slice mortar samples are cut into small blocks with a 

volume of  about 0.5 cm3 and then dried at 40 °C for 48 hours in the oven, finally degassed 

in an external degassing station at 40 °C under N2 flow for 4 hours. The mass of  each tested 

sample is about 0.60 g, and the test pressure ranges from 0.01 to 0.14 atm.

A Quanta 250 FEG scanning electron microscope (ThermoFisher Scientific, USA) and a 

Phenom Pro Desktop scanning electron microscope (ThermoFisher Scientific, USA) are 

used to capture the morphology images of  mortar samples with secondary electrons detector. 

The slice mortar samples are cut into blocks of  about 1 cm3 and dried at 40 °C for 48 hours 

before being put into the SEM test chamber. 

The UVðvis diffuse reflectance spectra (UVðvis DRS) of  TiO2 hydrosolsmodified mortar 

before and after accelerated carbonation tests are measured by a UV-VIS-NIR spectropho-

tometer (Perkin Elmer Lambda 750), the tested range is 200 nm to 2500 nm,2 nm per second. 

Two mortar slices are used as the parallel samples for obtaining the reflectance spectra. All 

the samples are dried at40 °C for 48 hours before tests. The Kubelka-Munk optical absorp-

tion coefficient F(R) and the bandgap energy (Eg) of  TiO2 modifiedcement paste samples 

are calculated by Taucõs relation [153]. The exponential character of  the absorption coeffi-

cient near the absorption edge is expressed by the Urbach rule [157,158]. Detailed infor-

mation can be found in our previous work [228]. 

The distribution of  phases on TiO2 hydrosolsmodified mortar is observed by Confocal 

Raman Microscopy (Witec alpha300S, Witec, Ulm, Germany). The Raman spectra range 

from 0 cm-1 to 3900 cm-1. The 532 nm excitation laser with a power of  60 mW is used in 

measurements. The scan area on the surface of mortar is 35 Ǫm ĭ 35 Ǫm, the size of  the 

Raman images is 70 × 70 pixels with an integration time per pixel of  0.1 s. One mortar slice 

is used for CRM mapping analysis.

The TG analysis of  mortar samples before and after the accelerated carbonation is con-

ducted using a STA 449 F1 instrument (NETZSCH, Germany) with N2 as the carrier gas by 

heating up to 1000 °C from 40 °C at the rate of  10 °C/min. The TGA plots of  cement 

hydrates are usually divided into three main parts [145ð147]: (1) The primary range of  dehy-

dration of  C-S-H gel is 105 to 300 . (2) Dehydroxylation of  calcium hydroxide (CH) is 

400 to 500 . (3) Decarbonisation of  calcium carbonate (CaCO3). The decomposition 

of  CaCO3 in the range of  500 °C to 680 °C is related to the amorphous calcium carbonate 

[230,231]. The poorly-crystalline (including vaterite and aragonite phases) and well-crystal-

line CaCO3 (calcite phase) are considered to be decomposed between 680 and 780 ,
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and between 780 and 990 , respectively [232]. The carbonation degree (Dc) of  mortar 

can be calculated as follows [233]:

Dc  
C - C0

Cmax - C0
 ĭ 100 Ϸ                         (4.3)

C is the amount of  CO2 in the sample (refer to the CO2 derived from the CaCO3); C0 is the 

amount of  CO2 in the non-carbonated sample; Cmax is the theoretical amount of  carbon 

dioxide needed to combine with the total CaO in the sample to form CaCO3. The Cmaxmust 

beanalysed by a reliable method, such as XRF, and the CaO amount in the CaCO3 of  raw 

materials should be deducted.

4.3 Results

4.3.1 Cement hydrates and carbonates

(1) Hydration kinetics

       
   (a) Total heat                                   (b) Heatflow

Fig. 4.1 Influences of TiO2 hydrosols on the exothermic heat flow and total heat of per gram of cement.

The influence of  TiO2 hydrosolsconcentration on the Portland cement hydration kinetics

at the early age is studied, and the cumulative heat release and hydration rate are shown in 

Fig. 4.1. At a low concentration of  TiO2, for example,0.01 w/w %of  cement, the cumulative 

hydration heat is primarily unaffected. While with the increase of  the concentration of  TiO2

hydrosols, the total released hydration heat decreases clearly, as seen in Fig. 1(A). Moreover,

the TiO2 hydrosolsreduces the hydration rate, delays the appearance of  the second heat flow 

peak and extends the acceleration and deceleration periods of  cement hydration. The peak 

value and cumulative heat release of  cement are significantly reduced by adding TiO2 hydro-

solsat higher concentrations, while thewidth of  the hydration heat flow peak increases with 

the dosages of  nano TiO2. In the paste containing 0.50 w/w % TiO2, the heat flow peak 

appears about 12 hours later than in the reference paste. It is concluded that the presence of  
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TiO2 hydrosolsretards the hydration of  Portland cement, prolongs the induction period of  

early hydration of  cement, and reduces the hydration rate in the acceleration and deceleration 

periods. When TiO2 hydrosolsto cement ratio is less than 0.1 w/w %, the influence of  TiO2

hydrosolson the hydration heat evolution becomes very small after three days. However, it 

should be noticed that the retardation of  cement hydration may influence the hydrates crystal 

pattern and morphology after 28 days of  curing, which will be discussed in nextsection.

(2) Hydration products

The X-raydiffractograms of  reference mortar and mortar samples containing 0.5 w/w %

TiO2 before are shown in Fig. 4.2. Before carbonation, the main hydrates of  calcium hydrox-

ide (CH) and C-S-H phases are detected in the TiO2-modified mortar and the reference 

mortar. The C-S-H phases in mortar sample containing 0.50 w/w % TiO2 contains Tober-

morite, Hillebrandite, Xonotlite, and Foshagite phases, while only the Tobermorite phase is 

detected in the reference mortar sample. Based on the previous study [228]and the results 

in Section 3.1.1, the formation of  C-S-H phases are delayed, and the morphologies of  C-S-

H phases are different at an early age because the nano TiO2 hydrosolshave the surface 

functional groups of  ðCOOĬand ðCðOH. 

As shown in Fig. 4.3, the morphology of  the C-S-H gel is also influenced by the applied 

TiO2. In the mortar with a lower content of  TiO2 (<0.10 w/w %), a foil-like C-S-H gel is 

observed. In the mortar with 0.10 w/w % TiO2, the fibrillar and reticular C-S-H phases 

appear, which co-exist with foil-like C-S-H and CH crystals. More fibrillar C-S-H gels appear 

when the mortar contains 0.50 w/w % TiO2. Previous studies [127,234]have reported a 

similar phenomenon: nano TiO2 in the forms of  sol and suspension leads to fibrillar C-S-H 

thatcontains alumina with a high Ca/Si ratio ( -2) in the hardened cement paste. Furthermore,

the initial Ca/Siratios of  C-S-H gel in hydrates closely relate to its carbonation rate, the C-

S-H with higher Ca/Si ratios shows a faster carbonation rate than the lower Ca/Si ratios 

[235]. Therefore, the results in Fig. 4.2 and Fig. 3 support that the ratios of  Ca/Siin the C-

S-H phase are influenced by the amount of  nano TiO2 hydrosols, which will affect the car-

bonation rate and the morphology of  carbonates in mature cementitious materials[209,236]. 
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Fig. 4.3 Morphology of Portlandite crystal in the mortar after curing with different amountsof TiO2 hydrosols; 

(A) 0w/w % TiO2; (B) 0.01w/w % TiO2; (C) 0.05 w/w % TiO2; (D) 0.10 w/w % TiO2; (E) 0.50 w/w % TiO2.

Fig. 4.4(a) Crystal pattern of hydrates before carbonation test; (b) Plot of the exhibit aspect ratios (rL) of CH vs. 

TiO2 mass fraction.

Fig. 4.4(a) shows the XRD pattern of  mortar samples containing different content of  nano 

TiO2, the typical peaks of  Portlandite at {0001}, {10-10} and {10-11} planes appear on the 

patterns of  the reference mortar and TiO2 modified mortar before carbonation test. In other 

words, the presence of  TiO2 hydrosolsdoes not affect the lattice parameters of  portlandite 

crystals and does not change the types of  cement hydrates. Nevertheless, in the mortar con-

taining a lower content of  TiO2, the intensity of  facets of  {0001} increases slightly. While at 

higher contents of  TiO2, the intensity of  facets of  {0001} exhibits a much sharper peak. In 

Fig. 4.4(b), the exhibit aspect ratios (rL) of  CH crystal, that is the intensity ratio of  {0001}/ 

{10-10}, increase with the increased content of  TiO2 in the mortar, which corresponds well 
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with the shape change in portlandite crystal [229]. Typically the portlandite crystals are de-

tected in the shape of  hexagonal tabular [229,237ð239](Fig. 4.4(b), pattern a). A larger ratio 

of  rL indicates a shorter length of  crystal along the caxis and a more prominent basal facet 

(shown in Fig. 4.4(b), pattern c). The SEM images of  Portlandite crystal in the mortar are 

shown in Fig. 4.3. As seen in Fig. 4.3(a), the CH crystal is the typical hexagonal tabular with 

a small area of  {0001} basal facet, and the edge of  a single CH crystal is relatively regular. 

With the increase of  TiO2 amount in the mortar, the CH crystals tend to grow in layers, the 

boundary edges of  layers tend to be indistinct, and the amount and area of  {0001} basal 

facet increase. These SEM images of  CH crystals confirm that the CH crystals grow into 

layered thin hexagonal plates in the presence of  a higher amount of  TiO2 hydrosolsin the 

mortar, as illustrated in Fig. 4.4(b). 

According to previous studies about the formation mechanisms of  stable calcite from Port-

landite [238,240,241], calcite can directly nucleate and grow after the dissolution of  amor-

phous CaCO3, vaterite and aragonite, or it can nucleate on vaterite and aragonite, then grow 

via non-classical particle-mediated aggregation or a classical ion-mediated mechanism. Thus,

the precipitation of  CaCO3 is dominated by the crystal shape and size of  Portlandite, atomic 

defects [242], and environmental conditions like relative humidity [243], temperature [224],

water content and the parameters of  pore solution, such as the degree of  supersaturation 

and ion activity [244]. Based on the modified Kelvin equation [245,246], larger CH crystals 

have lower solubility than smaller crystals, resulting in a slower dissolution of  CH in CO3
2-

saturated pore solution when CO2 dissolves into the pore solution of  mortar. Furthermore,

according to [240], the polymorph evolution of  calcium carbonate is slower for larger CH 

crystals. Thus, the presence of  TiO2 hydrosolsin the mortar sample will retard the carbona-

tion of  CH because of  the larger crystalline size and smaller specific surface area.

(3) Carbonation products

Fig. 4.5 shows the X-raydiffractograms of  all mortar samples containing different concen-

trations of  TiO2 hydrosolsbefore and after carbonation at 28 days. It is seen that, after 28 

days of  carbonation, the prominent intensity peak of  Portlandite in all mortar samples de-

creases significantly. The CCH1, CCH2, CCH3 and CCH5 peaks are observed in both mor-

tar samples, proving that the intermediate reactions between Portlandite and CO2 are still 

ongoing. These results confirm the slower carbonation reaction rate of  CH with layered thin 

hexagonal plates with significant {0001} basal facet and lower specific surface area.
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The calcite and two kinds of  meta-stable aragonite and vaterite phases are detected in the 

mortar sample containing 0.50 w/w % TiO2 hydrosols. In contrast, no aragonite peak is 

detected in the reference mortar samples. According to Black et al. [209], the CaO to SiO2

ratio (Ca/Si) significantly influences the carbonation products of  the synthetic C-S-H(I). 

When the Ca/Si> 1, the amorphous CaCO3 is always the initial carbonation product, and 

then the aragonite phase is precipitated with the formation of  SiO2 gel. The initial carbona-

tion product of  the C-S-H with Ca/Si of  0.75 and 0.67 is amorphous CaCO3, together with 

the traces of  vaterite. Therefore, it can be deduced that the Ca/Si ratio of  C-S-H in the blank 

mortar is higher than one in the mortar containing 0.5 w/w % of  nano TiO2 hydrosols. The 

phases of  carbonation products also confirm that the C-S-H with a high Ca/Si ratio largely 

exists in the mortar sample with 0.5 w/w % of  nano TiO2 hydrosols. Because the C-S-H 

with a higher Ca/Si shows a faster dissolution rate [247], the carbonation rates for C-S-H 

should increase with the increase of  Ca/Si [235]. 

Based on the above analysis, the presence of  TiO2 hydrosolsleads to more CH with larger 

crystal size and more fibrillar-like C-S-H, which have opposite effects on the carbonation 

rate of  the mortar samples. Thus, it could be hypothesized that when the retardation effect 

of  CH phase prevails, the carbonation rate would be slower; when the acceleration effect of  

the C-S-H phase prevails, the carbonation rate would be faster. The carbonation degree of  

mortar will be discussed in Section 4.3.3. The specific surface area of  mortar is another 

significant factor for CO2 attack. The presence of  nano TiO2 with different concentrations 

in mortar also affects the variation of  the specific surface area of  the mortar sample, which 

will be discussed in Section 4.4.2.

4.3.2 BET specific surface area of  mortar

As discussed in Section 4.3.1, the crystal size and morphology of  main cement hydrates after 

curing are significantly influenced by nano TiO2 hydrosols, reflected by the variation of  spe-

cific surface area (SSA) of  hardened mortar. Fig. 4.6 presents the BET SSA of  mortar with 
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and without TiO2 hydrosols before and after different carbonation duration. Before carbon-

ation, the SSA of  mortar samples increases with the mass content of  TiO2 hydrosols, indi-

cating TiO2 hydrosols promotes dissolution and subsequent carbonation. The initial crystal 

morphology of  CH and C-S-H phases in TiO2 modified mortar influences the SSA during 

the carbonation. After 28 days of  curing, the SSA of  the mortar increases with the increase 

of  TiO2 content, confirming again that the morphology of  cement hydrates is affected by 

the added TiO2 hydrosols. 

The SSA of  mortar in each group increases with the increase of  carbonation duration, at-

tributed to the molar volume difference between the hydrates and the formed CaCO3 [21]. 

In Fig. 4.6, the SSA of  the mortar samples with 0.50 w/w % of  TiO2 hydrosols are less 

influenced by carbonation. While in the mortar with a lower content of  TiO2 (<0.1 w/w %), 

the SSA increases obviously with the increase of  carbonation duration, attributing to the less 

molecular volume variation of  carbonates in the mortar with 0.50 w/w % of  TiO2 hydrosols 

during carbonation. The CaCO3 with different crystalline states shows quite different crystal 

morphology, which also influences the SSA of  mortar. As discussed in Section 4.3.1(3), it 

could be inferred that the carbonation rate of  C-S-H plays the leading role, and there are 

more crystalline phases of  calcium carbonate in the mortar with 0.50 w/w % of  TiO2 hy-

drosols during carbonation. These results confirm that the presence of  TiO2 hydrosols in-

fluences the volume difference between the hydrates and the carbonation products. 
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Fig. 4.6 BET surface area of mortar samples containing different amounts of nano TiO2 undergo different dura-

tions of accelerating carbonation test.

4.3.3 Carbonation degree of  mortar

The mass loss of  mortar samples containing 0.01 w/w % and 0.50 w/w % of  TiO2 upon 

different carbonation duration are shown in Fig. 4.7. The plots of  the reference sample and 

sample containing 0.05 w/w % and 0.10 w/w % of  TiO2 are shown in Fig. C-5 in Appendix 

III . The mass loss curves shown in Fig. 4.7 and Fig. C-5 are obtained by TGA. 

As shown in Fig. 4.7, the temperature ranges of  the endothermic peaks of  C-S-H gel, CH in 
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all test mortar powder samples are relatively stable, while the endothermic peaks of  poorly 

crystalline CaCO3 in the test mortar containing lower TiO2 (<0.1 w/w % of  cement) moves 

towards the lower temperature. These results reveal that the concentration of  nano TiO2

hydrosolsinfluences the thermo-stability of  newly formed poorly crystalline CaCO3. The 

mass ratios of  amorphous CaCO3 (ACC), poorly crystalline CaCO3 (vaterite and aragonite),

and well-crystalline CaCO3 (calcite) in TiO2 modified mortar at different carbonation dura-

tions are shown in Fig. 4.8. The ACC and poorly crystalline CaCO3 increase with the car-

bonation duration, while the increase rate of  calcite is slower in the reference mortar without 

TiO2 hydrosols. With the increased content of  TiO2 hydrosolsin the mortar, the increase 

rate of  ACC is lower than that of  crystalline CaCO3, indicating that the existence of  TiO2

hydrosolscan accelerate the transformation from ACC to calcite. As shown in Table 4.1, the 

molecular volume of  calcite is smaller than the mean molecular volume of  poor-crystalline 

calcium carbonates. Fig. 4.8 proves that before carbonation the mortar with 0.50 w/w % of  

TiO2 has more well-crystalline CaCO3 and less poorly crystalline CaCO3, which explains the 

BET specific surface area results shown in Section 4.3.2.
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Fig. 4.7 Mass loss of 0.01 w/w % and 0.50 w/w % TiO2 hydrosols modified mortar during carbonation.

The calculated average carbonation degree values (Dc) of  mortar containing different 

amounts of  TiO2 hydrosols are shown in Fig. 4.9. Before the carbonation test, the initial Dc

of  mortar samples containing TiO2 hydrosols are close to the reference mortar. During the 

carbonation, the Dc of  the mortar increases with the content of  TiO2 when the dosage is 

lower than 0.05 w/w % of  cement, while the Dc values of  mortar are close when the TiO2

dosage is higher than 0.05 w/w % of  cement. These results prove the hypothesis in Section 

4.3.1(2) that the carbonation rates of  CH and C-S-H in the mortar samples show an opposite 

trend with the increase of  nano TiO2 in mortar. Thus, when the TiO2 hydrosols concentra-

tion is lower than 0.05 w/w %, the carbonation rate of  CH dominates the mortar carbona-

tion, while when the TiO2 hydrosols concentration is higher than 0.05 w/w %, the carbona-

tion rate of  C-S-H dominates the mortar carbonation. In sum, TiO2 hydrosols influences 

the carbonation of  C-S-H and CH phases, resulting in different CaCO3 polymorphs in mor-

tar during carbonation. The effects of  TiO2 hydrosols on the microstructure of  mortar will 

be discussed in Section 4.3.5.
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Fig. 4.8 The mass ratios of amorphous, poorly and well crystalline CaCO3 in mortar samples during carbonation.
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4.3.4 Self-cleaning performance 

(1) Optical photocatalytic factors

The bandgap energy and Urbach energy are used to evaluate the photoactivity of  nano TiO2

[125,248,249]. The change of  bandgap energy can represent the electronic structure change 

of  photocatalysts. The Urbach energy can represent the defects and impurities caused by 

disorders of  the electronic structure of  photocatalysts when they are doped by metal, non-

metal elements [152,156,187], or cement hydration products [125,126,186]. According to the 

previous study [199], the photocatalytic performance of  nano TiO2-modified cementitious 

material is strongly influenced by cement hydration and the age of  cementitious materials. 

The changes in the surface condition of  nano TiO2 particles influence the photo-induced 

self-cleaning performanceof  the hardened mortar. 
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Fig. 4.10 The trends of optical bandgap energy and Urbach energy of TiO2-mortar compounds along with the ac-

celerating carbonation duration.

Fig. 4.10 shows the changes in bandgap energy and Urbach energy of  TiO2-mortar com-

pounds at different carbonation durations. The detailed reflectance curves,Taucõs plots and 

simulating curves for calculating the Ubrach energy of  mortar samples are shown in Figs. C-

2 to C-4 in Appendix III. As shown in Fig. 4.10(a), the bandgap energy of  all TiO2-mortar 

compounds decreases with the carbonation durationexponentially. In TiO2-mortar samples,

the reduction in band edges may be due to locally defective states in the bandgap near the 

bottom or the top of  the TiO2-mortar conduction band or valence band. These results re-

flect that the mortar matrix (mainly hydrates and sands) may disrupt the semiconductor elec-

tronic structure of  the TiO2 by producing defects [125]. The carbonation of  the mortar 

matrix significantly impacts the structural disorder of  mixed nano TiO2. As shown in Fig. 

4.10(b), when the TiO2 to cement ratio is lower than 0.10 w/w %, the Urbach energy de-

creases sharply after three days of  carbonation and slowly increases during further carbona-
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tion. The decrease of  bandgap energy indicates that the Urbach tail of  TiO2-mortar com-

pounds increases with the carbonation duration. The high value of  Urbach energy means 

that impurities and defects (mainly the Ti3+ and oxygen vacancies) make the structure of  

TiO2 highly disordered, forming an absorption tail that extends to the depth of  the forbid-

den zone [125,155,228]. In general, the higher the Urbach energy, the better the photocata-

lytic performance of  the sample is expected. The following Section 4.4.2 will discuss the self-

cleaning performances of  TiO2-mortar samples.

The changes in surface defect status and disorder of  the TiO2-mortar during carbonation 

also prove that the photocatalytic self-cleaning property of  mortar is closely related to the 

crystal pattern and morphology evolution of  main cement hydrates. Section 4.4will describe 

the relationship between the chemical conversions of  cement hydrates and the photocatalytic 

activity of  TiO2-mortar compounds. 

(2) Chromatics factors

As to the influences of  carbonation on the photo-activity of  TiO2 modified mortar, Fig. 4.11 

shows the change of  R4 and R26 on the surface of  the mortar at different carbonation dura-

tions. Before the accelerated carbonation test, except the sample containing 0.01 w/w % of  

TiO2, the colour change rates of  samples are greater than 25% (R4) and 50% (R26) after 4 

hours and 26 hours of  UV irradiation. These indicate that the low dosage TiO2 hydrosols

modified mortar samples are sufficiently photoreactive before carbonation. Fig. 4.11(a)

shows that although the value of  R4 in each mortar sample decreases with the increase of  

carbonation duration, the R4 of  most mortar samples is still higher than 20%, except for the 

mortar with 0.01 w/w % of  TiO2 after 28 days of  carbonation. The influence of  hydrates 

carbonation on the R26 value of  the mortar sample is more remarkable in Fig. 4.11(b). After 

the first three days of  carbonation, the R26 value of  the mortar with 0.01 w/w %TiO2 is 

reduced by 20.1%, while the R26 values of  the mortar with 0.01 w/w % to 0.50 w/w % of  

TiO2 are reduced by about 30%. However, it is worth mentioning that the R26 of  mortar 

with 0.50 w/w % decreases after seven days of  carbonation and then increases to 52.1%

after 28 days of  carbonation, while the R26 values of  mortar containing0.05 w/w % and 

0.10 w/w % TiO2 starts to increase after three days of  carbonation. 

It is noted that the TiO2-mortar sample containing 0.01 w/w % of  TiO2 presents similar 

values of  Urbach energy with the sample containing 0.05 w/w % of  TiO2, but the RB deg-

radation rate (R26) is not as high as that in the sample containing 0.05 w/w % of  TiO2. These 

may be related to the amount of  effective reaction sites and the amount of  RB molecules 

during the self-cleaning test. When the TiO2 to cement ratio is between 0.01 % and 0.10 %, 

the variation rule of  the Urbach energy of  TiO2-mortar is similar to that of  R26,as shown in 

Fig. 4.11(b). Therefore, the continuous decline of  Urbach energy during carbonation will 

lead to the continuous decrease of  photocatalytic self-cleaning performance of  photocata-

lysts, assuming no other factors are involved. However, when the TiO2 to cement ratio is 



81

higher than 0.10 %, the R26 value of  mortar slowly upswings after 28 days of  carbonation.
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Fig. 4.11 Colour change rates R4 and R26 of mortar in each test group.

In theprevious study [228], the surface electron capture effect of  hydration products plays 

an essential role in improving the self-cleaning performance of  non-carbonated hardened 

cement paste with a higher dosage of  TiO2 hydrosols(>0.05 w/w % of  cement). Based on 

the results in Section 4.3.1 and Section 4.3.2, the calcium carbonate phase in the sample 

containing 0.50 w/w % TiO2 has several different polymorphs during carbonation, and the 

SSA increase induced by carbonation is much smaller than in the other samples. Thus, it is 

speculated that the recovery of  the photocatalytic self-cleaning performance of  carbonated 

mortar is closely related to the physical properties and morphologies of  different poly-

morphs of  CaCO3. The relationships between carbonatesand photocatalytic self-cleaning 

performance will be thoroughly discussed in Section 4.4.

4.3.5 Morphology evolution of  CaCO3

The SEM images of  different mortars at different carbonation durationsare shown in Fig. 

4.12. Fig. 4.12(a, e, i) shows that both rhomboscalenohedralcalcite crystal and vaterite ag-

gerates are observed on the reference mortar after three days of  carbonation. On the surface 

of  mortar with 0.01 w/w % TiO2, rod aragonite crystals are detected besides calcite and 

vaterite. More rod aragonite crystals are observed on the surface of  mortar containing 0.05 

w/w % TiO2. In Fig. 4.12(b, f, j), after seven days of  carbonation, the spherical vaterite 

crystals are observed on the surface of  the reference mortar, while the vaterite particles tend 

to merge in the mortar containing 0.01 w/w % TiO2. The rod-shaped aragonite crystals 

transform into larger flower-shaped and smaller cauliflower-shaped aragonite crystals on the 

mortar surface containing 0.50 w/w % TiO2. Fig. 4.12(c, g, k) shows that the spherical va-

terite crystals are merged, and the scalenorhombohedral calcite crystals are aggregated on 

the reference surface. On the surface of  mortar with 0.01 w/w % TiO2, aggregates of  rhom-

boscalenohedral calcite crystals, and spherical aggregates of  scalenorhombohedral calcite 
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crystals are observed. The flower-shaped aragonite crystals transform into smaller aragonite 

radiating clusters of  tiny prismatic crystals in the mortar with 0.50 w/w % TiO2. In Fig. 

4.12(d, h, l), vaterite and calcite phases are observed on the surface of  the reference mortar,

and the mortar containing a lower dosage of  TiO2 (<0.05 w/w %), while aragonite is the 

main meta-stable phase of  CaCO3 in the surface of  mortar sample containing a higher dos-

age of  TiO2 (>0.05 w/w %).

As discussed in Section 4.3.1(2) and Section 4.3.2, the TiO2 hydrosolssignificantly impacts

the crystal sizes and shapes of  CH and C-S-H phases in hydrated mortar samples, further 

affecting the specific surface areas of  mortar samples after the curing of  28 days. According 

to the previous studies [250,251]on the interaction of  nitrogen oxides (NOx) with the nano 

TiO2 photocatalytic cementitious materials, the TiO2 nanoparticles contribute to the NOx

absorption increase because of  increasing the SSA of  the matrix. Moreover, as mentioned 

in Section 4.3.1, the mortar containing a higher dosage of  TiO2 shows higher SSA and bigger 

CH and more fibrillar C-S-H phases. Thus, the addition of  nano TiO2 influences the CO2

absorption and the crystal solubility in pore solution at the initial period of  the carbonation 

test. As a result, the cement hydrates in the mortar with TiO2 hydrosolsshow different mor-

phologicalevolution during carbonation. In addition, the volume and size of  polymorphs of  

CaCO3 change with the increase of  carbonation duration, indicating that the coverage effect 

of  CaCO3 on the mortar surface also changes during carbonation. 

To further understand the distribution evolution of  TiO2, CaCO3 polymorphs, and main 

hydrates (Portlandite and C-S-H phase), Fig. 4.13(a) shows the Raman images by CRM of  

mortar samples with 0.50 w/w % TiO2 before and after carbonation. The Raman images of  

mortar samples containing 0.01 w/w %, 0.05 w/w % and 0.10 w/w % TiO2 are shown in 

Fig. C-6 in Appendix III. 

According to the previous studies, the Raman band of  144 cm-1 [168], 356 cm-1 [178], and 

667 cm-1 [169]are referred to as the phase of  anatase TiO2, Portlandite, and C-S-H, respec-

tively. For the polymorphs of  CaCO3, the Raman band of  7191 cm-1, 703 cm-1, and 750 cm-

1 [252ð255]refer to the phases of  calcite, aragonite, and vaterite, respectively. In Fig. 4.13, 

the areas outlined in red, green, violet, blue, light blue, and yellow represent the anatase TiO2, 

CH, C-S-H, calcite, aragonite, and vaterite, respectively. The area ratio of  each phase in the 

CRM images is calculated and shown in Fig. 4.13(b). As shown in Fig. 4.13, before carbona-

tion, the CH and C-S-H phases are the leading cement hydrates, while the vaterite crystals 

are scattered around the C-S-H phases, and the aragonite crystals are scattered among the 

CH, anatase TiO2, and calcite crystals. After seven days of  carbonation, the CH phase is 

carbonated to aragonite and vaterite. The sphere-shaped vaterite crystals are merged into 

more massive clusters covering the mortar surface. Simultaneously, the aragonite crystals 

growmore extensively and cover most areas of  the tested surface. After 14 days and 28 days 

of  carbonation, the calcite phase continuously increases due to the further carbonation of  

CH, aragonite, and vaterite phases, while the anatase TiO2 crystal increases slightly. 
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Comparing the results of  SEM and CRM of  TiO2-modified mortar, we can conclude that 

the exposure area of  TiO2 first reduces because of  the coverage effect caused by the formed 

vaterite and aragonite phase at the initial seven days of  carbonation. Then, the exposure area 

of  the TiO2 phase is regained, mainly because of  the crystal shape and pattern evolution of  

the aragonite phase at a longer carbonation duration. Due to the photochemical reactions 

on the interfaces between pollution and photocatalysts, the exposure area of  the TiO2 ana-

tase phase on the surface of  mortar dominates the self-cleaning performance of  TiO2- mor-

tar catalyst. The essential point is that the chemical reaction between CO2 and cement hy-

drates involves a series of  crystal phase and shape evolution processes that firmly control 

the exposure area of  TiO2 in the mortar. These results confirm that the photocatalytic self-

cleaning performance of  TiO2 hydrosols modified mortar shows the first decline and then 

recovered trend, attributed to the crystal morphology evolution of  CaCO3 polymorphs 

caused by carbonation. 
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Fig. 4.12 SEM images of  tested mortar samples containing TiO2 hydrosolsbefore and after accelerating carbona-

tion test ( Fig. (a-d) belong to the reference group; Fig. (e-h) belong to the mortar mixed 0.01 w/w % TiO2; Fig. 

(i-l) belongto the mortar mixed 0.50 w/w % TiO2; crystal shape of  calcite, sc: scalenorhombohedral).

4.4 Discussions

Since the properties of  the main hydration products change during carbonation, the influ-

ence of  carbonation on self-cleaning performance needsto be considered. The photocata-

lytic activity of  photocatalytic concrete is closely related to the effective exposure surface 

area of  photocatalysts, cement hydrates and carbonates in the matrix surface. Therefore, the 
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discussion of  the interrelated roles of  individual cement hydrates and carbonates on the 

photocatalytic self-cleaning performance of  mortar is essential to distinguish the significance 

of  each factor. 

4.4.1 Correlation analysis between photocatalytic performance and mortar 

composition

The principal factor analysis is used to analyse the factors that influence mortar'svariation 

of  photocatalytic self-cleaning performance during carbonation. Fig. 4.14 shows the corre-

lation plot among R26, anatase, cement hydrates and carbonates area ratios, carbonation de-

gree (Dc) and carbonation duration. 

The Spearman correlation coefficient measures the monotonic association between two var-

iables in terms of  rank. Spearman correlation coefficients are often used to measure whether 

one variable increases or decreases with another, even if  the relationship between the two 

variables is not linear or bivariate normal. Considering that the relationships between R26and 

its influential factors may not be linear, a heat map is used to display the features of  the 

correlation matrix of  Spearman correlation coefficients, as shown in Fig. 4.14. In the corre-

lation matrix,Spearmanõs rank correlation coefficient values shown in the lower triangular 

matrix in Fig. 4.14 correspond to the colours in the upper triangular matrix. 

Spearmanõs rank correlation coefficients with high absolute values (>0.50) indicate that this 

variable is monotonous consistent with the output. The asterisks in the upper triangular grids 

in Fig. 4.14 mean the p-values in the statistical analysis, representing the significant level of  

parameters on the horizontal axis to those on the vertical axis. An asterisk represents the p-

value is smaller than 0.05, two asterisks represent the p-value is smallerthan 0.01, while three 

asterisks represent the p-value is smaller than 0.001. For example, the change of  R26 is mo-

notonously corresponding to the area ratios of  anatase, CH, C-S-H, CaCO3 and the TiO2

content, where the significant levels of  the variation of  the area ratio of  anatase and the 

TiO2 content are higher than that of  the area ratio of  C-S-H. 

The anatase area ratio is closely influenced by the variation of  CH, C-S-H, Dc and nano TiO2

content in mortar while changing of  Dc is associated with the variation of  main cement 

hydrates and carbonates. As shown in Fig. 4.14, the total CaCO3 area ratio is mainly monot-

onously related to the variation of  Dc, carbonation duration and TiO2 content. Since both 

CH and C-S-H area ratios are monotonously related to the variation of  the anatase area ratio 

and the carbonation duration that is monotonously corresponding to the variation of  Dc, 

the anatase area ratio and Dc are suitable as characteristic variables of  R26. Due to the data 

being more easily collected, the TiO2 content is selected as the characteristic variable of  the 

anatase area ratio, Dc is selected as the characteristic variable of  CaCO3 area ratio in this 

chapter. Therefore, it is feasible to establish a prediction model for the changing of  R26 with 

the variation of  characteristic components of  photocatalytic mortar.
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R26 *** * ** * * * ***

0.94 Anatase * ** * * ***

0.58 0.60 CH *** * *

0.64 0.66 0.95 C-S-H * **

0.35 0.36 0.27 0.24 Calcite *** ** *** ***

0.49 0.47 0.26 0.25 0.80 Aragonite *** *** *** *

0.55 0.56 0.28 0.26 0.71 0.87 Vaterite *** *** **

0.50 0.48 0.17 0.16 0.90 0.89 0.91 CaCO3 *** * *

0.52 0.53 0.21 0.17 0.87 0.86 0.88 0.97 Dc * *

-0.0023 -0.032 -0.52 -0.53 0.48 0.46 0.48 0.61 0.61Carbonation time
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Fig. 4.14 Correlation matrix of the factorsrelated to the photocatalytic self-cleaning performance.

4.4.2 Prediction model of  photocatalytic self-cleaning performance during car-

bonation

Here, the variation of  photocatalytic self-cleaning performance of  mortar during carbona-

tion can be predicted by two pairs of  characteristic variables as mentioned in Section 4.4.1. 

A more straightforward intuitional relationship is expected to describe the R26 with the vari-

ation of  anatase and CaCO3 exposure area ratios. The binary functional relationship is es-

tablished among the R26, anatase area ratio, and CaCO3 area ratio, the simulated 3D surface 

is shown in Fig. 4.15, and the following equation can describe the relationship:

R26 = 32.10 + 2.80 ATiO2- 0.46ACaCO3+ 0.03ATiO2
2 + 0.006ACaCO3

2 - 0.03ATiO2ĭACaCO3 (4.4)

The correlation of  this fit is 0.95, indicating that this binary function can describe the change 

law of  photocatalytic self-cleaning performance of  mortar along with the change of  car-

bonate area well. 

R26 is the percentage of  discolouration of  RB on the surface of  photocatalytic mortar after 

26-hour irradiation of  UV, representing the photocatalytic self-cleaning ability of  mortar; 
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ATiO2 and ACaCO3are the area ratios of  anatase and calcium carbonates in the surface of  

photocatalytic mortar detected by CRM, 3.5%<ATiO2<12 %.

Considering the difficulty of  obtaining experimental data in the CRM analysis, we propose 

to quantify the influences of  carbonation on the photocatalytic self-cleaning ability of  nano 

TiO2 hydrosolsmodified mortar by using the characteristic factors of  anatase and CaCO3

area ratios, namely nano TiO2 (anatase) contents in the mortar and the carbonation degrees 

of  mortar. 

R26 = 48.0 + 204.0 CTiO2- 4.5Dc- 276CTiO2
2 + 0.23Dc

2- 2.17CTiO2ĭ Dc    (4.5)

Fig. 4.16 presents the fitting surface and binary function of  the variation of  R26 along with 

the variation of  nano TiO2 content and Dc of  mortar. R26 is the percentage of  discolouration 

of  RB on the surface of  photocatalytic mortar after 26-hour irradiation of  UV; CTiO2 is the 

initial weight content ratio of  anatase mixed in the mortar, 0.01% < CTiO2< 0.5%; Dc is the 

carbonation degree of  mortar calculated in Section 4.3.3. 

The proposed model shows an excellent correspondence, with a high fitting degree of  0.93. 

It should be noted that the functional relationship shown in Eq. (4.5) is widely applicable 

because the variable of  Dc is more easily collected in the lab than component area ratios. 

Based on this proposed model, the photocatalytic self-cleaning performances of  nano TiO2

hydrosols-modified cementitious materials during carbonation can be calculated if  the car-

bonation degree and the anatase content in mortar are obtained. However, due to this nu-

merical model being established on the limited tested data only in this chapter, the accuracy 

of  this model may not be good enough for predicting the self-cleaning performances of  the 

photocatalytic cementitious materialsin other studies. At least, the processes of  demonstra-

tion and the establishment of  this model provide a feasible way to clarify the relationship 

between the hydrates carbonation and the variation of  photocatalytic self-cleaning perfor-

mance of  photocatalytic cementitious materials. 

Fig. 4.15 Simulating surface among R26, anatase and 

CaCO3 area ratios.

Fig. 4.16 Simulating surface among R26, anatase con-

tent and carbonation degree.
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4.5 Summaries

This chapterstudies the effects of  carbonation on the photo-induced self-cleaning perfor-

mance of  nano TiO2 hydrosols-modified mortar. The coverage effect of  cement hydration 

products and the evolution of  crystal morphology during carbonization are considered in 

studying the relationship between carbonation and self-cleaning performance of  mortar. The 

following conclusions can be drawn from the acquired results:

(1) Carbonation reduces the self-cleaning performance of  the photocatalytic mortar. The 

photoactivity of  TiO2-mortar is seriously affected by aragonite, vaterite or intermediate 

products of  calcium carbonate. After complete carbonation, a large amount of  aragonite 

and unstable calcium carbonate transforms into a stable calcite phase with a smaller volume. 

The re-exposure of  photocatalytic active sites leads to recovery of  the self-cleaning perfor-

mance of  the carbonated mortar.

(2) Nano TiO2 hydrosolsaffect the carbonation rate of  cement hydrates. The amount of  

nano TiO2 hydrosolssignificantly influences the crystal type and volume of  carbonation 

products. When the dosage of  nano TiO2 is less than or equal to 0.05 w/w % of  cement,

the surface defects of  nano TiO2 decrease first and then increase with the carbonation du-

ration; the carbonation rate of  C-S-H dominates the carbonation process of  mortar. When 

the nano TiO2 dosage is greater than 0.05 w/w % of  cement, the surface defects of  nano 

TiO2 decrease continuously, and the carbonation rate of  CH dominates the carbonation pro-

cess of  mortar. 

(3) During carbonation, the self-cleaning ability is closely related to the anatase exposure area 

ratio and the area ratio of  CaCO3 in the mortar surface. The anatase content and the car-

bonation degree are the characteristic variables of  the photocatalytic self-cleaning perfor-

mance of  nano TiO2-modified mortar during carbonation. A new model is proposed to de-

scribe the performance evolution of  the photocatalytic self-cleaning property of  mortar by 

TiO2 content and the carbonation degree.
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Chapter 5Photocatalytic self-cleaning performance reacti-

vation of  nano TiO 2 hydrosolsmodified mortar dur-

ing wetting and drying cycles in pure water

Dissolution and diffusion of  hydrates caused by renewed and slightly ionized waternot only 

lead to the degradation of  the cementitiousmatrix but also affect the photo-induced func-

tion of  nano TiO2-modified concrete. This chapterfocuses on the photocatalytic self-clean-

ing performance variation of  mortar containing different dosages of  nano TiO2 hydrosols

during wetting and drying cycling in pure water.The colourimetric analysis is used to evaluate 

the self-cleaning performances of  mortar samplessuffering pure water attack. The distribu-

tion areas of  anatase TiO2 and mainhydrates in the mortar surface are characterized by the 

Confocal Raman Microscopy.The data recorded during the 40 times of  wetting and drying 

cyclesshow thatboth the self-cleaning ability and optical parameters of  photocatalytic mor-

tar change sinusoidal withthe number of  cycles, whichperiod is about 20 cycles. A possible 

changing lawis suggested to describe the photocatalytic reactivation behaviours of  nano 

TiO2 hydrosolsmodified mortar during wetting and drying cycles.

This chapter will bepublished as:

Z. Wang, Q. Yu, H.J.H. Brouwers, Self-cleaning performance reactivation of  nano TiO2 hy-

drosolsmodified photocatalytic mortar during wetting and drying cycles in pure water (in 

preparation).
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5.1 Introduction

As one of  the commonly used building materials for facades, cementitious materials always 

suffer the wetting and drying cycling effects caused by rainy days. The porous microstructure 

in the cementitiousmaterials matrix will be influenced by the dissolution of  the cement hy-

drates during the cyclic humidity change, resulting in the deterioration of  concrete structures 

[256]. In general, the wetting and drying cycling effects, for example, rain, caused by erosion

solutions, such as chloride or sulphate solutions, arecommon conditionsin the field of  con-

crete durability. Lots of  works have studied the influence laws of  wetting and drying cycles 

on the changes in porous structure, mechanical properties and the volume stabilityof  con-

crete. The majority of  results in the literature [257ð260]prove that the feature parameters 

of  mechanical and durability of  cementitious materials decrease obviously in the conditions 

of  wetting and drying cycles. Here, it should be pointed out that pure water is a kind of  

erosion solution for cementitious materials because of  the high alkalinity in the pore solution.

At the cement paste contact, pure water creates concentration gradients, which lead to the 

diffusion of  ions from the interstitialsolution to these aggressive solutions[261ð264]. These 

transfers modify chemical balances and create leaching of  the calcium hydroxideand then a 

progressive decalcificationof  the C-S-H [265ð268].

As to photocatalyticcementitious materials, water from rain and tip water are the most com-

mon erosion solutions, and they barely containions. Therefore, the influences of  wetting 

and drying cycles in pure water on the functional photo-induced self-cleaning properties of  

photocatalytic mortar are critical to practical applications.Severalprevious works[269ð273]

have paid attention to the damage and functional durability of  photocatalytic coatings under 

the simulated wetting and drying cyclesof  rain.According to the results in the previous 

chapters, nano TiO2 particles of  hydrosolsdisperse evenly surrounded by the hydrates in the 

cementitious matrix, whichdeeply influenceelectronic structures via surfacemodification 

and surface-doping effects. The surfaces of  nano TiO2 particles are disordered because of  

the additional surfacedefects. The photon-induced electrons can be captured by hydrates

with positive charges, enlonging the lifetime of  hole-electron pairs and improving the pho-

tocatalytic activity of  cementitious materials. Therefore, the electronic structure and the sur-

face conditions of  nano TiO2 particles in cementitious materials could be affected by the 

changing of  hydratephases and volumevariations, resulting in the variation of  photocatalytic 

self-cleaning propertiesof  the cementitiousmaterials.

Moreover, an often-overlookedphenomenon of  cementitious materials during the wetting 

and drying effects of  rain is the change of  colour due to the leaching of  calcium in the matrix,

resulting in the variation of  the albedo of  building facades. Compared with the deterioration

of  mechanical properties of  normal buildings, the change in colour doesnot seem to bethat 

much. However, for photocatalytic buildings, the change of  solar reflectance caused by col-
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our change directly affects the photocatalytic activity of  the cementitious materials, influenc-

ing the photo-induced self-cleaning performance of  the buildings.

However, a fewstudieshave focused onthe effects of  the change of  cement hydrateson the 

self-cleaning properties of  photocatalytic cementitious materialsunder the attackof  alter-

nating wetting and dryingin pure water. This chapter mainly studies thechanginglaws of  

photocatalytic self-cleaning performance of  nano TiO2 hydrosolsmodified mortar with the 

number of  wetting and dryingcycles in pure water. The kinetic processesof  the photocata-

lytic reaction of  TiO2-mortarare analyzed, and the correlations between the exposure of  

nano TiO2 in mortar and photocatalytic activity caused by the quantity change of  hydration 

products are established.

5.2 Materials and methods

5.2.1 Materials

CEM I 52.5R cement, CEN-EN 196-1 standard sand and tip water are used to made mortar 

samples. The chemical components of  cement are listed in Table 5.1. The water to binder 

ratio is 0.5, and the sand to cement ratio is 3. The nano TiO2 hydrosolsto cement mass ratios 

are 0 %; 0.01%; 0.05%; 0.10% and 0.50%. The size of  each mortar sample is 40 mm × 40 

mm × 160 mm.All the samples are demoulded after one day, andthen cured in the curing 

room with the RH of  95% and temperature of  20 until the test age. The chemical com-

position of  cement is shown in Table 5.1,which is tested by X-rayfluorescence spectroscopy.

Table 5.1Chemical composition of CEM I 52.5 R cement.

Components CaO SiO2 Fe2O3 SO3 Al2O3 MgO K2O TiO2 P2O5
Minor ele-

ments*

Content (%) 66.34 18.22 3.81 3.15 5.56 1.68 0.29 0.50 0.16 0.30 

* V2O5+Cr2O5+MnO+CuO+ZnO+BaO+Cl

5.2.2 Methods

(1) Wetting and drying cycles

In the wetting and drying cycles, a typical cycle parameterof  the mortar sample is as follows: 

the sample is vacuum driedat 50 for sevenhours, and then completely soakedin deion-

ized water for 17h. A total of  40 wetting and dryingcycles are carried outfor each test 

sample. The laboratory temperature is maintained at 20± 0.1 °C, and the relative humidity 

is maintained at 50± 0.1%. The prismatic mortar samples for the wetting and drying cycles

areall cured to 28 days of  age. Before the experiment, the prismatic mortar samples arecut 

off  1 cm at both ends and thencut into flake samples with a side length of  4cm and a 
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thickness of  1cm. During the wetting and drying cycles, one sample is preparedevery five

cyclesfor each test group, and the deionized water is renewed every five cycles.

(2) Photocatalytic self-cleaning tests

The self-cleaning performances of  the TiO2-modified mortar slice samples are evaluated by 

the colourimetric analysis of  the degradation of  the organic dye Rhodamine B (RB) [228]. 

Each surface area of  the paste sample is stained by painting 600 µL of  50 mg/L RB aqueous 

solution. Then, the samples are kept overnight in the dark at room temperature for drying. 

Subsequently, the samples are exposed to a UV lamp (10 ± 0.05 W/m2) to simulate UV light 

in natural conditions, and the discolouration of  the samples is monitored. The UV lamp is 

composed of  three UV tubes with a power of  25 W, the UV-A wavelength ranges from 300 

nm to 400 nm, and the centre isat 345 nm. The reflected colour and the reflectance spectra 

measurements are taken on the sample's surface with a spectrometer (USB4000, Ocean op-

tics, United Kingdom) equipped by a light resource with a wavelength range from 380 to 780 

nm. For mortar with each dosage of  nano TiO2, two slices are used as the parallel samples. 

Nine points are recorded for the colourimetric tests for each sample, and each point is tested 

four times. The colour of  each sample is measured after 0.5h, 1h, 2h, 4h, 8h, 16h and 26h 

of  UV irradiation, respectively. The percentage of  discolouration of  RB on the surface of  

mortar (Rt) is expressed with a* value coordinate of  the dominant colour of  dye in the CIE 

Lab colour space[120,121,131], according Eq.(3.1) in Chapter 3.

5.2.3 Characterizations

Calorimetric tests are performed using an isothermal calorimeter (TAM Air,TA Instruments,

USA) with a test temperature of  20 °C. The cement powdersarefirst mixed with deionized 

water and nano TiO2 hydrosols, then injected into the ampoule bottles, sealed with the lids,

and loaded into the calorimeter. The total recorded data is over140 hours.The crystal pat-

terns of  cement hydrates before and after the accelerated carbonation test are determined 

by the X-raydiffraction (XRD) pattern (Bruker D4 PHASER, Philips, The Netherlands)

with a Co tube (40 kV, 40mA), with the test step size of  0.02°/min and dwell time of  0.5s.

Thermal gravimetric analysis (TGA) is performed using a thermal analyser(STA 449 F1,

NETZSCH, Germany), with nitrogen as a protective gas, and the test sample is heated from 

40 °C to 1000 °C at a rate of  10 °C /min. Before the test, all the samplesneed to be crushed 

and soaked in acetone for seven daysand dried in an oven at 40 °C to stop further hydration 

of  the cement. Ultraviolet-vision-near-infrared spectrophotometer (PerkinElmer 750, USA)

isused to measure the reflectance spectra of  TiO2-modified hardened cement paste samples 

at different ages (1d, 3d, 7d, 14d, 28d) beforeand after wetting and drying cycles. The test 

range is 200-2200 nm, and the scanning rate is 2 nm/s. To meet the test requirements, the 

samples arecut into slices with a thickness of  about 1 cm.The phase distributions on the 

surface of  hardened cement paste areobserved by Confocal Raman Microscopy (CRM)
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(Witec alpha300S, Witec, Ulm, Germany). The wave number of  spectra recorded by Raman 

spectroscopy ranges from 0 to 3900cm-1. Confocal Raman measurements are performed 

using a 532nm excited laser with a power of  30mW. The collected Raman spectra areana-

lyzed using WITec Suite 5.2 software (WITec, Ulm, Germany). In the process of  obtaining 

the results of  CRM spectroscopy, data processing methods such as cosmic ray removal and 

background deduction are carried out.

5.3 Resultsand discussions

5.3.1 Variation of  optical photocatalytic factors 

The diffuse reflection spectra of  mortar samples with different wetting and dryingcycles in 

pure water aremeasured by UV-VIS-NIR spectrophotometer, and the change curves of  

TiO2-mortar band gap energy values and Urbach energy values with the number of  wetting 

and dryingcycles of  pure water areobtained by calculation, as shown in Figure 5.1. Detailed 

solar reflectance curves, Tauccurves and simulated curves of  calculated Urbach energy values 

of  mortar samples are shown in Fig. D-1 to D-3 in Appendix IV of  this thesis.

It can be seen from Fig. 5.1that the band gap energy values of  the mortar without wetting 

and dryingcycling decrease with the increase of  the dosage of  nano TiO2 hydrosols, while 

the Urbach energy values increase with the increase of  the dosage of  nano TiO2 hydrosols. 

With the increase in the number of  wetting and dryingcycles in pure water, the band gap 

energy curves show a fluctuating trend of  'W' shape. Urbachenergy curves, on the other 

hand, show a wavy downward trend of  'M' shape. Taking TiO2: cement as 0.10 % as an 

example, the band gap energy of  TiO2-mortar decreases from the initial value to a bottom 

after 10 wetting and dryingcycles of  pure water, and the Urbach energy increases from the 

initial value to the first peak. Then, after 20 wetting and dryingcycles of  pure water, the band 

gap energy of  TiO2-mortar increases again to the initial value, while the Urbach energy de-

creases from the initial value to the first valley bottom. After 30 wetting and dryingcycles of  

pure water, the band gap energy of  TiO2-mortar decreases again to the second valley bottom, 

but this valley bottom is higher than the first valley bottom, while the Urbach energy in-

creases from the initial value to the second peak, but this second peak value is lower than the 

first peak. After 40 wetting and dryingcycles of  pure water, the band gap energy of  TiO2-

mortar increases to more than the initial value, while Urbach values decrease to less than the

initial value. The decrease of  band gap energy and the increase of  Urbach energy indicate 

that the electronic structure of  nano-TiO2 particles has a serious imbalanceafter 10 wetting 

and dryingcycles of  TiO2-mortar samples, which can be excited by photons with longer 

wavelengths, and there are more surface defects on the surface of  the particles, such as oxy-

gen holes and Ti3+. These surface defects can trap photogenerated electrons or holes, pro-

long the life of  photogenerated electrons and holes, and improve the photocatalytic activity 

of  TiO2-mortar. From the results of  optical parameters of  TiO2-mortar, it can be predicted 

that the self-cleaning performancesof  photocatalytic mortarshould show a wavy change 
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trend with the increase of  the number of  wetting and dryingcycles of  pure water.

0 10 20 30 40
2.2

2.4

2.6

2.8

3.0

3.2

B
a

n
d

 g
a

p
 e

n
e

rg
y
 (

e
V

)

Cycles

TiO2: Cement

 0.01 %   0.05 %

 0.10 %   0.50 %

  

0 10 20 30 40
2.0

2.5

3.0

3.5

4.0

4.5

5.0

U
rb

a
c
h

 e
n
e

rg
y
 (

e
V

)

Cycles

TiO2: Cement

 0.01 %

 0.05 %

 0.10 %

 0.50 %

(a) Bandgap energy                           (b) Urbach energy

Fig. 5.1The variationsof optical bandgap energy and Urbach energy of TiO2-pastecompounds along with the 

cycles of wetting and drying tests.

5.3.2 Photocatalytic self-cleaning performance

The self-cleaning performances of  photocatalytic mortar samples arecharacterized by the 

degradation rate of  RB undermortarUV irradiation after different wetting and dryingcycles 

of  pure water with different dosagesof  nano TiO2 hydrosols. The test results are shown in 

Fig. 5.2. As shown in Fig. 5.2, the results of  RB degradation ratesin the control group (with-

out nano TiO2) have not obtainedobvious photocatalytic self-cleaning ability. When the 

TiO2 to cementmass ratiois 0.01% (in Fig. 5.2(b)), the RB degradation rate of  mortar 

before thewetting and dryingcycletestis close to 50% after 26 hours of  UV irradiation.

However, after specificwetting and dryingcycles, such as 10 or 30 cycles, the RB degradation 

rate of  mortar exceeds 50%, indicating the wetting and dryingcycle process has a certain 

promotion effect on its self-cleaning performancethat in such a low dosage ofTiO2 modi-

fied mortar. When the TiO2 to cementmass ratiois greater than andequal to 0.05%, the 

mortar shows good photocatalytic self-cleaning performance before and after the wetting 

and dryingcycles. 

Another interesting phenomenon that could be found inFig. 5.2(c -e) is that the number of  

wetting and dryingcycles of  pure water leadsto a certain regular fluctuation in the RB deg-

radation rate of  mortarat a certain UV irradiation time. Taking the mortar sample containing

0.1% of  TiO2 hydrosols(Fig. 5.2(d)) as an example, after ten wetting and dryingcycles of  

pure water, the R26 of  mortar increased from 73% to 81%. After 20 wetting and drying

cycles of  pure water, R26 value decreases to 73% again. After 30 wetting and dryingcycles 

of  pure water, R26 re-increased to 79%. After 40 wetting and dryingcycles of  pure water,

R26 re-decreased to 71%. 
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Fig. 5.2 continued.

In brief, the values of  R26 present sinusoidal variation trends with the number of  wetting 

and dryingcyclesas shown in Fig. 5.3(b). The values of  R4 also show a similar downward 

trend of  fluctuationin Fig. 5.3(a). Theaboveself-cleaning performancesof  TiO2-mortar are 

consistent with the predicted results based on optical parameters in Section 5.3.1, indicating

the influencesof  physical and chemical changes of  cementitious materials on the electronic 

structure of  TiO2-mortar under the wetting and dryingcyclesof  pure water accounts for a 

large proportion in the evolution of  its self-cleaning performance. 

In order to further determine the relationshipsbetween the photocatalytic activity of  TiO2-

mortar and the number of  wetting and dryingcycles of  pure water, Section 5.3.3 will analyze 

the photocatalytic reaction kinetics model of  TiO2-mortar from the perspective of  catalytic 

reaction kinetics.
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Fig. 5.3 R4 and R26 of TiO2-mortar samples after different cycles of wetting and drying tests.

5.3.3 Kinetic parameters of  photocatalytic reactions

The pseudo-second-order reaction kinetics model is used to simulate the photocatalytic re-

action kinetics of  TiO2-mortar under the wetting and dryingcycles of  pure water. Fig. 5.4 

shows the kinetic model analysis of  TiO2-mortar samples with different dosages of  nano 

(e)
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TiO2 hydrosolsafter different times of  wetting and dryingcycles. Table 5.1 shows the reac-

tion kinetic parameters of  the photocatalytic self-cleaning kinetic processes. The linear fit 

degree (R2) of  each group of  TiO2-mortars in the table is greater than 0.98, indicating that 

the concentration changeratesof  RB on the surface of  each TiO2-mortar sample meet the 

pseudo-second-order kinetic model. Theseresults show that the pseudo-second-order ki-

netic model can reasonably predict the variation trend of  RB degradation rate on the surface 

of  TiO2-mortar samples during the alternating wetting and dryingaction of  pure water.

The photocatalytic reaction kinetic parameter Ce represents the concentration of  RB that 

can be degraded when the effective photocatalytic reaction sites of  TiO2-mortar are involved 

in the photocatalytic processes. In other words, the value of  Ce can be used to evaluate the 

photocatalytic activity of  TiO2-mortar. Fig. 5.5 shows the variation curve of  Ce of  TiO2-

mortar with the number of  wetting and dryingcycles for different nano-TiO2 hydrosols

contents. In Fig. 5.5, Ce of  TiO2-mortar in each group shows an 'M' shapechange trend with 

the increase of  the number of  wetting and dryingcycles, and there aretwo peaks in the curve 

of  Ce values after 10 to 30 wetting and dryingcycles. After 0, 20and40 wetting and drying

cycles, there are three valley values in the curves. It is confirmed that the photocatalytic ac-

tivity of  TiO2-mortar showsa 'M' wave trend with the increase in the number of  wetting and 

dryingcycles of  pure water.

As a kind of  nanoparticle, the existence of  nano TiO2 hydrosols will also have a certain 

impact on the hydration of  cementitious materials and the deterioration processesof  hy-

drates. In Section 5.3.4, the effects of  nano TiO2 hydrosols on the deterioration of  hydrates 

of  modified mortar under the action of  a strong dissolution environment, such as the wet-

ting and dryingcycle of  pure water, will be analyzed.
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Fig. 5.4 Pseudo-second-order photocatalytic kinetic analysis of RB on TiO2-mortars with different TiO2 content 

and wetting and dryingcycles.
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Fig. 5.4 continued.
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Fig. 5.5 The relationship between the degradation concentration of RB and the number of wetting and dryingcy-

cles in the equilibrium photocatalytic reactionson TiO2-mortar.

Table 5.1 Photodegradation kinetic parameters in the processesof TiO2-mortar degradation of RB during the 

wetting and dryingcyclesof pure water.

Cycles TiO2: Cement k (m2/mg·h -1) Ce(mg/m2) rin (mg/m2 h-1) R2

0

0.01% 0.011 11.65 1.56 0.955

0.05% 0.012 12.79 1.93 0.981

0.10% 0.014 13.19 2.49 0.984

0.50% 0.013 14.63 2.76 0.924

5

0.01% 0.014 12.40 2.12 0.993

0.05% 0.013 13.67 2.50 0.976

0.10% 0.007 16.24 1.91 0.963

0.50% 0.008 17.75 2.63 0.938

10

0.01% 0.014 12.75 2.31 0.978

0.05% 0.007 16.76 1.84 0.938

0.10% 0.010 16.35 2.75 0.987

0.50% 0.008 19.36 3.09 0.995

15

0.01% 0.011 12.38 1.62 0.959

0.05% 0.010 14.49 2.01 0.955

0.10% 0.009 15.82 2.29 0.962

0.50% 0.009 18.84 3.16 0.958

20

0.01% 0.020 11.48 2.67 0.968

0.05% 0.010 13.29 1.77 0.978

0.10% 0.016 13.75 2.95 0.985

0.50% 0.013 15.41 3.08 0.965

25
0.01% 0.013 12.15 1.98 0.995

0.05% 0.012 14.05 2.30 0.993
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Cycles TiO2: Cement k (m2/mg·h -1) Ce(mg/m2) rin (mg/m2 h-1) R2

0.10% 0.014 14.49 2.88 0.932

0.50% 0.013 15.85 3.39 0.950

30

0.01% 0.008 14.50 1.74 0.952

0.05% 0.013 14.23 2.70 0.949

0.10% 0.015 14.98 3.30 0.965

0.50% 0.006 19.98 2.52 0.964

35

0.01% 0.009 13.45 1.61 0.958

0.05% 0.012 12.97 1.96 0.923

0.10% 0.011 14.93 2.35 0.984

0.50% 0.009 17.20 2.75 0.932

40

0.01% 0.011 12.09 1.58 0.969

0.05% 0.012 12.90 2.01 0.970

0.10% 0.012 14.02 2.36 0.980

0.50% 0.012 15.38 2.76 0.965

5.3.4 Deteriorations of  hydrates

(1) XRD patterns

Fig. 5.6 lists the powder XRD spectraof  the mortar with 0.10w/w % nano TiO2 hydrosols

and the blankmortar samples after different wetting and dryingcycles of  pure water. The 

XRD spectraof  the TiO2-mortar samples of  other groups are shown in Fig. D-4 in Appen-

dix IV of  this thesis. In Fig. 5.6, the main hydratesof  cementin the blanksampleareCH 

and C-S-H before the wetting and drying cycles. The main hydratesin nano TiO2 hydrosols-

modified mortar are CH, C-S-H and C-A-S-H. As the number of  wetting and dryingcycles 

of  pure water increasesto 30 cycles, the CH peak in both groups of  samplesgradually weak-

ened. Then, when the number of  cycles increased to 40, the peak valuesof  CH rebounded. 

Moreover, after 40 times of  wetting and drying cycles in pure water, the peak value of  cal-

cium carbonate(2Ǧ= 29.4 ) in the mortar of  thosetwo groups hardly changed, so it can be 

considered that no carbonization occurred in the mortar samples in this experiment. The 

peak values of  C-S-H in mortar samples of  those groups decrease with the increase in the 

number of  cycles. Therefore, the experimental results supportthat the attack of  wetting and 

dryingcyclesof  pure water causes the dissolution of  hydrates, such asCH and C-S-H, and 

causes the variationof  CH content in the range of  10mm below thesamplesurface.



101

10 20 30 40 50 60 70 80

TiO2: Cement = 0.10 %

2 theta (Degree)

 40 cycles

 35 cycles

 30 cycles

 25 cycles

 20 cycles

 15 cycles

 10 cycles

 5 cycles

 0 cycle

PP

Q Q QQ QQ Q Q QQ
Q

Q QC
C2SE E

H P
P

P

CE P¨

R

(a) Mortar containing 0.10w/w % nano TiO2

(b) Blank mortar

Fig. 5.6 XRD spectraof mortar withand without0.10w/w % nano TiO2 after different wetting and dryingcycles.   

Symbols: quartz: Q; Portlandite: P; Tobermorite: T; Foshagite: F; Ettringite: E; Hillebrandite: H; Rosenhahnite: R;

C-A-S-H (Vertumnite): .̈

(2) TGA

According to the thermogravimetric curves of  each group of  modified mortar, the mass 

ratios of  the main hydrates, such asCH and C-S-H, change with the number of  wetting and 

drying cycles of  pure water, as shown in Fig. 5.7. The thermogravimetric curves of  each 

group of  mortar are shown in Fig. D-5 in Appendix IV of  this thesis. As can be seen from 

Figure 5.7(a), the proportionsof  CH in mortar samples of  each group decrease in a fluctu-

ating manner as the number of  cycles increases. While the proportions of  C-S-H in the 
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